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Abstract 

Three dimensional (3-D) porous scaffolds are valuable in tissue engineering as they 

can provide the micro-environment for cell adhesion, proliferation, migration and 

induce tissue regeneration. Collagen is regarded as the most valuable biomaterial in 

tissue engineering as it is the most important and abundant structural protein in the 

human body. 

 

This thesis consists of three parts. Part one describes investigation of porous 

scaffolds fabricated from gelatin-chitosan; part two concerns a study of porous 

scaffolds developed based on recombinant human collagen-polypeptide (RHC); 

part three investigates soft hydrogels scaffolds based on recombinant collagen-

polypeptide.   

 

Firstly, porous gelatin-chitosan scaffolds were developed in order to refine and 

understand fabrication methods, as well as to improve characterization techniques 

for highly porous scaffolds. Gelatin/chitosan (Gel/Chi) porous scaffolds were 

fabricated using a freeze-drying method and cross-linked by proanthocyanidin (PA) 

or glutaraldehyde (GA). Porous micro-structures, swelling in aqueous media, in 

vitro degradation and mechanical strength were characterized in this study. 

Cytocompatibility of the fabricated porous scaffolds was investigated by seeding 
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3T3 fibroblasts into the porous structures, and the cellular metabolic activity, 

proliferation, distribution, and morphology were investigated. 

 

Secondly, Recombinant Human Collagen-polypeptide (RHC) and RHC-chitosan 

(RHC-CHI) porous scaffolds were fabricated by a freeze-drying method and cross-

linked with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC). Porous 

structures, cross-linking mechanisms, cross-linking degree, swelling ratio, in vitro 

degradation and mechanical properties were investigated. Cytocompatibility of the 

porous scaffolds was investigated using 3T3 fibroblasts as before.  

 

Finally, a series of RHC based soft hydrogel scaffolds were fabricated through 

cross-linker induced polymerization, and these hydrogels were studied to determine 

their feasibility as potential biomaterials. Changes in cell morphology and 

proliferation in response to hydrogel composition were also investigated. 

 

Scanning electron microscopy and micro computed tomography (micro-CT) 

indicated that highly porous structures had been obtained in freeze-dried gelatin and 

collagen based porous scaffolds. Fourier transform infrared spectroscopy 

determined that cross-linking had occurred through covalent bonding between the 

biopolymer molecules. The degree of cross-linking was determined using high 

performance liquid chromatography, and the results confirmed that the biopolymers 

in the porous scaffolds were efficiently cross-linked. In vitro degradation tests 
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indicated that the porous scaffolds showed acceptable biostability. The mechanical 

tests showed that mechanical stiffness of the porous scaffolds could be tailored to 

their end-use application by either adjusting the biopolymer or cross-linker 

concentration and their mechanical strengths were found to be comparable to 

biological soft tissues. Cytocompatibility tests using Alamar Blue and DNA assays 

confirmed that gelatin and RHC based porous scaffolds had no toxicity to 

fibroblasts and could support cell proliferation, while fluorescence microscopy and 

cell morphology showed the adhesion, migration and proliferation of seeded cells 

in porous scaffolds. Quantitative reverse transcription-polymerase chain reaction 

further showed a high expression of extracellular matrix associated protein (β-

integrin, collagen I and collagen III) genes as tissue regeneration progressed. 

 

Results from soft hydrogel scaffold characterization found that the gelation time 

could be optimized by adjusting the RHC fraction, biopolymer concentration, or 

reaction temperature. Acceptable mechanical properties and biostability were 

verified in mechanical and in vitro degradation tests, and as with the porous 

scaffolds, mechanical strengths could be tuned by modifying either RHC fraction 

or total polymer concentration. Cytotoxicity tests showed that the fabricated soft 

hydrogels had no toxicity to fibroblasts and cytocompatibility tests indicated that 

they promoted adhesion and proliferation. The DNA assay and cell morphology 

study also confirmed that cellular activities were affected by both mechanical 
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properties and polymer composition, however RHC fraction in these hydrogel 

scaffolds was the major factor influencing cellular activity.  

 

In conclusion, the results of this study show that gelatin and RHC based porous 

scaffolds as well as homogeneous soft hydrogel scaffolds will be highly applicable 

in current and future applications in tissue engineering. 

  

 

 

Project highlights: 

1. Developed repeatable, consistent methods to fabricate 3-D porous and soft 

hydrogel scaffolds with tunable mechanical properties and acceptable 

cytocompatibility. 

  

2. Studied the behaviours of fibroblasts as they respond to scaffolds. 

 

3. Confirmed that cell adhesion and proliferation can be affected by RHC 

molecules. 

  

4. Confirmed the β-intergin, collagen I and collagen III gene expression levels 

of related proteins from molecular aspect. 
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Chapter 1 Introduction  

1.1 Project background  

Tissue engineering can be defined as using methods of cell biology, engineering 

and material science to design and construct functional, living components that can 

be used for repairing or regenerating dysfunctional tissue [1, 2]. Currently, tissue 

engineering covers the replacement and repair of partial or whole tissues including 

skin, bone, cartilage, blood vessels and nerve [3]. 

 

Collagen is widely used as a constituent material of scaffolds in tissue engineering 

as it is the main structural protein of the extracellular matrix (ECM) in most soft 

and hard tissues in the human body, and it plays an important role in maintaining 

biological function as well as structural integrity of extracellular matrix. To date, 

collagen and collagen based biomaterials have principally been derived from 

animal tissues; the concerns of using these collagens in medical applications are 

purity, quality, and most important of all, xenogeneous collagen carries the risk of 

transmission of pathogens such as prions and immunological reactions [4]. It is 

therefore necessary to find alternatives to replace animal derived collagen with 

collagen from a safer source. Recombinant collagens offer one solution due to their 

non-animal source and purity. With developments in genetic engineering, it 

becomes possible to produce human collagen from host cells such as bacteria, yeast, 

plant and insect cells as well as from genetically modified mammalian cells [5]. 
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The collagen produced in such systems is highly pure and chemically defined, with 

no risks of prion or virus contamination. In addition, recombinant collagen can be 

engineered to obtain specific conformation and composition for a specific 

application through genetic modification [6].     
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1.2 Project objectives 

The aim of this project was to investigate the properties and performance of porous 

and soft hydrogel scaffolds based on type III recombinant collagen-polypeptide 

(RHC), and to evaluate their performance as potential biomaterials for applications 

in general soft tissue engineering. 

 

The specific objectives set for this project are therefore: 

 

 To assemble and cross-link porous 3-D scaffolds with tunable mechanical 

stiffness from gelatin-chitosan blends, recombinant type III collagen-

polypeptide (RHC), and RHC-chitosan blends and characterize their 

properties; 

 

 To construct recombinant type III human collagen-polypeptide based soft 

hydrogel scaffolds with tunable mechanical properties and investigate their 

properties; 

 

 To investigate and understand the cellular behavioural response to the 

mechanical and biochemical environment provided by the scaffolds, and to 

demonstrate the feasibility of applications of RHC based scaffolds in 

biomedical science.  
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1.3 Structure of the thesis  

 

Chapter 1 covers the general introduction of the project;  

 

Chapter 2 reviews the literature on both animal tissue derived collagen and 

recombinant human collagen, and their associated biomaterials in tissue 

engineering applications. The advantages and disadvantages of these collagen 

based materials are discussed; 

 

Chapter 3 describes the fabricating and characterization methods of the gelatin 

based, RHC based 3-D porous scaffolds as well as soft hydrogels;    

 

Chapter 4 presents the results which determined from each type of samples;  

 

Chapter 5 discusses and evaluates their feasibilities as biomaterials in soft tissue 

engineering as well as investigates interaction between cellular activities and 

properties of the porous scaffolds; 

 

Chapter 6 and 7 present the summaries and conclusions of the entire project;   

 

Chapter 8 presents the recommendations for future research.  
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Chapter 2 Literature review 

2.1 General tissue engineering  

The concept of tissue engineering is to use appropriate scaffolds to host the seeded 

cells and generate a cell-material complex to replace or improve dysfunctional 

biological tissues [3]. Currently, tissue engineering covers the replacement and 

repair of partial or whole tissues including skin, bone, cartilage, blood vessels, 

nerves and oculus [7]. Tissue regeneration in tissue engineering is usually 

associated with cell seeding in a scaffold followed by proliferation, and once the 

cells have built up a new functional tissue, it can be implanted into the body. There  

are a number of sources of cells: primary cells are mature cells from a specific tissue 

type, while stem cells have the ability to differentiate into certain lineages if 

provided with specific culture conditions and stimuli [8]. Acellular scaffolds have 

also been used in vivo [9, 10]. A general concept of the tissue engineering is shown 

in Figure 2-1.  

 

Figure 2-1. Scaffold and its targeted applications in tissue engineering [3]. 
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2.2 Collagen  

2.2.1 Collagen in human body  

Collagen is the most abundant structural protein of most hard and soft tissues in 

human body and it plays a dominate role in maintaining structural integrity and 

biological function [11]. Collagen types I, II and III are the most common fibril 

forming collagens found in the human body, and their basic triple helix structure is 

comprised by Gly-X-Y repeats [12], the triple-helix structure as well as forming of 

fibrils are presented in Figure 2-2. The majority of the collagen found in the tissues 

is type I while type III collagen is found in association with collagen type I in 

limited quantities (about 10%) in most tissues. Proportions of Type III collagen are 

higher in the skin, ligaments, and blood vessels [13]. Specifically, in healthy human 

skin, it was found that collagen fibrils are composed of both collagen I and III with 

collagen III comprising around 20% of the total [14, 15]. Type I and III collagen 

have similar molecular structures: type I collagen contains two α1(I) polypeptide 

chains and one α2(I) polypeptide chain while type III collagen is composed of three 

α1(III) polypeptide chains [16].   
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Figure 2-2. Schematic view of basic structure of collagen and collagen formed 

fibrils [17].  

 

Collagens are also known to be key components in wound healing and tissue 

regeneration. Type I and III collagens are known to associate with skin wound 

healing progress and it has been found that wound granulation tissue expresses  

30-40% type III collagen [18]. Increased synthesis of type III collagen is found at 

early stages of wound healing while the fraction of type I collagen increases in the 

late phase [19-21]. Both collagen types play important roles in soft tissue 

regeneration as well as wound healing. 

2.2.2 Risks of using collagens derived from animal source  

 

To date, most of collagens used as biomaterials in tissue engineering are derived 

from animal tissues, and they mainly contain type I collagen. However, since more 

than 27 different types of collagens have been found in biological tissues [22, 23], 

collagen I extracted from animal tissues could easily become contaminated by other 

types of collagen. Another problem with xenogeneic collagens is that the ratio of 
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different types of collagen and their degree of cross-linking may vary with the age 

and physiological condition of the donor. These variations may result in 

inconsistent chemical and physical properties [4]. 

 

One of the main concerns with using collagen derived from animal tissues is that 

such products have the potential to transfer animal pathogens, especially prion 

proteins [24, 25]. Prions can cause transmissible spongiform encephalopathy 

(scrapie and bovine spongiform encephalopathy - BSE) are the most difficult of 

contaminating agents to detect and remove from animal tissues [4, 24].  

 

Animal tissue derived collagens have the potential to cause immune and allergic 

reactions. It has been reported that a number of patients experienced 

hypersensitivity reactions to implanted biomaterials containing animal sourced 

collagens (e.g. porcine and bovine collagen) [26-29]. The use of a bovine   

collagen based microfibrillar collagen hemostat (Aitene®) was found to induce  

necrotizing granulomatous inflammation [30]. Similarly, patients experienced local 

inflammatory reactions with elevated levels of antibodies against bovine collagen 

after treating with Zyderm®, a bovine collagen based injectable gel [31, 32]. Hence 

a safe collagen source free of animal components may reduce post-implantation 

reactions. 
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2.2.3 Gelatin 

Gelatin is partially hydrolyzed collagen and it shares a homology with collagen[33]. 

As discussed in section 2.2.1, collagen is composed of three peptide chains which 

intertwine with each other to form a specific three-helix structure while gelatin is 

composed of a single alpha peptide chain which comes from the breakdown of the 

collagen triple-helix (Figure 2-3). Since the amino acid composition of gelatin is 

similar to collagen, it has similar cytocompatibility[34]. As a biologically derived 

water-soluble biodegradable polymer, gelatin has the advantages of easy 

degradation and a lack of antigenicity because of the absence of aromatic radicals 

[35]. It has been frequently used as a biopolymer to fabricate scaffolds and wound 

dressings in tissue engineering [36-38]. 

 

  

 

Figure 2-3. Acid and alkaline process to obtain gelatin from collagens [39]. 
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2.3 Recombinant human collagen  

Risks such as transmission of infectious agents and inflammatory reactions are 

some of the concerns when using animal derived collagens as discussed in section 

2.2.2. In contrast to collagen extracted from animal tissues, recombinant human 

collagen or collagen-polypeptide is made by recombinant technology (molecular 

biology and transgenic engineering) where micro-organisms produce recombinant 

collagen with the same amino acid sequence as human tissue derived collagen [5, 

40].    

 

2.3.1 Source of RHC  

With the development of genetic engineering, various types of recombinant 

collagens or collagen polypeptides are produced from host cells such as mammalian 

cells [41, 42], insect cells [43-45], yeasts [46-50] and bacteria [51]; similarly,  

recombinant collagens can be also produced from animal transgenic systems 

including mouse milk [52, 53], silk worm [54], and transgenic plants  - for 

example, tobacco plants and tobacco plant cells in culture have been used to 

produce collagens [55-57]. The manufacture and purification process to harvest 

recombinant human collagen from yeast, plants and bacterial systems doesn’t 

involve any animal derived components, which allows the final product to be 

considered to be free of animal sources. The process of collection and purification 

of recombinant collagen is summarized and shown in Figure 2-4. 
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Figure 2-4. Flow chart of the fabrication and purification of the recombinant 

human collagen. Cited from Peng et al. [51].  

 

 

The recombinant type III collagen-polypeptides used in this study are harvested 

from yeasts (Pichia pastoris). Briefly, the codon-optimized recombinant human 

collagen-polypeptide monomeric gene (GenBank Access Number: EF376007) was 

designed and synthesized based on the mRNA sequence of human type III collagen 
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(part of the sequence and its corresponding amino groups are provided in Appendix 

A). Then the RHC expression vector (pPIC9KG6) that contains genes fragments 

was transformed into Pichia pastoris. Subsequently a high-level expression strain 

was selected from the transformants for high cell-density fermentation (Patent 

Cooperation Treaty: PCT/CN2016/102430 and 102435)[58]. The secreted RHC-

polypeptides were further purified by gel filtration chromatography and 

demonstrated by comparing to the type III collagen (Sigma) in protein structure as 

characterized by amino acid analyses, infrared spectra, ultraviolet-visible 

spectroscopy (UV) and nuclear magnetic resonance [48]. 

 

2.3.2 Recombinant human collagens vs animal derived collagens 

Distinct from collagens extracted from animal tissues, the polypeptide chains of 

recombinant human collagen are based on highly defined genes, and these 

polypeptide chains are then specifically expressed in the host cells. The  

recombinant collagens produced by the transgenic yeast cells are uniform, 

predictable and there are no concerns regarding purity [59]. Besides the expression, 

as described in section 2.3.1, the recombinant human collagens are processed in a 

chemically defined source where all components involved in harvesting the 

collagen are free of animal components and consistent purification procedures can 

be applied to reduce variability in harvest media composition with no risk of 

introducing animal pathogens. According to Olsen et al. [5], Pichia pastoris has 

been commercially used to express recombinant human collagen types I, II and III, 
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and all these collagens show much more homogeneous composition than animal 

derived collagens. A more detailed comparison between animal-derived collagens 

and recombinant human collagens is given in Table 2-1.     

 

Table 2-1. Comparison of animal derived collagen with recombinant collagen. 

Adapted and edited from [4]. 

      Parameter        Animal-derived collagen   Recombinant collagen                                                                  

Source 

 

Collagen extracted from 

numerous animal carcasses 

and tissues [60] 

Produced in defined and 

genetically equivalent 

expression systems [47, 

50] 

Safety 
Risk of contamination with 

prions and virus [61] 

No risk of prion and 

animal virus contamination 

and fully characterized, 

defined source material 

[59] 

Predictability 

Batch-to-batch variability 

high with mixture of type I 

and type III chains  

Consistent and 

reproducible leading to 

predictable performance 

Structure 

Derived from multimeric 

type I and type III collagen 

with degree of crosslinking 

dependent on animal age 

and tissue; homogeneous 

gelatin difficult to purify 

[62] 

Derived from mostly 

monomeric collagen or 

fragment of a single chain 

from which predefined, 

homogeneous, 

recombinant gelatin can be 

derived [63] 

Customizability Limited 

Collagens of specific 

conformation and 

composition can be 

designed and engineered to 

enhance or remove certain 

characteristics for the 

application of interest [6, 

48, 64, 65] 
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2.3.3 Interaction between collagen and cells 

Collagens are used as biomaterials in tissue engineering applications due to their 

advance cytocompatibility and biological recognition as well as they are the 

structural proteins in ECM. A schematic diagram shown in Figure 2-5 illustrates the 

interaction between various ECM structural proteins (including collagens) and 

single cell to induce tissue formation and regeneration in human body. Specifically, 

collagens provide receptor-binding ligands which are known to be powerful 

regulators [12], and interactions between cell and ligand can further trigger several 

signaling pathway to regulate the cellular activities such as adhesion, proliferation 

and migration [66, 67]. For instance, cells utilize the trans-membrane receptors to 

interact with the ligand binding sites presenting on the ECM, where the most 

common receptor is the collagen-binding integrin [68]. The interactions between 

collagen and integrin have been found to not only link ECM signals to intracellular 

events, but are also associate with the actin cytoskeleton which regulates the cellular 

morphology and motility [69, 70]. Generally, integrins are composed of two 

subunits named alpha and beta, where the alpha subunit recognizes the ligands and 

the beta subunit sets cellular event in motions. Meanwhile, the integrin subunits 

presenting at cell surface are found influenced by the cell type and cell cycle [71]. 

It is also noticed that the variety of ligands available in collagen molecules can be 

recognized by integrins with specific alpha and beta subunits. For example, α2β1 

integrin has been found to bind specifically to fibrous collagens [72, 73].  
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Figure 2-5. The schematic diagram of interaction between proteins (including 

collagens) and single cell to induce tissue formation and regeneration. Cited from 

Lutolf et al. [74]. 
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2.4 Chitin and Chitosan  

Chitosan is a natural biopolymer produced as the deacetylated derivative of chitin, 

where chitin is commonly found in shells of marine crustaceans and cell walls of 

fungi and considered as the second most abundant natural polymer after cellulose 

[75]. The structure of chitin is known consist of 2-acetamido-2-deoxy-β-D-glucose 

through a β (1→4) linkage as shown in Figure 2-6, while the structure of chitosan 

is composed of both N-glucosamine and N-acetyl glucosamine (Figure 2-6) [76]. 

  

2.4.1 Source of chitosan  

Since chitosan is the deacetylated form of chitin, harvesting chitin is the first step 

to produce chitosan [75]. Chitin is the primary structural biopolymer in arthropods 

and fungi and has a similar function to cellulose in plants. It is present in crustaceans 

and the cell walls of fungi and yeast as well as the exoskeletons of insects. Sources 

of chitin are listed in Table 2-2 below. Chitin production is associated with the food 

processing industry, where large quantities of chitin can be easily obtained from the 

shells of crabs, shrimp or other sea crustaceans as the by-products from the canning 

industry [77]. The processing of these shells requires removal of proteins and 

calcium carbonate which are also present in the shells of crustaceans [78]. 

  

Alkalis are usually used to deacetylate the chitin into chitosan. Typically, the 

deacetylation of chitin is carried out in 40 - 50% NaOH solution, and the 
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temperature is set to 100 - 160 °C and the process takes 1-3 hours. This treatment 

can produce 70 - 95% deacetylated chitosan. 50 - 70% N-deacetylation is normally 

classified as a low degree of deacetylation of chitosan,  70 - 85% is medium and 

85 - 95% is high deacetylation chitosan [79]. The schematic of the chemical reaction 

is shown in Figure 2-6. Studies also found that the degree of deacetylation can be 

influenced significantly by either increasing the alkaline concentration or process 

temperature [80]. An alternative to alkaline solutions is chitin deacetylase [81], but 

it has been observed that because the enzyme deacetylates the surface of the chitin 

due to the large enzyme molecules, penetration into the bulk of the material is poor 

[82]. 

 

Table 2-2. Source of the raw chitin. Taken from [76]. 

Sea animals Insects Microorganisms 

Crustaceans  

Coelenterata 

Annelida 

Mollusca 

Lobster 

Shrimp 

Prawn 

Krill 

Crab 

Scorpions 

Brachiopods 

Cockroaches 

Spiders 

Beetles 

Ants 

 

Green algae 

Yeast (β-Type) 

Fungi (cell walls) 

Mycelia penicillium 

Brown algae 

Chytridiaceae 

Ascomydes 

Blastocladiaceae 

Spores 
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Figure 2-6. Processing of the chitosan and structures of chitin and chitosan. Cited 

from [83]. 
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2.5 Cross-linking strategy in collagen based materials 

Improving the mechanical strength of collagen based biomaterials without 

compromising their cytocompatibility is the fundamental concern in selecting 

cross-linking agents. Collagen molecules can be chemically modified through 

linking the carboxylic acid and amino groups presenting on the polypeptide chains 

to form covalent bonds to improve biostability [84]. Synthetic chemicals such as 

glutaraldehyde (GA) and 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) 

are two of the most frequently used cross-linking agents in tissue engineering.  

EDC is an efficient cross-linker which activates the carboxylic groups and 

subsequently forms amides between the carboxylic and amino groups. The 

schematic cross-linking reaction mechanisms of collagen and collagen-chitosan are 

shown in Figure 2-7, which shows collagen cross-linking with and without N-

hydroxysuccinimide (NHS). It has been found that the mechanical properties of the 

porous collagen scaffolds and collagen hydrogels can be significantly improved by 

cross-linking with EDC and no cytotoxic issues have been observed. The 

mechanical properties of these biomaterials can be further tuned by varying the 

concentration of EDC used [85-87]. For instance, Liu et al. [88] used EDC as the 

cross-linking reagent to cross-link collagen hydrogels. They found that the 

mechanical properties of the fabricated hydrogels were significantly affected by the 

amount of EDC added; the elongation at break varied from 20 to 60% as the molar 

equivalent ratio of EDC to collagen was changed. Powell et al. [89] used EDC with 

varied concentrations (0, 1, 5, 10, 50 mM) to cross-link porous collagen scaffolds 
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fabricated by freeze-drying. They noticed that degradation by collagenase was 

significantly reduced with increasing EDC concentration, and ultimate tensile 

strength of the collagen sponges increased proportionally with EDC concentration 

up to 10 mM. Cell viability tests indicated that EDC had no toxicity to seeded 

fibroblasts and histological samples showed a continuous basal cell layer in all 

samples. EDC is considered to be low in toxicity as it is not incorporated into the 

cross-linked product, hence no cytotoxins are released during degradation [90]. In 

contrast to EDC, glutaraldehyde reacts with the available free amine groups of the 

collagen to form a Schiff base [91]. Although GA can produce a high degree of 

cross-linking, it has been reported that unreacted GA can cause local inflammation 

and calcification. Even at concentrations of 3.0 ppm cross-linked collagen materials 

showed cytotoxicity after host implantation due to biodegradation of the collagen 

matrix [92-95]. Gelatin and collagen scaffolds have also been cross-linked using 

ultraviolet radiation (UV) without compromising biological functionality, and 

seeded cells proliferated well in porous structures [96].   

 

Responding to concerns over the toxicity induced by synthetic cross-linkers, 

naturally derived collagen cross-linkers with significantly lower toxicity have 

become popular. Genipin, derived from Gardenia jasminoides is an excellent 

collagen cross-linker with high cross-linking efficiency and low toxicity. Sung et al. 

[97] used genipin to cross-link collagen based scaffolds and treated scaffolds were 

subjected to various tests including characterization of their mechanical properties, 
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stability and cytocompatibility. It was found that genipin significantly improved the 

mechanical properties while stability and cytocompatibility of genipin treated 

scaffolds was significantly higher than GA treated controls. Proanthocyanidin (PA) 

is another natural polymer which is normally derived from seeds of fruits and 

vegetables. It stabilizes collagen and gelatin through hydrogen bonding, covalent 

linkage, and ionic and hydrophobic bonding [98-100]. Choi et al. [101] used 

procyanidin to cross-link collagen hydrogel scaffolds, and human periodontal 

ligament cells were seeded on both treated and untreated hydrogels. They found 

that cells cultured on PA treated hydrogel scaffolds had significantly higher 

proliferation rates compared to untreated scaffolds. Kim et al. [102] used PA to 

cross-link gelatin/chitosan films, and found that PA treated films exhibited a lower 

biodegradation rate, and cell adhesion was improved by PA treatment compared to 

untreated controls.   
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Figure 2-7. Cross-linking reaction mechanisms of collagen and collagen/chitosan  

by presenting EDC or EDC/NHS. Cited from Rafat et al. [85].  
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2.6 Tissue engineering scaffolds 

 

2.6.1 Collagen in tissue engineering 

 

2.6.1.1 Collagen as biomaterials in soft tissue engineering and wound healing  

Collagen has been widely used in tissue engineering applications due to its 

biological function and biodegradability. Collagen based biomaterials usually 

undergo enzymatic degradation within the body via collagenases and completed 

degradation time ranges from days to weeks depending on the degree of cross-

linking [103] Recombinant human collagen shows similar degradation behaviour 

compared to animal collagen under enzymatic treatment [104]. Collagen and  

collagen-based materials have been fabricated into a variety of forms including 

films, sheets, tubes, porous sponges, foams, nanofibrous matrices, powders, fleeces, 

injectable viscous solutions and dispersions [105], and their mechanical and 

biological behaviours have been extensively investigated for tissue engineering 

applications. Collagen has been regarded as the ideal material for scaffolds in soft 

tissue regeneration (e.g. skin replacement, blood vessels, ligaments, etc.) [106].   

 

2.6.1.2 Collagen scaffolds in skin tissue engineering   

Numbers of studies have been conducted to investigate collagen based biomaterials 

for skin tissue engineering. Porous collagen scaffolds fabricated by Ma et al. [107] 

was firstly cross-linked by EDC to eliminate the issue of rapid degradation, they 
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then seeded fibroblasts onto the porous collagen scaffold to induce dermal 

regeneration. Flourescent images of cell seeded scaffolds showed that fibroblasts 

distributed evenly in the collagen scaffold with their normal shuttle-like 

morphology. Histological results showed that after 21 days implantation, fibroblasts 

had migrated through the interior of the scaffold as well as populating the peripheral 

regions of the scaffold. A collagen nanofibrous matrix was developed to study its 

effects on human keratinocytes and applications in skin tissue engineering by Rho 

et al. [108] using electrospinning from 8% collagen solution. The ultimate tensile 

strength of the fabricated collagen matrix was 11.4 and 7.4 MPa in dried and 

hydrated status, respectively, and cytocompatibility tests showed that the matrix 

promoted human keratinocyte adhesion, migration and proliferation. Results from 

open wound healing tests in rats showed that the collagen based matrix accelerated 

early stage wound healing compared to a control group, and they suggested that 

collagen matrix may be suitable as a wound dressing or a scaffold for skin tissue 

engineering. Recently, collagen derived from fish has been used to fabricate 

scaffolds for skin tissue engineering: Cao et al. [109] used freeze-drying to produce 

highly porous scaffolds incorporating bFGF-loaded poly(DL-lactic-co-glycolic 

acid) (PLGA) microspheres. The fibroblasts were then seeded, and the results 

obtained from cell proliferation and in vivo evaluation showed these scaffolds 

supported proliferation of seeded fibroblasts and enhanced regeneration of the skin 

tissue. 
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Besides porous scaffolds, collagen based hydrogels have also been fabricated and 

investigated for skin tissue engineering [110]. Hu et al. [111] studied the mechanical 

properties and cytocompatibility of a collagen based hydrogel as a scaffold for 

constructing tissue-engineered skin. Results from in vitro cell culture indicated that 

compressed collagen gels induced seeded dermal fibroblasts to gradually develop 

into a stratified epidermal layer. Braziulis et al. [112] demonstrated that a type I 

collagen hydrogel can be safely and conveniently handled by the surgeon, and 

showed that hydrogel scaffolds as skin substitutes have the ability to reconstitute 

full thickness skin defects in an animal model. 

  

  

2.6.1.3 Collagen scaffolds for vascular, tendon and ligament repair     

A collagen gel mixed with mesenchymal stem cells (MSCs) was produced by Awad 

et al. [113] and this cell-collagen composite was introduced into full thickness, full 

length, and central defects created in the patellar tendons of the animal models. 

After implantation, the group found that the surgically implanted cell-collagen 

conposite improved the biomechanical properties of tendon repair tissues 

signficantly. In another study, Juncosa-Melvin et al. [114] firstly fabricated porous 

collagen sponges, which they then encapsulated with mesenchymal stem cells 

(MSCs) in collagen gel. The mixed collagen gel was then injected into the porous 

scaffold, and the constructs were implanted in bilateral full-thickness defects. 

Histological results showed that the scaffolds had induced the formation of collagen 
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and fibronectin, and cellular alignment was found to be comparable to an 

undamaged tendon. Collagen based scaffolds have also been investigated for 

vascular tissue. Boccafoschi et al. [115] fabricated a type I collagen film from 

neutralized acid-soluble solutions, and the film was subjected to cytocompatibility 

and platelet adhesion tests. Their results indicated that the neutralized collagen film 

did not enhance blood coagulation although slight amounts of platelet adhesion and 

aggregation were recorded. Cell culture showed that the film promoted the adhesion 

and proliferation of both smooth muscle and endothelial cells. Collagen based 

scaffolds have also been used to assist ligament repair. A collagen hydrogel 

incorporating platelets has been investigated by Murray et al. [116]. Hydrogels were 

used to fill wound sites created in both extra- and intra-articular ligaments of animal 

models. The results indicated that the collagen hydrogel filled wound increased the 

expression of various proteins and growth factors, and they concluded that their 

collagen hydrogel was suitable for ligament repair. 

     

2.6.1.4 Collagen as coating material in tissue engineering   

ECM derived collagens are ligands to the integrins of cells, and cell adhesion to a 

substrate is highly dependent on the interactions between integrins and ligands 

[117]. Collagens are often used as bioactive molecules to modify the surface of 

biomaterials to improve cell adhesion [118, 119]. 
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Collagen has been shown to improve the biological function of materials in tissue 

engineering. Chen et al. [120] coated collagen onto the fibril structures of a knitted 

silk matrix which was used as a ligament scaffold implanted in rabbit medial 

collateral ligament defect models. The results showed that, compared to uncoated 

matrix, collagen coated matrix had better mechanical properties, and host cells 

deposited more collagen, with more collagen fibril formation. The fibrils formed 

had a larger diameter and an improved healing interface between scaffold and 

ligament. Silicone is usually considered to lack cytocompatibility due to its surface 

characteristics, and protein adsorption as well as cell adhesion on silicone materials 

is relatively low. Hauser et al. [121] used type I collagen to coat a plasma pre-

treated silicone surface, and in vitro cell culture using calcein-AM stain revealed 

that the collagen coating increased adhesion of 3T3 fibroblasts as well as cell 

viability. Olivero et al. [122] immobilized type IV collagen, fibronectin and laminin 

respectively on material surfaces onto which they seeded rabbit lens epithelial cells. 

They discovered that surfaces coated with type IV collagen promoted adhesion of 

seeded cells at optimized concentrations compared to laminin and fibronectin, and 

laminin was found to enhance cell migration. Similarly, Cooke et al. [123] used the 

functional domains of ECM proteins (type I and type IV collagen, fibronectin and 

laminin) instead of the whole protein molecules to enhance cell adhesion on glass. 

Surfaces coated with motifs from both types of collagen had significantly increased 

cell attachments compared to untreated glass, with type IV collagen giving the 

highest numbers of attached cells.      
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2.6.2 Chitosan in tissue engineering 

 

2.6.2.1 Chitosan as biomaterials  

Chitosan is composed of N-acetyl-β-Glucosamine, and it has a similar structure to 

glycosaminoglycans (GAGs), the main ground substance component of ECM [124]. 

The cationic nature of chitosan promotes retention and concentration of negatively 

charged molecules such as cytokines, growth factors and nucleic acids which are 

essential to cell proliferation and differentiation [125]. The biodegradability of 

chitosan is another key to its suitability for tissue engineering applications. Chitosan 

is known to be degraded by chitosanase, lysozyme and papain in vitro [126], while 

in vivo degradation of chitosan is primarily due to lysozyme and takes place through 

the hydrolysis of acetylated residuals in the chitosan [105]. The degradation rate of 

chitosan is found to be inversely proportional to the degree of acetylation of the 

polymer [127]. Due to its cytocompatibility, biodegradability, non-toxicity, wound 

healing support, and bacteriostatic effects, chitosan has been processed into various 

forms such as fibres, sponges, membranes and hydrogels to mimic the original 

tissues or tissue-biomaterial interfaces [128-134].  

 

2.6.2.2 Chitosan in soft tissue engineering and wound dressing 

Studies have found chitosan and its based materials had the abilities to promote the 

cell infiltration, increase ECM deposition as well as maintain the homeostasis [135, 

136]. Previous studies had shown chitosan based materials induced the formation 
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of the collagen fibers during wound healings [137, 138], and Kojima et al. [139] 

had also found type I and III collagen were largely synthesized in chitosan based 

materials during wound healing. Ueno et al. [140] have suggested that the 

production of ECM and  ECM-related collagen was not directly induced by 

chitosan but may be due to the increased synthesis of ECM-related growth factors. 

Meanwhile, in joint connective tissue, significant increasing on collagen 

productions was found in cells seeded chitosan scaffolds [141]. Similarly,  

Funakoshi et al. [142] discovered the collagen production increased dramatically in 

a fibroblasts seeded chitosan scaffold. What’s more, both in vivo and in vitro studies 

showed that human mesenchymal stem cells cultured in chitosan scaffolds had an 

increased collagen synthetize [143, 144]. 

  

2.6.2.3 Chitosan based porous scaffolds  

Scaffolds used for wound healing and soft tissue regeneration usually require high 

porosity to facilitate nutrient and metabolite transport, cell proliferation and 

migration, and vascularization during tissue regeneration [145, 146]. Porous 

scaffolds can also provide appropriate mechanical properties to support the 

regeneration of epithelial and soft tissues, and controlled porosity in chitosan 

scaffolds has been found to promote angiogenesis [124, 147]. A chitosan based 

porous scaffold cross linked with glutaraldehyde (GA) has been fabricated by   

Ma et al. [148]. The porous structures of the scaffold supported infiltration and 

proliferation of human fibroblasts in vitro. Similarly, Ko et al. [147] investigated a 
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bilayer porous chitosan scaffold fabricated with varied pore sizes using ice as a 

porogen. The large open surface pores and interconnected bulky pores beneath the 

scaffold surface were found to facilitate human dermal fibroblast penetration into 

the inner part of the scaffold, and homogeneous new tissue formation was observed 

in vivo.  

 

2.6.2.4 Chitosan based hydrogel 

Chitosan and chitosan based materials have also been fabricated into hydrogel 

substrates which have been mainly used as scaffolds, drug delivery systems and 

biomolecule carriers [149, 150]. A chitosan hydrogel produced by Wu et al. [151] 

showed significant cytocompatibility as 3T3 fibroblasts were found to have 

successfully migrated into the hydrogel. Insulin and bovine serum albumin were 

pre-mixed into the hydrogel and the release of these two proteins was also assessed, 

and it was found the release rate of the proteins was controllable. Obara et al. [152] 

fabricated chitosan hydrogels incorporating fibroblast growth factor through UV 

light cross-linking. Full thickness skin defects in diabetic mice were replaced by the 

hydrogel. Histology showed the formation of both advanced granulation tissue and 

capillaries as well as epithelialization in wound tissue that indicated that growth 

factor-loaded chitosan hydrogels were a promising wound healing biomaterial. 

Crompton et al. [153] seeded foetal mouse cortical cells into a thermally responsive 

3-D chitosan hydrogel, and poly-D-lysine was added to the hydrogel system to 

improve cell adhesion. Neurite outgrowth within the chitosan hydrogel was 
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observed and cell numbers increased.    

   

2.6.3 Collagen/chitosan based tissue engineering scaffolds   

Although collagen scaffolds have excellent biological function for tissue 

engineering, they have crucial limitations due to poor mechanical properties and 

rapid degradation in vivo and in vitro. Approaches including chemical cross-linking 

of collagen and blends of collagen and other biopolymers have been tried to 

improve their mechanical properties and reduce degradation rates [154, 155].  

 

2.6.3.1 Cross-linking collagen with chitosan  

Another approach to improve mechanical properties and biostability of collagen 

based biomaterials is to blend collagen with synthetic or natural polymers. Natural 

polymers such as chitosan, silk fibroin, alginate and hyaluronic acid have been used. 

Chitosan is one of the most used natural polymers to its non-immunogenic and 

biodegradable characteristics [156]. As noted in section 2.6.2.1, Chitosan has a 

similar molecular structure to glycosaminoglycans (GAGs) which confers desirable 

biological functions in tissue engineering [124]. 

 

Collagen/chitosan porous scaffold 

 

Scaffolds based on collagen/chitosan blends have been investigated in soft tissue 

engineering. Han et al. [157] seeded epidermal cells on an asymmetric porous 

collagen/chitosan scaffold with varying pore sizes on either side to mimic human 
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dermal tissue. After three weeks in culture, the composite skin substitute had a 

histological structure similar to that of normal skin tissue, confirming that this 

porous collagen/chitosan scaffold was suitable for skin tissue engineering.  

Martínez et al. [158] have tailored the mechanical properties of scaffolds with a 

tensile modulus between 5.5 and 24 kPa. They also found that cross-linked 

collagen/chitosan scaffolds undergo much slower degradation compared to 

uncross-linked scaffolds: At day 14 of collagenase digestion, 40% mass loss was 

found in crosslinked scaffolds while 80-100% mass loss was observed in uncross-

linked scaffolds. 

 

Gingras et al. [159] used a porous collagen/chitosan scaffold to investigate whether 

tissue engineered dermal tissue could promote nerve regeneration. They began by 

fabricating porous collagen/chitosan through freeze-drying, then keratinocytes and 

fibroblasts were seeded into the reconstructed dermis and cultured for 7 days before 

transplantation onto the back of nude mice. The results showed that nerve growth 

was first detected 60 days after grafting and became abundant from 90 days. They 

concluded that their porous collagen/chitosan skin sponge had the ability to induce 

nerve growth. 

 

Collagen/chitosan hydrogel scaffold  

Hydrogels can be defined as 3-D networks composed of cross-linked hydrophilic 

molecules which contains large amounts of water [160]. Hydrophilic hydrogels 
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were introduced by Wichterle and Lim for biological application in the 1960s [161].  

Because of their unique water absorption and retention and biomimetic properties, 

hydrogels have been widely used in drug delivery, wound healing, tissue 

engineering and other biomedical applications [162]. 

 

To date, various collagen/chitosan hydrogels have been investigated in soft tissue 

engineering. Deng et al. [163] designed collagen based hydrogel scaffold as a 

potential treatment biomaterial for cardiovascular disease, where they improved the 

hydrogel’s mechanical properties by adding chitosan to the hydrogel blend. They 

found that introducing chitosan improved the stability of the hydrogel and in vitro 

culture results showed that endothelial cells formed more vascular-like structures 

compared to collagen-only hydrogels. They also found that collagen/chitosan 

hydrogels induced expression of vascular endothelial-cadherin which indicated 

greater maturation of endothelial cells. Similarly, McBane et al. [164] fabricated 

two kinds of hydrogels, one was pure collagen and the other contained 

collagen/chitosan at a ratio of 10:1. Adding chitosan to collagen improved the 

mechanical properties of the hydrogel significantly (the elastic modulus increased 

from 0.4 to 0.7 kPa). Testing in vivo resulted in increased expression of vascular 

cell adhesion protein in collagen-chitosan compared to pure collagen hydrogels, 

and collagenase degradation was slower, finally they concluded that 

collagen/chitosan hydrogel is suitable for use as pro-angiogenic ectopic islet 

transplant site. Fiejdasz et al. [165] investigated using genipin to cross-link 
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injectable collagen and collagen/chitosan hydrogels. Mechanical tests showed that 

chitosan increased the mechanical properties of the collagen hydrogel, and 

properties could be further modulated by adjusting the genipin concentration. 

Genipin cross-linked collagen/chitosan hydrogels also showed promising 

cytocompatibility in their cytotoxicity studies. 

. 

Besides porous scaffolds and hydrogels, collagen/chitosan film scaffolds have also 

been developed. Shanmugasundaram et al. [166] fabricated a collagen/chitosan 

based thin film scaffold onto which human epidermoid carcinoma cells were seeded 

to test its biocompatibility, the results proved the fabricated scaffold could be 

utilized as a substrate. Chitosan is regarded as a reliable copolymer which can be 

combined with collagen to improve mechanical properties. 
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2.7 Applications of RHC based biomaterials in soft tissue 

engineering  

At the time of writing, few studies have reported the use of recombinant collagen 

as biomaterials in tissue engineering application and wound healing, where 

recombinant collagen based biomaterials have been used as films, porous scaffolds 

and hydrogels [88, 167-169]. 

 

2.7.1 RHC based porous scaffolds 

In the same way as collagen derived from animal sources, recombinant human 

collagen can be fabricated into highly porous scaffolds and applied to a variety of 

applications in soft tissue engineering. Hu et al. [170] used freeze-drying method 

to fabricate recombinant human collagen based scaffold with porosity more than 

90%. Fibroblasts were then seeded into the porous scaffold. And they found the 

recombinant human collagen significantly enhanced the cells adhesion, and 

proliferation (compared to the fibroin scaffolds control), and they suggested 

recombinant collagen was a good candidate for skin tissue engineering. Jia et al. 

[171] combined freeze-drying and cross-linking method together to fabricate a 

porous scaffold which contains recombinant human collagen and nano-

hydroxyapatite at ratio of 1:1. Their mechanical test showed the porous scaffold had 

Young’s modulus of 36.7 MPa which was comparable to Relive® Artificial Bone, 

a commercial product with a compressive modulus measured at 27.7 MPa [172]. 
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They also seeded rabbit chondrocytes on the composite scaffold and cultured for 21 

days and the results confirmed recombinant human collagen/nono-hydroxyapatite 

porous scaffold was capable of encouraging both cell adhesion and GAG synthesis. 

In skin tissue engineering, Wang et al. [173] applied recombinant collagen to rat 

skin trauma and found that synthesis of collagen was enhanced and wound healing 

was accelerated through epidermal. In addition, recombinant human collagen has 

also shown its potential in hard tissue engineering such as used in bone regeneration. 

It has been reported from Zhu et al. [174] that they fabricated a complex which 

based on phosphorylated recombinant collagen, and results from calcium uptake 

test showed the complex had great bioavailability, and mouse model of osteoporosis 

indicated the fabricated complex was superior for treating osteoporosis than 

gluconate-calcium and CaCl2.  

 

 

2.7.2 RHC based hydrogel scaffolds 

Merrett et al. [175] used recombinant human collagen I and III to produce 

transparent hydrogels as human corneal substitutes where solutions of recombinant 

human collagens were cross-linked with 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (EDC). The mechanical test on both hydrogels indicated adequate 

tensile strength had been achieved where type III recombinant human collagen 

hydrogel is found mechanically superior. The cytocompatibility test showed both 

collagen based hydrogels supports in vitro epithelium and nerve over-growth. 

Results from twelve months implantation showed regeneration of the corneal cells 
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on recombinant human collagen corneal substitute where the hydrogels remain their 

optical clarity and stable integration. Recently, Zhao et al. [176] investigated the 

biodegradation and cytocompatibility of microbial transglutaminase cross-linked 

recombinant collagen, where they found by changing the amount of enzyme in 

cross-linking could produce hydrogels with different mechanical properties as well 

as collagenase degradation rate. They had also noticed the hydrogel formed by ratio 

of enzyme to collagen at 40 U/g had the best cytocompatibility results from the in 

vivo test, and they suggested the hydrogel can be used as an injectable soft tissue 

filling biomaterial. 
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2.8 Scaffolds for soft tissue engineering 

Scaffolds act as the ECM to provide an ideal environment for the replacement of 

defective tissue where treatment and tissue regeneration required. Two main 

categories of biomaterial (biopolymers) based scaffolds are currently involved in 

this field, synthetic and natural biopolymers [177-179]. 

 

2.8.1 Design concepts of collagen based scaffolds   

To mimic the native biological environment and support the regeneration of new 

tissues, the ideal biomaterial scaffold should have the following features: sufficient 

porosity and suitable pore size as ideal microstructure, adequate mechanical 

properties, excellent cytocompatibility, specific shape of contact surface with 

potential chemical composition, controlled degradation rate, less steps during 

manufacture as well as material resources budget concern [124, 178-180].  

 

2.8.1.1 Suitable pore size, porosity and interconnectivity  

In order to mimic the ECM and promote the cell growth and migration, scaffolds 

with appropriate pore size, high porosity and great interconnectivity are demanded. 

All these three key elements benefit the tissue regeneration as an idea pore size with 

high porosity provide a large surface area to the scaffold volume that supports cell 

attachments to the pore structures [149]; sufficient interconnectivity (usually more 

than 80%) in microstructure of porous scaffold facilitates the nutrient transportation, 
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waste exchange as well as oxygen diffusion, it also allow the migration of the 

proliferated cells and assist the neovascularization [145, 181, 182]. For instance, it 

has been reported that the optimal culturing pore size for vascular from epithelial is 

5 μm [183], the proliferation of the fibroblasts is found between 80 to 250 μm [184], 

and 20 to 125 μm of the pore size benefits the regeneration of the adult mammalian 

skin[185]. In addition, not only the cell proliferation activity, but also the ECM 

production such as expression of ECM collagen is also found affected by the pore 

size of the fabricated biomaterials [186]. The features of such porous structures with 

the desired pore size and porosity are found highly depended on the fabrication 

methods and discussed in section 2.8.2 [178, 187]. 

  

2.8.1.2 Adequate mechanical properties 

Generally speaking, tissue engineering scaffold should have sufficient mechanical 

strength to maintain its structural integrity during the tissue regeneration and its 

mechanical properties should match the original healthy tissue or organ to support 

and transfer the loads generated from both the micro-environment and daily 

activities [177, 179]. It’s important to determine the mechanical properties of the 

fabricated scaffolds in soft tissue engineering that scaffolds should have adequate 

mechanical strength can support the maintenance of the microstructures that 

provide sufficient space for cell ingrowth, nutrient transportation [188], and also 

support the loading in vivo as implants [189]. What’s more, porous scaffolds and 

hydrogels which own different mechanical strengths have also been found influence 
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the cell activities as stiffness of the substrates are known to regulate the cellular 

behaviors such as spreading, migration and proliferation [190, 191]. Specifically, 

Haugh et al. [192] fabricated porous collagen based scaffold with tunable stiffness, 

they found that the cell proliferation rate was increased as increasing the mechanical 

strengths of the scaffolds. Meanwhile, Liu et al. [193] seeded fibroblasts on the 

surface of hydrogels with varied stiffness where they found the cell spreading and 

proliferation were substrate stiffness dependent. The encapsulation of the neural 

stem cells in hydrogel studied by Banerjee et al. [194] showed that, as increasing 

the mechanical strengths of the hydrogel system, the proliferation activities of the 

encapsulated cells reduced. And they also found neuronal marker β-tubulin III had 

the highest expression within the softest hydrogels. 

                

2.8.1.3 Acceptable cytocompatibility  

One of the concerns in designing of the functional soft tissue engineering scaffolds 

is their cytocompatibility. Biocompatible scaffolds means the biomaterials should 

show no harmful to the cells and host as no toxic products are involved during their 

applications [149, 195]. Meanwhile, as in vitro culturing are required in some of the 

soft tissue engineering, the biocompatible scaffolds should have the ability to 

enhance the proliferation of the seeded cells and induce the regeneration of the 

ECM [177, 180]. 
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To date, both synthetic biodegradable polymers and natural derived materials are 

involved in soft tissue engineering [196]. Synthetic polymers such as poly(glycolic 

acid) (PGA), poly(L-lactic acid) (PLLA) and PLGA are widely used as biomaterials 

in producing the tissue engineering scaffolds. Such polymers are considered 

biocompatible and their degradation rates were found tunable to match the 

regeneration of the new tissue [180, 197]. On the other hand, it has been reported 

that some of the synthetic polymers are general low in bioactivity and their 

degradation process might produce acidic byproducts that lower the local pH which 

might cause tissue necrosis [198]. Differ from some of the synthetic polymers, 

biological materials such as gelatin, collagen and chitosan are biocompatible to the 

cells and host tissues or organs, meanwhile, those materials are also found had the 

abilities that provide cell adhesion and growth (as discussed in Chapter 2.6.1 and 

2.6.3). What’s more, they are biodegradable in body and such degradation can be 

synchronized with the tissue regeneration. 

  

Natural biomaterials based porous scaffolds and hydrogels usually are weak in their 

mechanical strengths as compared to synthetic polymers, which is why      

cross-linkers are frequently applied to improve their mechanical properties. For 

instance, collagen based porous scaffolds and hydrogels are usually cross-linked by 

chemical cross-linker such as EDC [86, 199] and glutaraldehyde [200], where 

glutaraldehyde is also frequently applied to cross-link the chitosan based porous 

scaffolds and hydrogels [201, 202]. However glutaraldehyde are found cause local 
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incompatibility, inflammation or calcification that limits cell ingrowth and 

cytotoxicity (even at concentrations as low as 3.0 ppm) after being released into the 

host as a result of cross-linked polymer degradation [203] and [94]. So cross-linkers 

with high efficiency but low in toxicity are required. For example, natural cross-

linking reagents such as genipin is used to cross-link the collagen, chitosan or 

collagen-chitosan based scaffolds due to its low toxicity [154, 204], where 

procyanidin as another natural cross-linker is also found has the ability to cross-link 

the collagen derived biomaterials to improve their biostability, and the treated 

scaffolds show excellent cytocompatibility to the cells and tissues [102, 205]. 

 

2.8.1.4 Cell adhesion ability   

A suitable surface property of the scaffold should assist the cell adhesion to the 

scaffold and induce proliferation in vitro or in vivo. Synthetic polymers based 

scaffolds can be easily fabricated, however, most of synthetic polymers have been 

found only function as empty scaffolds for seeded cells that do not promote cell-

material interactions [206-208]. To improve the cells adhesion to the scaffolds, 

maintain cellular morphologies and promote proliferation activities, surfaces of 

synthetic polymer based porous scaffolds, hydrogels as well as films are commonly 

modified by adding or immobilizing bioactive polymers, such as Arg-Gly-

Asp (RGD) sequence contained peptides [209, 210], growth factors [211, 212] or 

ECM derived collagens etc. [122, 213]. Besides that, growth factors had also been 

introduced into the wound dressings to accelerate the healing progress [214, 215]. 
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2.8.1.5 Controllable degradation rate  

As biomimetic scaffolds join into the tissue repair and regeneration progress, a 

balance between ECM synthesis and biodegradation in scaffold is desired, and it 

means the rate of neo tissue formation should be same as the degradation progress 

on biomaterials [105, 216]. The degradation of collagen materials in vivo is mainly 

through enzymatic activities , and their degradation time is found ranged from 2 to 

24 weeks which is dependent to the cross-linking degree [103]. The chitosan based 

biomaterials show varied degradation rates and it has been found the rate is highly 

dependent to the deacetylation degree. The degradation behaviours of the collagen 

and chitosan based biomaterials are mentioned in sections 2.6. 

 

2.8.2 Methods to fabricate 3-D porous scaffolds and hydrogel scaffolds  

To date, various techniques have been developed to fabricate three dimensional 

porous scaffolds for the soft tissue engineering applications. The method for 

fabricate the porous scaffolds usually include electro-spinning, solvent casting, 

phase separation, gas foaming and solid freeform fabrication, where gelation of the 

hydrogels are achieved through covalent, ionic bonds or physical interactions 

between the polymer chains. And each method is known to have its own advantages 

and disadvantages [180].   
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2.8.2.1 Electrospinning  

Electrospinning is a technique that uses an electric field to draw microfibers from a 

charged polymer solution, and it allows to produce fibers with varied diameters and 

morphologies by manipulating various process parameters such as polymer 

concentrations, voltage and temperature [217-219]. It has been reported a variety 

of natural polymers (e.g. collagen) as well as synthetic polymers had been 

fabricated into nonwoven fabrics by electrospinning, where excellent cell 

attachments, proliferations were reported [220-222]. On contrary, the toxic organic 

solvents (e.g. chloroform and methanol) are usually required in electrospinning 

process that known as the disadvantage of this technique, and other drawbacks such 

as low rigidity of the formed scaffolds as well as less control of pore sizes and 

shapes might become the limitations of the electrospinning method in certain 

applications [177, 180, 223]. 

2.8.2.2 Porogen leaching  

This method uses porogens to create porous structures. Usually, the polymer 

solution together with porogens are added into a mold to form a stable construction, 

then the porogens are leached away using certain solvent or water to produce a 

porous scaffold [224]. The main advantage of this technique is the controllable of 

both pore size and porosity by tuning the porogens size and its concentration [225, 

226]. However, the porous structures fabricated through this technique had been 

found poor in interconnectivity [226].  
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2.8.2.3 Freeze-drying  

Freeze-drying has been frequently used to create porous 3-D scaffolds. The  

freeze-drying usually uses a cooling procedure to produce thermodynamic 

instability within the samples and leading to a phase separation. The porous 

structures are then obtained by sublimation under vacuum condition that remove 

the solvent and ice crystals [178]. The porosity, pore size as well as porous 

structures have been found largely dependent to the fabrication conditions such as 

cooling rate, freezing temperature, concentration of polymer solution as well as the 

concentration of the used solvent [180, 227, 228]. For instance, Davidenko et al. 

[229] noticed that by altering the freezing conditions could produce desirable pore 

size and pore orientations, and they had produced a porous collagen scaffold with 

complex pore orientations by introducing multiple temperature gradients to the 

freezing conditions. Ma et al. [148] used freeze-drying method prepared the porous 

collagen-chitosan scaffold and their scaffold showed ability to host the seeded 

fibroblasts and promoted the cells proliferation. Meanwhile, O’Brien et al. [230] 

studied the effect on pore size of the porous scaffold to the cells adhesion, they 

produced a series of porous scaffolds with varied pore size by tuning the samples 

freezing temperature to fulfil the requested structures. Other than natural 

biopolymers, synthetic polymers such as PLGA and PLLA had also been involved 

to fabricate porous scaffolds for tissue engineering successfully [178, 231]. 
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2.8.2.4 Gas foaming  

Gas can be used as porogen instead of solid particles in the fabrication of porous 

scaffolds [232]. To form porous structures, solid compressed polymer discs are 

treated with high pressure CO2 in a closed chamber firstly for 2 to 3 days, and then 

the pressure is rapidly dropped to atmosphere level [233]. It has been reported that 

this technique could produce scaffold with porosity up to 93% [180]. Although this 

method does not require any organic solvent and chemistry, but the scaffold 

formation usually requires high temperature which may damage the bioactive 

polymer molecules [233]. Furthermore, it is difficult to control the pore sizes and 

pore connectivity within the solid scaffolds.    

 

2.8.2.5 Solid freeform fabrication  

Solid freeform fabrication is a novel technology supported by the computer aided 

design, and it allows production of objects with unique materials and geometries 

such as predefined porous structures [234]. A typically application of using solid 

freeform fabrication is inkjet printing, the jet head ejects the binder onto a polymer 

powder surface to form the layer or viscous biopolymer which is in accordance with 

the CAD cross-sectional data [188], where commercial inkjet printer has been 

report to produce the cell encapsulated scaffold [235, 236]. 
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2.8.2.6 Hydrogel forming  

Polymers that form hydrogels can be divided into two categories, one is synthetic 

polymer based hydrogels and another is natural derived biopolymers such as 

collagen, fibrin, and alginate. Different from solid porous scaffolds, natural 

biopolymer based soft nonporous hydrogels are formed through a variety of 

gelation mechanisms where polymer chains are cross-linked via ionic, physical or 

chemical interactions [237], and commonly used cross-linking methods in hydrogel 

formations are listed in Figure 2-8. Natural forming hydrogels are usually formed 

via ionic and physical cross-linking. Alginate known as a linear polysaccharide 

copolymer of (1–4)-linked b-dmannuronicacid (M) and a-l-guluronicacid (G) 

monomers that its hydrogel has been used in soft tissue engineering applications 

including drug delivery and cell encapsulation [238]. The forming of alginate 

hydrogel is initiated by Ca2+ interact with monomers to form ionic bridges between 

different polymer chains [239]. Differ from ionic interactions, the collagen, gelatin 

or chitosan based hydrogels are usually formed through covalent cross-linking. 1-

ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) known as an amide-type 

cross-linker that is widely used in cross-linking collagen based materials mainly 

through linking the carboxylic acid and amino groups presenting on the chains to 

form covalent bonds[84]. Ahn et al. [104] had fabricated porcine and collagen 

hydrogels for corneal implants by using EDC cross-linker, and they found the 

mechanical strengths of the obtained hydrogels could be modulated by varying the 

content of EDC, and the cytocompatibility test indicated their EDC cross-linked 
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hydrogels are biocompatible and infiltration of the proliferated cells were found 

within the hydrogels from in vivo implantation tests. 

 

Figure 2-8. Schematic diagram listing the most used methods of hydrogel 

formations [149].     
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Chapter 3 Materials and methods  

 

Gelatin and RHC based 3-D porous scaffolds were constructed from freeze-drying 

method and a series of RHC based soft hydrogel scaffolds were also developed 

through covalent bonding. Morphologies, swelling ratio, gelation time, in vitro 

biodegradation, mechanical properties including compression modulus and elastic 

modulus were evaluated. Cytotoxicity tests were carried out by using Alamar Blue 

assay where metabolic activities of cells were evaluated. Importantly, the 

proliferation and morphologies of seeded 3T3 fibroblasts were assessed at defined 

culture time using DNA assay, fluorescent stain, SEM as well as optical microscopy. 

The gene expressions of the ECM associated proteins were quantified by the 

quantitative reverse transcription-polymerase chain reaction (qRT-PCR) technique. 

Finally, results were discussed by comparing to the literature to confirm the 

phenomena and findings discovered in current study.  
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3.1 Fabrication methods  

Gelatin based porous scaffolds 

Gelatin powder with a molecular weight range of 13,000-44,000 Da (JiangShan 

Chemical Co., Ltd. China) and chitosan powder with deacetylation degree > 90.0% 

(Shanghai Lanji Technology Development Co., Ltd) were dissolved in 0.5 M 

ethanoic acid at weight ratio of 1:1 and stirred for 1 h to prepare homogeneously 

mixed 1.5% (w/v) GEL-CHI solutions. The mixtures were poured into the moulds 

and frozen at -20°C then lyophilized in the freeze-drier (Eyela. Fdu-1200. Japan) at 

-45°C for 48 h to obtain cylindrical porous scaffolds with a 13 mm diameter and 6 

mm thickness. Grape seed extracted procyanidin (PA) powder (Jianfeng Natural 

Product R&D Co., Ltd, China) and glutaraldehyde solution (Sigma Aldrich) were 

prepared in 50% (v/v) ethanol separately to prepare PA and GA cross-liking 

solutions at concentrations of 0.1%, 0.5% and 1.0% by weight. The cross-linked 

scaffolds were then named as PA 0.1 to 1.0 and GA 0.1 to 1.0 that referred to the 

type of cross-linker and its concentration respectively, the names of the fabricated 

porous scaffolds are listed in Table 3-1 and images of typical scaffolds are shown 

in Figure 3-1. The prepared scaffolds were then fully immersed into the cross-

linking solutions for 48 h at room temperature. The cross-linked scaffolds were 

dried over filter paper and stored at 4°C. 
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Table 3-1. Type of fabricated porous GEL-CHI scaffolds 

 

Type of scaffolds Glutaraldehyde (w/v) Procyanidin (w/v) 

Uncross-linked 

 

Not added 

Not added 

PA 0.1 0.1% 

PA 0.5 0.5% 

PA1.0 1.0% 

GA 0.1 0.1%  

Not added  GA 0.5 0.5% 

GA 1.0 1.0% 

 

 

Figure 3-1. Fabricated gelatin-chitosan porous scaffolds 
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RHC based porous scaffolds 

To prepare 1.5% w/v RHC-CHI (50:50) solution, 750 mg RHC (Bioengineering lab 

of Nanjing University of Science and Technology, Jiangsu, China, ) and 750 mg 

chitosan powder (deacetylation degree > 90.0%, Shanghai Lanji Technology 

Development Co., Ltd) were weighed and poured into 0.2 mol/L acetic acid solution 

then stirred by a magnetic stirrer for 1 h to fully dissolve the powders. 100 mL final 

solutions were used to immediately cast. The prepared RHC and RHC-CHI 

solutions were poured into Polytetrafluoroethylene (PTFE) molds and frozen in the 

freezer at -20°C overnight. After that, the frozen samples were lyophilized in a 

freeze-drier (Eyela. Fdu-1200. Japan) at 45°C for 48 h to obtain cylindrical porous 

scaffolds with 13 mm diameter and 5 mm thickness. The freeze-dried samples were 

then carefully taken out from the molds with the tweezers. A modified cross-linking 

method according to a previous study by Damink et al. [240] was used to cross-link 

the porous scaffolds in this study. Briefly, different amounts of EDC (50, 75 and 

100 mg) were dissolved in 75% ethanol respectively to prepare 10 mL cross-linking 

solutions at final EDC concentration of 0.5, 0.75 and 1.0% (w/v). The porous 

scaffolds were then fully immersed in 10 ml cross-linking solution with varied EDC 

concentrations for 24 h at 37°C followed by washing in 10 ml distilled water 3 times 

and freeze-dried for further use. The cross-linked RHC-CHI scaffolds were named 

RHC-CHI-50, 75 and 100 according to the amount of EDC that prepared the cross-

linking solutions. Meanwhile, pure RHC scaffolds with RHC concentration of 1.5, 

2.0 and 3.0% (w/v) were fabricated with the same method. The names and 
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compositions of the fabricated RHC and RHC-CHI scaffolds are listed in     

Table 3-2, and images of typical scaffolds are shown in Figure 3-2.     

Table 3-2. Types of fabricated RHC and RHC based porous scaffolds 

Porous 

scaffolds 

Biopolymers 

concentration 

(w/v) 

RHC:CHI 

ratio 
Cross-linker: EDC (mg) 

RHC-1.5 1.5% / 50 

RHC-2.0 2.0% / 50 

RHC-3.0 3.0% / 50 

RHC-CHI-50 1.5% 50:50 50 

RHC-CHI-75 1.5% 50:50 75 

RHC-CHI-100 1.5% 50:50 100 

 

 

 

Figure 3-2. Fabricated RHC and RHC-CHI porous scaffolds 
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RHC based hydrogel scaffolds 

RHC (Bioengineering lab of Nanjing University of Science and Technology, 

Jiangsu, China) and chitosan (Shanghai Aladdin Biochemical Technology Co., Ltd.) 

at 3 different ratios (80:20, 50:50 and 20:80) were fully dissolved in universal tubes 

to prepare 1.5% w/v RHC-CHI hydrogel solutions respectively. The mixture was 

filtered through a 0.22 μm filter and collected in a sterilized universal tube. Then 

50 mg EDC was added into each 10 ml RHC-CHI mixture and stirred for 1 min. 

300 μL final solution was then transferred into each well of a 48-well plate. The 

plate was placed into the 37°C incubator for 2 h to achieve full gelation. Hydrogels 

of 2.0% and 3.0% w/v were prepared in the same manner. The name of fabricated 

hydrogels corresponding to the biopolymer concentration and RHC to chitosan ratio 

are listed in the Table 3-3 and the fabricated series hydrogel scaffolds are shown in 

Figure 3-3. 

Table 3-3. Types of fabricated hydrogels 

 

Hydrogel 

Biopolymers 

concentration 

(w/v) 

RHC:CHI 

ratio 

A 1.5% 80:20 

B 1.5% 50:50 

C 1.5% 20:80 

2A 2.0% 80:20 

3A 3.0% 80:20 
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Figure 3-3. Picture showing the fabricated hydrogels placed on petri-dish 
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3.2 Morphology analysis  

Porous scaffolds 

To examine the morphology of the porous scaffolds, samples were sectioned using 

a microtome and then sputter-coated with platinum before imaging using a scanning 

electron microscope (Philips XL30, Netherlands) at an accelerating voltage of 10 

kV, the working distance was set to 15 mm and images with different magnifications 

were recorded. In addition, the internal structures of the porous gelatin-chitosan 

scaffolds were also characterised using X-ray micro-computed tomography (Micro-

CT; XRADIA XRM-500), where the scaffold was cut into small cube (2 × 2 × 2 =

8 𝑚𝑚3) and scanned at an exposure of 2 seconds/slice with resolution of 3.034 

µm/pixel. The obtained cross-section two-dimensional (2D) images were 

reconstructed into 3-D image through Image J. Mercury intrusion porosimetry (MIP; 

Micromeritics Autopore IV, United States) was used to determine the average pore 

sizes and porosities of the porous scaffolds. 

  

Hydrogel scaffolds  

The morphology of the hydrogel were examined using scanning electron 

microscopy (SEM). Flat hydrogel samples were carefully placed in the petri-dish 

and frozen in liquid nitrogen, the frozen samples were then lyophilized in freeze-

drier (Eyela. Fdu-1200. Japan) at -45°C for 24 h under vacuum. After vacuum 

drying, the dried samples were attached to the metal holder using conductive tape 

and sputter-coated with platinum for 90 s. The coated surfaces were imaged by a 

scanning electron microscope (Philips XL30, Netherlands) at an accelerating 



                                                                Materials and methods 

 

57 

 

voltage of 10 kV, the working distance was set to 15 mm. Images with different 

magnifications were recorded. In addition, the surface morphology of the wet 

hydrogel was analyzed by using the Philips XL 30 FEG ESEM in wet mode with 

an accelerating voltage of 10 kV.    

 

3.3 Fourier transform infrared spectroscopy (FT-IR) and 

cross-linking degree 

FT-IR spectra of the RHC and RHC-CHI samples were obtained from a Fourier 

transform infrared spectrophotometer (Bruker-EQUINOX55, Germany). Part of a 

dry scaffold was peeled off by tweezers and placed onto the testing stage directly 

where spectra were recorded under absorbance mode at 2 cm-1 interval in the 

wavelength range of 400 to 4000 cm-1. Reference spectra were collected before each 

test. 

 

The cross-linking degree (efficiency) of the EDC cross-linked RHC-CHI and RHC 

scaffolds were determined as sum of detected uncross-linked RHC concentrations 

from both solutions of cross-linking and washing process to the total RHC in 

fabricated scaffolds. After cross-linking finished, 1 ml cross-linking solution was 

then taken out and tested by high performance liquid chromatography (HPLC, 

AGILENT 1260 INFINITY) to confirm the RHC concentration in the solution. 1 

ml used distilled water from wash process was taken out and tested by HPLC to 
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confirm the RHC concentration, and this procedure was repeated in the second and 

third wash. Finally, the detected RHC were summed and converted to the weight of 

RHC powder, the cross-linking degree was then defined as the ratio of detected 

RHC to the total RHC in porous scaffolds. The determination of the standard curve 

of RHC concentration that used to calculate the RHC content in tested solution is 

provided below. 

 

A series of known concentration of RHC solutions (as listed in Table 3-4) were 

tested by HPLC to generate the standard curve of RHC concentration. Triplicate 

samples of each RHC concentration were tested and averaged results were used to 

determine the standard curve. The expression of RHC concentration in solution was 

determined as: Y=9718.5X-78.4 and R2=0.9995, where Y is the area of the detected 

peak wave of RHC in solution and X is the concentration (mg/mL) of RHC in 

solution (Figure 3-4). 
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Table 3-4. RHC concentrations used to generate standard curve 

RHC 

solution 

RHC 

concentration 

(mg/mL) 

Retention 

time (min) 
Peak area 

Averaged 

peak area 

A-1 

0.0980 

11.048 890.66 

888.72 A-2 11.051 889.06 

A-3 11.054 886.43 

B-1 

0.3036 

11.053 2907.98 

2908.36 B-2 11.056 2910.12 

B-3 11.056 2906.98 

C-1 

0.5162 

11.058 4940.67 

4939.67 C-2 11.059 4942.64 

C-3 11.060 4935.70 

D-1 

0.6968 

11.059 6594.24 

6594.49 D-2 11.061 6597.40 

D-3 11.056 6591.83 

E-1 

0.8708 

11.055 8343.12 

8321.65 E-2 11.054 8315.43 

E-3 11.055 8306.40 

F-1 

1.0096 

11.051 9845.57 

9842.82 F-2 11.048 9841.77 

F-3 11.048 9841.11 

 

 



                                                                Materials and methods 

 

60 

 

  

 

Figure 3-4. RHC standard curve.  

 

3.4 Gelation time of hydrogels  

To investigate the gelation time, 700 μL each type of hydrogel solution was put into 

1.5 mL vials and incubated at three different temperatures (4°C, 24°C and 37°C) 

respectively. The status of the hydrogel solutions were checked every minute by 

tilting the vials and disturbing of the pipette to observe the gel formation, once 

hydrogel solution stopped moving and sticky gels were observed when disturbing 

by the pipette, the time was recorded.  

 

3.5 Swelling ability 

Swelling of the porous scaffolds was determined by measuring the change in mass 

of scaffolds between dry and wet status. To establish dry weight, vacuum dried 

scaffolds were weighed then fully immersed in PBS for 24 h. Scaffolds were then 

Y = 9718.5X - 78.4

R² = 0.9995

0

2000

4000

6000

8000

10000

12000

0 0.2 0.4 0.6 0.8 1 1.2

P
ea

k
 a

re
a 

u
n
it

RHC concentration (mg/mL)



                                                                Materials and methods 

 

61 

 

removed from the solution, and any drops of PBS were removed with filter paper 

before the wet scaffolds were weighed. The swelling ratio (SR) of the scaffolds 

were calculated from the expression: SR=(Ww –Wd)/Wd where Wd and Ww refers to 

the dry and wet weight of the scaffolds respectively. 

 

3.6 In vitro degradation  

Porous scaffolds 

Biodegradation degree of fabricated gelatin-chitosan scaffolds were determined by 

examining the concentration of dissolved gelatin. Each sample was incubated in 1 

ml PBS containing 100 µg collagenase type I (Sigma Aldrich) at 37 °C for 12 h. 

The PBS solution was then centrifuged and 20 µL supernatant was transferred into 

a 96 well-plate followed by adding 200 µL bicinchoninic acid (BCA) assay 

(Thermo working reagent). The concentrations of degraded gelation were then 

determined by the ultraviolet spectroscopy (Tecan Infinite 200 Pro) where light 

absorption of the solution was measured at 562 nm and compared with the values 

obtained from solutions with defined gelatin concentrations. The biodegradation 

degree was then defined as the ratio of detected gelatin to the gelatin in each scaffold.  

 

To determine the biodegradation rate of the RHC and RHC-CHI scaffolds, each 

scaffold was immersed into 3 mL PBS and kept in an incubator at 37°C. To ensure 

continuous biodegradation, PBS was changed every 2 days. At each defined time 

point (Day 3, 7, 10, 14, 21 and 28), scaffolds were taken out and rinsed 3 times with 



                                                                Materials and methods 

 

62 

 

distilled water. After that, the scaffolds were frozen in freezer overnight and freeze-

dried to measure the mass. The degradation rate was calculated as: (Wo-Wt)/Wo 

100%, where Wo is the initial weight of the dry scaffold, while Wt is the weight of 

degraded scaffold at specific time point. 

 

 

Hydrogel scaffolds  

RHC based hydrogel scaffolds (5mm  5mm  5mm) were firstly pre-conditioned 

in PBS for 24 h before weighing. To avoid dryness from the environment, each 

hydrogel cube was quickly placed into the 1.5 mL vials and weighed. After 

measuring the masses, the hydrogels were carefully transferred into a 10 ml 

universal tube where 3 ml PBS was added and kept at 37°C in an incubator for 

biodegradation. PBS was refreshed every 2 days to ensure the continuous of 

degradation. At defined time points (Day 1, 3, 7, 10, 14, 21 and 28), the hydrogel 

scaffolds were taken out and gently rinsed 3 times with distilled water then blotted 

dry with filter paper to remove extra water and weighed immediately. The 

degradation rate was calculated as: (Wo-Wt)/Wo 100, where Wo is the initial 

weight of the hydrogel while Wt is the degraded weight at selected time point. 

 

3.7 Static mechanical testing 

3.7.1 Compression test on gelatin based and RHC based porous scaffolds 

To determine the mechanical properties of all fabricated porous scaffolds, 

compression and stress-relaxation tests were performed using a universal testing 
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machine (Instron 5969) in uniaxial compression mode. The samples (cylindrical 

porous scaffolds with a 13 mm diameter and 6 mm thickness) were compressed up 

to 70% strain at a constant cross-head loading speed of 2 mm/min (method applied 

and modified based on ASTM F2150-13 and D1261-16). The compressive modulus 

was obtained from the slope of initial linear (0 to 10% strain) of the stress- strain 

curves and compressive stresses at 70% strain were recorded. For repetitive 

compression tests, the interval between the 1st and 2nd compression on each sample 

was set to 5 min. After the second compression, scaffolds were freeze-dried for 

SEM. In stress relaxation tests on gelatin based porous scaffolds, each sample was 

compressed up to 30% of its initial thickness and this displacement was maintained 

while the stresses were recorded over 600 s. The stress relaxation was calculated as: 

(1-σfinal/σmax)×100% where σmax is the compressive stress at 30% deformation and 

σfinal is the final recorded stress of the test. All samples in the static mechanical tests 

were previously hydrated in PBS solution for 24 h and three samples were tested 

for each type of scaffold. 

  

3.7.2 Tensile test on porous scaffolds 

The tensile properties of the scaffolds were determined using a universal testing 

machine (Instron 5969) in uniaxial tensile mode, and a 50 N load cell with speed of 

2 mm/min was used in the test (method applied and modified based on ASTM 

F2150-13 and D1623-17). The maximum tensile strengths of the RHC and RHC-

CHI scaffolds were recorded at the break point and the elastic moduli were obtained 
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from the gradient at the initial linear region of the stress-strain curve. Samples were 

cut into 13 mm x 5 mm rectangular strips with thickness of 3 mm and the gauge 

length was set to 5 mm. Samples were pre-hydrated in PBS for 24 h prior to testing.   

 

3.7.3 Compression test on RHC based hydrogels 

The stiffness of the hydrogels were determined at defined time points (Day 1, 3 and 

5) by using universal testing machine (Instron 5969) under compressive mode. The 

fresh prepared hydrogel solutions was first poured into the glass petri-dish, then the 

petri dish was transferred into the 37°C incubator where gelation took place to form 

fully gelled hydrogel with thickness of 5 mm. The glass petri-dish and hydrogel 

was then sterilized under UV light for 40 min. After sterilization, 20 mL PBS was 

then poured into the petri dish to fully cover the hydrogel and the petri-dish was 

placed back into the incubator for 24 h before the test in order to achieve their 

equilibrium status. A flat aluminum punch at diameter of 12 mm was used to 

compress the hydrogel, crosshead speed was set to 1 mm/min (method applied and 

modified based on ASTM F2150-13 and D1261-16). The compressive modulus was 

obtained from slope of the linear region between 5% and 10% of the strain. 

Hydrogel scaffolds formed from different RHC to CHI ratios (80:20, 50:50 and 

20:80), different biopolymer concentrations (1.5%, 2.0% and 3.0%) as well as 

different amount of cross-linker (EDC 50, 75 and 100 mg) were tested in this study. 

Five random compression points were selected at each type of hydrogel and all tests 

were carried out under room temperature. 
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3.8 Cytocompatibility analysis 

3.8.1 Cell culture 

NIH-3T3 mouse fibroblasts (European Collection of Cell Cultures) were used in 

cytocompatibility analysis and complete Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% foetal calf serum, 2% HEPES buffer, 2% penicillin/ 

streptomycin, 1% L-glutamine, 1% non-essential amino acids (Gibco Invitrogen) 

was used as cell culture medium throughout the tests. 

 

3.8.2 Sample sterilization 

Dry porous scaffolds were immersed in 70% ethanol and stirred on a magnetic 

stirrer for half hour to remove any bubble trapped in the porous structures. After 

that, the scaffolds and ethanol solution were transferred into 50 ml sterile universal 

tubes and kept for another 3 h at room temperature for sterilization. At the end of 

sterilization, scaffolds were taken out from the universal tubes and washed with 

sterile distilled water 3 times before transferring into sterilized universal tubes. The 

universal tubes were then filled with PBS and stored in -20°C for further use. 

 

Hydrogel solution was first filtered through a 0.22 μm filter, and cast in the 48-well 

plate. After incubating in 37°C incubator overnight to obtain fully gelled hydrogels, 

the hydrogel samples were further neutralized by washing with PBS solution 3 

times. The plate was then transferred into the hood for sterilization under the UV 
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light for one hour. After sterilization, 300 μL warm PBS containing 4% chloroform 

was used to fill each well in order to maintain sterility. The plate was then stored in 

a 4°C fridge until further use. 

 

3.8.3 Cytotoxicity elution test  

UV sterilized porous scaffolds were incubated in 37°C culture medium for 24 h 

with a surface area/medium volume ratio of 3 cm2/mL, where hydrogel samples 

were cut into 1 cm3 cube and each sample incubated in 2 ml fresh medium (medium 

extraction method applied according to ISO 10993-12 of larger items with 

thickness > 1.0 mm) for 24 h before removing for test. Fresh medium was used as 

control. Meanwhile, 3T3 cells were seeded at a density of 40 x 103 cells/cm2 in each 

well of a 48 well-plates and incubated for 24 h until fully confluent. Then the culture 

medium was replaced with extracted test eluents and incubated for another 24 h. 

Cells cultured in complete DMEM were used as control. The extraction medium 

was removed and cells were washed with PBS 3 times and incubated in Alamar 

Blue solution (1:10 Alamar Blue: Hank's Balanced Salt Solution) for 80 min along 

with 3 blank wells. 100 µL aliquots were transferred to a 96-well plate in triplicate, 

the fluorescence were measured at the excitation wavelength at 530 nm and 

emission at 590 nm in FLx800 plate reader (BioTek Instruments Inc.). In the current 

study, according to the ISO 10993-5, cellular viability which reduce to less than 70% 

of the control group, the sample is then considered has cytotoxic potential. 
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3.8.4 Cell seeding & culturing in porous scaffolds and hydrogel scaffolds 

The sterilized porous scaffolds were pre-conditioned in cell culture medium 

overnight before seeding. 3T3 cells at number of 150k were seeded on top of each 

porous scaffold while 30K were seeded onto each hydrogel scaffolds. The seeded 

scaffolds were then immersed in culture medium (1 mL/well) and maintained at 

37°C in 5% CO2 humidified incubator and the medium was changed every 2 days. 

The time points of the culturing were set to day 1, 3, 7, 10 and 14. Similar to the 

porous scaffolds, 30k 3T3 fibroblasts were seeded onto each hydrogel sample and 

the culture medium was changed every 2 days. 

 

3.8.5 Cell metabolic activities (Alamar Blue assay)  

The metabolisms of cells in seeded scaffolds were determined using Alamar Blue 

assay at defined time points (day 1, 3, 7. 10 and 14 were selected for RHC and 

RHC-CHI porous scaffolds, 12h after initial seeding was selected for RHC based 

hydrogels). Culture mediums were firstly removed from each well and scaffolds 

were washed 3 times with warm PBS at approximately 37°C. 1 mL of Alamar Blue 

assay (Bio-Rad) (1:10 Alamar Blue: Hank's Balanced Salt Solution (Invitrogen)) 

was added into each well to fully cover the scaffold and 3 wells were filled as blanks. 

The plate was transferred into incubator to incubate at 37°C, 5% CO2 for 80 min. 

After that, the plate was wrapped with aluminium foil to avoid direct exposed to 

light and placed on a plate shaker to shake 10 min at 150 rpm. 100 μL extraction 

from each sample was transferred into a 96-well plate in triplicate including 3 



                                                                Materials and methods 

 

68 

 

blanks. The florescence were measured at the excitation wavelength at 530 nm and 

emission at 590 nm in FLx800 plate reader (BioTek Instruments Inc.). The readings 

from blank were subtracted from results. Triplicates of each sample were tested and 

experiments were repeated twice. 

 

3.8.6 Cell proliferation (Hoechst DNA assay) 

 

Porous scaffolds 

Cell proliferation was determined by quantifying the total DNA content at each time 

point. To lyse cell, porous scaffolds were washed with PBS twice before adding 1 

mL sterile distilled water into the well. The well plate was then stored at -20°C to 

freeze the samples. After frozen, plate was taken out from the freezer and thawed 

in 37°C incubator, samples were freeze-thawed 3 times. Aliquots of 100 μL test 

sample from each well were transferred into a 96 well-plate, 100 μL Hoechst stain 

(Hoechst DNA assay 33258, Sigma-Aldrich, UK) was also added to each well. The 

well-plate was then placed on plate shaker for 10 min at 300 rpm before reading on 

FLX-800 plate reader using fluorescence excitation at 360 nm, emission 460 nm. 

The results were calculated from the pre-determined standard curve of series of 

known DNA concentrations. The procedures that used to determine the DNA 

standard curve are described as following.   
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DNA standard curve preparation  

 Hoechst DNA assay 

The calf thymus DNA solution was reconstituted with 1 mL of 0.01 M NaCl 

solution firstly, then diluted the reconstituted DNA solution with 50 mL 0.01 NaCl 

solution to prepare a stock solution of 20 g/mL. 

 DNA standard curve 

DNA concentrations were prepared as listed in Table 3-5 and vortexed prior to use. 

Aliquots 100 L of each DNA standard solution into a 96-well plate along with 

100 L of Hoechst stain, gently mixed on a plate shaker at 300 rpm and then read 

on a plate reader with 360 nm excitation and 460 nm emission. The standard curve 

was then plotted from the results. 

 

Table 3-5. DNA concentrations used to make the DNA standard curve 

Concentration (g.mL-1) DNA stock (L) TNE buffer (L) 

10 500 500 

6 300 700 

5 250 750 

4 200 800 

3 150 850 

2 100 900 

1 50 950 

0.5 25 975 

0.25 12.5 987.5 

0.125 6.25 993.8 
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RHC based hydrogel scaffolds 

Cells grew on hydrogel surface were firstly washed with warm PBS 3 times and 

200 μL fresh prepared trypsin was added into each well to detach the cells. The 

plates were then incubated at 37°C for 5 min to fully detach the cells from the 

hydrogel. To confirm the detachment of the cells from hydrogel, plates with 

hydrogels were examined by optical microscopy. In order to obtain cell-medium 

suspension, 300 μL warm medium was poured into each well and gently stirred by 

using the 1 ml pipette. The suspensions were then transferred into 1.5 mL vials and 

centrifuged at 1200 rpm for 5 min to obtain pellets. Supernatants were aspirated 

from the vials and pellets were re-suspended with 1 ml sterile distilled water. The 

vials were freeze-thawed 3 times to fully lyse the cells. The thawed test samples 

were then mixed on vortex for 60 s. The final DNA concentrations were calculated 

from a predetermined DNA standard curve that obtained from a series of known 

DNA concentrations (method refers to determination of the DNA concentration 

from porous scaffolds). 

 

3.8.7 Fluorescent images  

The proliferation and distribution of cells in porous scaffolds were examined at 

defined time points (day 3, 7, 14 for gelatin-chitosan porous scaffolds, day 7 and 14 

for RHC based porous scaffolds). When each time point was reached, the 

designated scaffolds were taken out from the wells and washed with PBS 3 times 

and then stained in calcein AM solution (Live/DeadTM, Invitrogen) for cell 
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proliferation study. To investigate the cells growth at the internal part of scaffolds, 

the stained scaffolds were cut into half horizontally and observed by the fluorescent 

microscopy (DMLB, Leica) at an excitation wavelength of 495 nm and emission of 

530 nm.  

 

3.8.8 Cell morphology study 

 

Cell morphology in seeded porous scaffolds 

For cell morphology study, at end of culture period (Day 14), porous scaffolds were 

washed in PBS and fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer for 30 

min. Then the fixative was replaced with 7% sucrose solution and the scaffolds 

were stored at 4°C for overnight. Scaffolds were then washed 3 × 5 min in 0.1 M 

cacodylate buffer before post-fixing in 1% osmium. Scaffolds were gradually 

dehydrated through a series of ethanol gradients from 20% to 100% at 5 min each 

and finally dried in hexamethyldisilazane (HMDS) before being sputter-coated with 

platinum for 90 s and viewed by scanning electron microscopy. The working 

distance was set to 15 mm for cell morphology study. 

 

Cell morphology on seeded hydrogel scaffolds   

Due to the transparence of the hydrogels, cells which seeded on hydrogel scaffolds 

were monitored by optical microscopy. At defined culturing time points, plate 

which carried cell seeded hydrogels was taken out from the incubator and placed 

onto the stage of the optical microscope (Nikon Eclipse TS 100), the x40 
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magnification of the objective lens was used. The brightness was adjusted to 

optimized condition and digital photos were recorded using a digital camera. After 

recording, the plate was either sprayed with ethanol and returned into the incubator 

or put into hood for DNA content test. 

 

 

3.9 Quantitative reverse transcription-polymerase chain 

reaction (qRT-PCR) 

NIH 3T3 seeded RHC and RHC-CHI scaffolds (3-D) were used for qRT-PCR where 

cells cultured in 35 mm culture dishes were used as control. At selected time points, 

fibroblast seeded scaffolds were taken out from culturing medium and washed three 

times in warm PBS. The scaffolds were then grinded with liquid nitrogen and 

immersed in Trizol® for 5 min to fully lysed cells (cells cultured in 35 mm culture 

dishes were treated with Trizol® directly) and supernatants were then collected by 

centrifugation at 12×103 rpm for 5 min. 0.5 mL chloroform was then added into the 

vials and shaken vigorously for 15 s then left to stand at room temperature for 

another 3 min. The suspensions were further centrifuged at 12×103 rpm for 15 min 

at 4C. After centrifugation, the transparent aqueous phase which contained RNA 

was isolated from the mixture and carefully transferred into a new vial, after that 

0.5 ml isopropanol was added into the vial. The vial was then gently shaken and 

left to stand at room temperature for 10 min before centrifuging at 12×103 rpm at 
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4C. The supernatant was discarded and RNA pellet washed three times by 1 ml 75% 

ethanol and further centrifuged at 7.5×103 rpm for 5 min at 4C. The supernatant 

was then discarded and pellet left to air dry for 15 min. The dried pellet was 

resuspended in 20 μL Rnase-free water. The RNA concentration and purity in each 

sample was measured using ELISA reader (Infinite M200 PRO) at wave length of 

260 and 280 nm. The absorbance ratio of 260 to 280 nm in each sample should 

between 1.8 and 2.0 to indicate a purity of the RNA samples. The primers used for 

RT-PCR are shown below:  

β-actin:        forward  5’-GGCTGTATTCCCCTCCATCG-3’ 

             reverse  5’-CCAGTTGGTAACAATGCCATGT-3’ 

Integrin α:    forward  5’-TGTCTGGCGTATAATGTTGGC-3’ 

             reverse  5’-CTTGTGGGTTAGTAAGCTGCT-3’ 

Collagen I:    forward  5’-GGTGAGCCTGGTCAAACGG-3’ 

            reserve  5’-ACTGTGTCCTTTCACGCCTTT-3’ 

Collagen III:   forward  5’-CTGTAACATGGAAACTGGGGAAA-3’ 

            reserve   5’-CCATAGCTGAACTGAAAACCACC-3’ 

 

Reverse transcription works are summarized in the following steps. First, template 

RNA were diluted to the final concentration of 300 ng/μL with RNase-free water. 

The reverse transcription system were listed below at 20 μL. Reverse transcription 

was conducted by incubation at 50C for 50 min and terminated the reaction by 

heating at 85C for 5 min (procedure referred to manual of Applied Biosystems).  
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RNaseOFF Ribonuclease Inhibitor (40U/μL)  0.5 μL 

Oligo(dT) (10μM) 1 μL 

5×Reaction Buffer 4 μL 

10 mM dNTP MIX 1 μL 

Total RNA 2 μL 

Nuclease-free water 10.5 μL 

OneScriptTM Plus RTase (200 U/μL)(Abm) 1 μL 

Total 20 μL 

The polymerase chain reaction which is used to amplify the cDNA was set to 10 μL 

reaction system and the reagents used were listed below.   

 

EvaGreen 2× qPCR MasterMix(Abm) 5 μL 

Template cDNA  3 μL 

PCR Forward Primer (10 μM) 1 μL 

PCR Reverse Primer (10 μM) 1 μL 

Total 10 μL 

 

The real-time PCR was performed in a Real-Time PCR System (StepOne Plus, 

Applied Biosystems) with SYBR Green PCRMasterMix (Applied Biosystems) 

under the conditions of 15 s at 95°C, 60 s at 60°C, and the fluorescence intensity 
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was recorded for 40 cycles. The melting curve was performed at 95C for 15 s, 

60C 1min and 95C 15s. 

 

 

3.10 Statistical analysis 

The data are presented as mean ± standard deviation (SD), and at least 5 samples 

were measured for each group of tests throughout the study. Statistical analysis was 

carried out using Graphpad Prism 6.0 and statistical significance was assessed using 

One-way ANOVA (analysis of variance) with Tukey test by the software. 

Significance was indicated with *P<0.05, **P<0.01 and ***P<0.001, where P>0.05 

was considered as not statistically significant.  
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Chapter 4 Results 

4.1 Morphology and pore property of the porous scaffolds  

 

Gelatin based porous scaffolds 

Typical macro and SEM images of the fabricated porous gelatin-chitosan scaffolds 

are shown in Figure 4-1. It shows that cross-sections of uncross-linked scaffold 

(Figure 4-1 B) and all cross-linked scaffolds (Figure 4-1 C to H) shared similar 

internal morphologies as no significant changing in pore structures were observed. 

The internal morphology of the porous scaffolds was also investigated using  

Micro-CT, as shown in Figure 4-2, the reconstructed 3-D image indicates a 

homogenous interconnected pore distribution had been reached in porous scaffolds 

fabricated from freeze-drying method. The determined average pore sizes as well 

as porosities are shown in Figure 4-3. It shows that fabricated uncross-linked 

scaffold has pore size of 44 μm and porosity around 93%; meanwhile. Pore size and 

porosity of PA and GA cross-linked scaffolds show no significant differences as 

compared to uncross-linked scaffold. 
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Figure 4-1. (A) Fabricated porous gelatin-chitosan scaffolds; (B) SEM 

image of cross-section of uncross-linked scaffold, scale bar = 50 µm; (C-

E) SEM images of cross-section of PA 0.1, 0.5 and 1.0 scaffold, scale bar 

= 50 µm; (F-H) SEM images of cross-section of GA 0.1, 0.5 and 1.0 

scaffold, scale bar = 50 µm  
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Figure 4-2. Reconstructed 3-D view of the uncross-linked scaffold, white colour 

represented solid part of scaffold, (A) Scale bar = 500 µm. (B) scale bar = 150µm 

 

 

 

 

Figure 4-3. (A) Average pore size of uncross-linked and PA, GA cross-linked 

porous scaffolds; (B) Porosity of the uncross-linked and PA, GA cross-linked 

porous scaffolds. Bars represent mean ± SD and significance is indicated with 

*P<0.05, **P<0.01 and ***P<0.001.  

A B 
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RHC based porous scaffolds 

The cross-section images of the porous RHC scaffolds fabricated from different 

RHC concentrations were investigated by SEM and shown in Figure 4-4, the 

obtained pore size as well as porosity are summarized in Table 4-1. The 

interconnected and porous structures could be found in all fabricated scaffolds. It 

also found that the pore shapes and pore wall thicknesses were varied with RHC 

concentration that used to fabricate the porous scaffolds. At low RHC concentration 

(1.5% w/v), the pores were formed with thin sheet-like structures, while RHC 

concentration increased, the thicker pore wall structures became more clearly 

observed (see in Figure 4-4). In Table 4-1, it shows that the pore sizes of the cross-

linked RHC scaffolds were in between 111 µm and 131 µm and the porosities of 

the cross-linked RHC scaffolds remain constant as they are found ranged from 90% 

to 93%. As shown in Figure 4-4 A-B; C-D; E-F, there were no significant 

differences on pore size and porous morphology discovered between its cross-

linked and uncross-linked scaffolds.   
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Figure 4-4. SEM image of cross-section of uncross-linked RHC-1.5 porous 

scaffold (A); cross-linked RHC-1.5 porous scaffold (B); uncross-linked RHC-2.0 

porous scaffold (C); cross-linked RHC-2.0 porous scaffold (D); uncross-linked 

RHC-3.0 porous scaffold (E); cross-linked RHC-3.0 porous scaffold (F). Scale bar 

= 200 µm in all images. 
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Table 4-1. Pore sizes and porosities of the RHC porous scaffolds 

 

RHC scaffolds Pore size (µm) Porosity 

RHC-1.5 11120 93% 

RHC-2.0 12819 91% 

RHC-3.0 13110 90% 

 

The cross-section images of the fabricated RHC-CHI (50:50) scaffolds which cross-

linked with varied amount of EDC as well as images of uncross-linked scaffold 

were shown in Figure 4-5 where pore size and porosity were summarized in   

Table 4-2. From the images, it shows that all scaffolds had interconnected porous 

structures. The homogenous pore structures were also found presented in all cross-

sections. There was no significant difference observed on pore shapes and structures 

among tested samples. Table 4-2 shows that the pore size of the uncross-linked 

scaffold was slightly smaller compared to 50 mg EDC cross-linked scaffold (RHC-

CHI-50) (see Figure 4-5 A-B; C-D), where the average pore size of uncross-lined 

scaffold was 129 µm and 50 mg EDC scaffold was around 176 µm. It also shows 

the RHC-CHI-100 scaffold had slightly smaller pore size (136 µm) compared to 

RHC-CHI-75 scaffold (159 µm) (Figure 4-5 E-F; G-H). Moreover, no significant 

differences on pore shapes as well as wall thickness were observed among three 

cross-linked scaffolds Figure 4-5 C, E, G. The porosities of the cross-linked 

scaffolds were determined between 91% and 92% which had no significant 

difference compared to uncross-linked scaffold (porosity of 91%) 
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Figure 4-5. SEM images magnification at ×100(left) and ×200(right) of cross-

section of uncross-linked RHC-CHI porous scaffold (A-B); RHC-CHI-50 porous 

scaffold (C-D); RHC-CHI-75 porous scaffold (E-F); RHC-CHI-100 porous scaffold 

(G-H) 
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Table 4-2. Pore sizes and porosities of the RHC-CHI scaffolds 

 

RHC:CHI scaffolds Pore size (µm) Porosity 

Uncross-linked      

RHC-CHI 
12918 91% 

RHC-CHI-50 17619 92% 

RHC-CHI-75 15922 92% 

 RHC-CHI-100 13621 91% 

 

 

Hydrogel morphology   

Figure 4-6 shows the SEM images of hydrogel surfaces after freeze-drying. The 

texture of hydrogel surfaces were found varying by increasing the chitosan fraction 

from 80:20 (hydrogel A) to 50:50 (hydrogel B) in RHC hydrogel system while 

further increase of the chitosan fraction to 20:80 (hydrogel C) showed a less smooth 

texture on freeze-dried hydrogel surface. Comparing images of 3, 4 an 5, it can also 

be seen that the morphology of initial fabricating concentrations of 2.0% and 3.0% 

w/v hydrogel (80:20) showed slightly different texture compared to 1.5% hydrogel. 

In addition, the ESEM images indicated the fabricated hydrogel scaffolds at their 

hydrated status had flat surfaces and no significant differences were found among 

three type of hydrogels. 
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Figure 4-6. SEM images of freeze-dried hydrogels (1)A, (2)B, (3)C, (4)2A, (5)3A; 

ESEM images of hydrogel surface of (6)A, (7)B and (8)C. Scale bar in SEM images 

100 μm, scale bar in ESEM images 20 μm. 
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4.2 Fourier transform infrared spectroscopy (FT-IR)  

The changes of the RHC structures after cross-linking were analysed by FT-IR and 

absorbance results are shown in Figure 4-7 and wavenumber of amide groups are 

summarized in Table 4-3. In the uncross-linked RHC spectrum, typical collagen 

bands can be noticed (Figure 4-7 A). Specifically, Amide I was found at 1625 cm-1 

which correspond to stretching vibrations of νC=O and νN-H. Amide II at     

1540 cm-1 and corresponds to δN-H deformation vibrations and νC-N stretching 

vibrations. Amide A was found at 3291 cm-1 correspond to the νO-H and νN-H 

vibrations, and νN-H corresponding to Amide B was found at 3079 cm-1. After 

cross-linking with 50 mg EDC, the wavenumber of all cross-linked RHC samples 

showed no difference compare to the uncross-linked RHC sample (Figure 4-7 A). 

The intensity of Amide II were found decreased after cross-linking while there were 

no differences can be found among three cross-linked scaffolds that used different 

amount of EDC. Meanwhile, there were no other changes on intensity as well as 

positions of bands can be found among all cross-linked RHC samples as the EDC 

content increased (Figure 4-7 B). Comparing the spectra, no significant difference 

on wavenumber of the cross-linked and uncross-linked RHC scaffolds were found, 

which may suggest the secondary structure of the RHC was not affected by the 

cross-linking.  

 

The FT-IR spectrum of RHC-CHI porous scaffolds are shown in Figure 4-8 and 

wavenumbers of amide groups are summarized in Table 4-4. For the uncross-linked 
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RHC-CHI sample, the typical Amide A band shown at 3272 cm-1 which 

corresponds to νO-H and νN-H vibrations. Amide B was found at 2930 cm-1.  

Amide I was found at 1633 cm-1 which correspond to stretching vibrations of νC=O 

and νN-H. Amide II at 1531 cm-1 and corresponds to δN-H deformation vibrations 

and νC-N stretching vibrations (Figure 4-8 A). As cross-linked by 50 mg EDC, the 

wavenumber of Amide A and B showed no movement while the intensity on Amide 

A increased. On the contrary, the intensity of Amide I and II decreased significantly 

compared to the spectrum of uncross-linked RHC-CHI. Meanwhile, it also noticed 

that the wavenumber of both Amide I and II moved to higher wavenumbers 

(Amide I 1640 cm-1, Amide II 1556 cm-1) compared to uncross-linked sample. 

Figure 4-8 B shows the spectra of EDC cross-linked RHC-CHI samples that 

wavenumber of Amide II shifted slightly to the lower frequency. The intensity of 

the Amide A band was found increased with increasing concentration of cross-

linker so that the spectrum of 100 mg EDC cross-linked RHC-CHI sample   

(RHC-CHI-100) shows the highest intensity on Amide A band. Similarly, the 

intensity of Amide I and II were also found to increase as the EDC concentration 

increased. Specifically, a significant higher intensity on Amide I and Amide A was 

found in 75 and 100 mg EDC cross-linked RHC-CHI samples as comparing to 50 

mg EDC cross-linked RHC-CHI sample. 
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Figure 4-7. FT-IR spectra of (A) pure uncross-linked RHC and 50 mg EDC cross-

linked RHC scaffold; (B) 50, 75 and 100 mg EDC cross-linked RHC scaffold 

 

 

Table 4-3. FT-IR spectra characteristics of uncross-linked and cross-linked RHC 

scaffolds 

Band assignment &    

Sample         region 

νO-H& νN-H 

(Amide A) 

νN-H 

(Amide B) 

νC=O & νN-H 

(Amide I) 

δN-H& νC-N 

(Amide II) 

Uncross-linked RHC 3291 cm-1 3079 cm-1 1625 cm-1 1540 cm-1 

50 mg EDC cross-linked 

RHC 
3291cm-1 3079 cm-1 1625 cm-1 1540 cm-1 

75 mg EDC cross-linked 

RHC 
3291cm-1 3079 cm-1 1625 cm-1 1540 cm-1 

100 mg EDC cross-linked 

RHC 
3291 cm-1 3079 cm-1 1625cm-1 1540 cm-1 
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Figure 4-8. FT-IR spectra of (A) uncross-linked RHC-CHI and 50 mg EDC cross-

linked RHC-CHI scaffold (RHC-CHI-50); (B) 50, 75 and 100 mg EDC cross-linked 

RHC-CHI scaffolds (RHC-CHI-50, RHC-CHI-75 and RHC-CHI-100). 

 

 

 

Table 4-4.  FT-IR spectra characteristics of uncross-linked and cross-linked  

RHC-CHI scaffolds 

Band assignment &   

Sample         region 

νO-H & νN-H 

(Amide A) 

νN-H 

(Amide B) 

νC=O & νN-H 

(Amide I) 

δN-H &νC-N 

(Amide II) 

Uncross-linked     

RHC-CHI 
3272 cm-1 2930 cm-1 1633 cm-1 1531 cm-1 

50 mg EDC cross-linked 

RHC-CHI 
3272 cm-1 2930 cm-1 1640 cm-1 1556 cm-1 

75 mg EDC cross-linked 

RHC-CHI 
3272 cm-1 2930 cm-1 1635 cm-1 1550 cm-1 

100mg EDC cross-linked 

RHC-CHI 
3272 cm-1 2930 cm-1 1632 cm-1 1548 cm-1 
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4.3 Cross-linking degree 

 

To determine the cross-linking degree of the porous scaffolds, the amount of 

uncross-linked RHC which was present in the processing solutions (solution from 

cross-linking and distilled water washing process) were firstly detected by HPLC, 

and compared with the RHC standard solution. These data are shown in     

Figure 4-9. It shows the RHC peak in RHC standard solution was detected at 

retention time around 11 min, and no obvious RHC peaks could be found in all EDC 

cross-linked porous scaffolds. It is suggested that the peaks shown at around 17 min 

of the retention time for the RCH-CHI samples are a contribution from the uncross-

linked chitosan molecules (Figure 4-9 F, G and H). The crosslinking degree of the 

fabricated scaffolds were then calculated from determined uncross-linked RHC to 

the total RHC powder used in fabricating of porous scaffolds. Cross-linking degree 

of RHC scaffolds fabricated with varied amounts of EDC were shown in     

Figure 4-10. No significant differences of the cross-linking degree were discovered 

among 50, 75 and 100 mg EDC cross-linked RHC-1.5 scaffolds as all of the 

determined cross-linking degree were higher than 96%. Meanwhile, the 

crosslinking degree at around 95% from RHC-2.0 and RHC-3.0 scaffold that cross-

linked with 50 mg EDC were also determined. No significant difference on cross-

linking degrees was found in these five types of RHC scaffolds.  
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The cross-linking degree on RHC-CHI scaffold shown in Figure 4-11 were the sum 

of detected RHC from cross-linking and washing procedures. The cross-linking 

degree of RHC-CHI-50 scaffold was 95% which shows no significant difference 

compared to scaffolds that cross-linked by 75 and 100 mg EDC. 

 

 

Figure 4-9. RHC present in cross-linking and washing solution detected by HPLC. 

(A, E) RHC solution; (B, F) RHC detected from RHC and RHC-CHI scaffold  

cross-linked with 100 mg EDC; (C, G) RHC detected from RHC and RHC-CHI 

scaffold cross-linked with 75 mg EDC; (D, H) RHC detected from RHC and  

RHC-CHI scaffold cross-linked with 50 mg EDC.  
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Figure 4-10. Cross-linking degree of RHC-1.5, 2.0 and 3.0 porous scaffolds cross-

linked by 50, 75 and 100 mg EDC. Bars represent mean ± SD.   

 

 

 

 

Figure 4-11. Cross-linking degree of RHC-CHI scaffolds cross-linked by 50, 75 

and 100 mg EDC. Bars represent mean ± SD.   
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4.4 Gelation time 

Gelation times of the hydrogels at different temperatures are given in Table 4-5. In 

general, for each type of hydrogel, the gelation times reduced as the temperature 

increased. For instance, at 4°C the gelation of hydrogel A occurred at 30-35 min 

while it became gelled at 15 min at 24°C, and by further increasing the temperature 

to 37°C, the gelation time shortened to 5-7 min. Another finding was that the 

gelation times reduced with increasing biopolymer content. It was observed that 

hydrogel A had general longer gelation times compared to hydrogel 2A and 3A 

which concentration was 1.33 and 2.0-fold of hydrogel A corresponding to the 

selected temperatures. What’s more, it also shows the gelation time increased with 

increasing chitosan content in hydrogel where hydrogel C took the longest time to 

gel under each selected temperature compared to hydrogel with other formulas.      

Table 4-5. Gelation times of each type of hydrogel at different temperatures. 

Hydrogel 

Biopolymers 

concentration 

(w/v) 

RHC:CHI 

ratio 

Gelation time (min) 

4 °C 24 °C 37 °C 

A 1.5% 80:20 30-35   15   5-7   

B 1.5% 50:50 55   30  12-15 

C 1.5% 20:80 70  40   25 

2A 2.0% 80:20 13-15   5   2-3   

3A 3.0% 80:20 8-10   3-4  1-2   
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4.5 Swelling ability  

Gelatin based scaffolds 

Figure 4-12 shows that the uncross-linked gelatin-chitosan scaffold could bind at 

least 37-fold of PBS which was significantly higher compared to all of cross-linked 

scaffolds (P<0.001). No significant differences on swellings were observed among 

different levels of PA cross-linked scaffolds. Of the scaffolds treated with GA, the 

scaffold with 1.0% GA by weight had a significantly lower swelling ability than the 

0.5% GA scaffold, while no significant difference was seen between 0.1% GA and 

0.5% GA. 

 

 

 

Figure 4-12. Swelling ratio of fabricated scaffolds with different amounts of cross-

linking concentrations. Bars represent mean ± SD and significance is indicated with 

***P<0.001. 

 

 

RHC based porous scaffolds 

The swelling ratios of the RHC-1.5, RHC-2.0 and RHC-3.0 scaffold were 

determined by measuring the increasing in mass of porous scaffolds after 
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submerging in PBS for 24 h and results are shown in Figure 4-13. It shows that the 

swelling capabilities were proportional to the increase of RHC concentration in 

scaffolds. RHC-1.5 and RHC-2.0 scaffold could bind about 34 and 36-fold of PBS 

respectively. RHC-3.0 scaffold had the highest swelling ability that could bind 

nearly 40-fold of PBS which was statistically significant compared to RHC-1.5 

(P<0.05). 

 

The swelling ratio of RHC-CHI-50, 75 and 100 scaffolds are shown in Figure 4-14. 

It shows that the amount of absorbed water decreased with increasing EDC content 

during fabrication. The highest swelling ratio was achieved in the RHC-CHI-50 

scaffold that could bind at least 88-fold of the PBS. Meanwhile, RHC-CHI-100 

scaffold had the lowest water binding ability that only 34-fold of PBS was absorbed, 

which was significant lower compared to scaffold RHC-CHI-50 and 75 (P<0.001). 

 

Figure 4-13. Swelling ratios of the RHC-1.5, 2.0 and 3.0 porous scaffolds. Bars 

represent mean ± SD and significance is indicated with *P<0.05. 
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Figure 4-14. Swelling ratios of the RHC-CHI-50, 75 and 100 porous scaffolds. Bars 

represent mean ± SD and significance is indicated with ***P<0.001. 
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4.6 In vitro degradation  

Gelatin based porous scaffolds 

The enzymatic biodegradation on each type of scaffolds are shown in Figure 4-15. 

It shows that around 70% gelatin degraded from uncross-linked scaffold after 

incubating in collagenase solution for 12 h, whilst much less gelatin was lost in all 

the cross-linked scaffolds. Specifically, PA 0.1 scaffold only lost 28% gelatin which 

was significantly lower than uncross-linked scaffold (P<0.001). By increasing the 

PA concentration, only 16% gelatin were digested from PA 1.0 scaffolds, which was 

significantly lower compared to PA 0.1 scaffold (P<0.01). Meanwhile, GA cross-

linked scaffolds also show great ability to resist the enzymatic degradation, the 

degradation rates were found in between 7% to 10%, and the degradation of GA 0.1 

was much lower than PA 0.1 (P<0.001). Meanwhile, no significant difference was 

observed among GA groups (P>0.05). 

 

 

Figure 4-15. The degradation degree of uncross-linked and cross-linked 

collagen/chitosan scaffolds. Bars represent mean ± SD, significance is indicated 

with **P<0.01, ***P<0.001 and not significant is indicated with ns.  
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RHC based porous scaffolds  

To determine the degradation degree of the RHC and RHC-CHI based porous 

scaffolds, at each time point, the scaffolds were firstly taken out from PBS solution 

and vacuum dried 12 h before measuring the mass loss, then compared to their 

original weight before degradation. The degradation degrees of the RHC scaffolds 

are shown in Figure 4-16. It shows that the degradation degree of each type of RHC 

scaffolds increased gradually along with the degradation date, and all three type of 

porous scaffolds had similar degradation rate throughout the entire degradation test 

as no significant difference was found at each individual time point (P>0.05).  

 

The biodegradation degrees of the RHC-CHI-50, 75 and 100 scaffolds at each time 

point were shown in Figure 4-17. Again, degradation increased steadily with 

degradation time. Generally, the degree of biodegradation decreased as the EDC 

fabrication content increased. At Day 3, significant differences on mass loss were 

found among three types of scaffolds (P<0.05), 8% and 4% of the mass loss were 

determined on RHC-CHI-50 and 75 scaffolds respectively where RHC-CHI-100 

scaffolds had the lowest mass loss at 2%. All scaffolds had an increasing mass loss 

from 7 to 14 days. Similarly, Significant differences were also observed at day 21 

as degradation degree of RHC-CHI-50 show much higher compared to      

RHC-CHI-100 (P<0.001). After 28 days, the RHC-CHI-100 scaffolds showed the 

lowest mass loss, which was significant lower than RHC-CHI-75 and RHC-CHI-

50 (P<0.01). 
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Figure 4-16. Biodegradation degrees of the RHC porous scaffolds at day 3, 7, 14, 

21 and 28. Values represent mean ± SD. Not significant is indicated with ns. 

 

 

 

 

Figure 4-17. Biodegradation degrees of the RHC-CHI porous scaffolds at day 3, 7, 

14, 21 and 28. Values represent mean ± SD, significance is indicated with **P<0.01 

and ***P<0.001.  
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RHC based hydrogel scaffolds  

The degradation degree of the fabricated hydrogels were determined by weight loss. 

Fully hydrated hydrogels were soaked in PBS for a designated period before 

removing and measuring the masses. The percentages of mass loss of the degraded 

hydrogel samples are presented in Figure 4-18. In general, at day 3 around 20% 

weight loss had been founded among all samples (P>0.05). The degradation degree 

of the sample A and B gradually increased along with the time, whereas hydrogel 

C showed accelerated its degradation from day 14 compared to other two hydrogels 

(P<0.01). As a result, at day 28, hydrogel C had been founded had the largest weight 

loss which was nearly 90% of its initial mass, but, hydrogel A and B showed 

significantly slower degradation degrees compared to hydrogel C (P<0.01), which 

was 65.3% and 59.8% respectively. 

   

Figure 4-18. Biodegradation degrees of hydrogel A, B and C at different time points, 

values represent the mean ± SD, significance is indicated with **P<0.01, and not 

significant is indicated with ns. 
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4.7 Mechanical properties of porous scaffolds 

  

Gelatin based porous scaffolds 

The stress-strain curves, compressive modulus and compressive strength were 

determined from compression tests with a constant strain rate (2 mm/min) onto the 

scaffolds. The compression stress-strain curves in Figure 4-19 A shows that cross-

linked scaffolds (PA 0.1 and GA 0.1) have a higher stiffness than untreated scaffolds. 

The stress-strain curves also indicate that the compressive stiffness increased with 

increasing cross-linker concentration. Compressive stresses to produce 70% strain 

and compressive modulus obtained at the initial slope of the curves are shown in 

Figure 4-20. In Figure 4-20 A, it shows that at a defined deformation (70% strain), 

PA 0.1 cross-linked scaffolds had much higher compressive strength compared to 

uncross-linked samples (P<0.01), where the increase in stiffness was dependent on 

the cross-linkers’ concentration as PA 1.0 shows significantly higher compressive 

strength compared to PA 0.1 (P<0.01). GA was also found to have a stronger 

influence on scaffold strength than PA, the stress in GA 0.1 was found significantly 

higher compared to PA 0.1 (P<0.001) and GA 1.0 was found significant higher 

compared to GA 0.1 (P<0.001). Meanwhile, Figure 4-19 B shows that compressive 

modulus of scaffolds were significantly influenced by the all PA and GA (P<0.001), 

and it also shows that the modulus were increased with increasing of cross-linker 

concentration in both groups as PA 1.0 was found much higher than PA 0.1(P<0.001) 

and GA 1.0 was significantly higher than GA 0.1 (P<0.001). Meanwhile, GA 0.5 

was also found significantly higher than PA 0.5 (P<0.01).  
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Figure 4-19. (A) Representative stress-strain curves of different scaffolds (uncross-

linked, PA 0.1 to PA 1.0 and GA 0.1 to GA 1.0 cross-linked) up to 70% strain. (B) 

Stress-strain curves of repetitive compression test on PA 0.5 and GA 0.1 scaffolds  

 

 

 

Figure 4-20. (A) Compressive strength at 70% strain of uncross-linked, PA and GA 

cross-linked scaffolds. (B)Compressive modulus of uncross-linked, PA and GA 

cross-linked scaffolds. Bars represent mean ± SD and significance is indicated with  

**P<0.01 and ***P<0.001. 

 

 

In addition, the stress-strain curves of repeated compression tests on GA 0.1 and  

PA 0.5 are shown in Figure 4-19 B. There was little difference between the first and 

second compression of PA 0.5 cross-linked scaffolds, while there were significant 

differences observed for scaffolds cross-linked with GA. When the scaffold’s 
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internal morphology was imaged using SEM, the structure of PA 0.5 cross-linked 

scaffolds had slight changes in pore shape and size, but little damage to the scaffold 

itself was seen (Figure 4-21 A). Fractured structures were discovered in GA 0.1 

treated scaffold (Figure 4-21 B). The crushed structures in GA 0.1 scaffolds were 

perpendicular to the direction of loading, and the porous structures were seen to be 

denser, with evidence of buckling of interconnecting struts.  

 

     

       

Figure 4-21. (A) Cross-section view of PA 0.5 cross-linked scaffold after 

compressive tests, arrow indicating direction of load to porous structures; (B) GA 

0.1 cross-linked scaffold after compressive tests, arrow indicating direction of load 

to porous structures. 

 

 

For the stress relaxation test, samples were compressed under a constant speed  

(2 mm/min) until strain of 30% was reached and this static strain was maintained 

for another 600 s to record the variations of stress at constant strain. The results on 

different samples are shown in Figure 4-22 A. The curves indicate that the 

relaxation behaviours of all cross-linker treated samples were similar where stress 

decreased rapidly in the first 60 s, then decreased gradually until the end of each 
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test. Compression stresses of uncross-linked and PA treated scaffolds were close to 

equilibrium at end of the tests, while stresses in GA treated scaffolds were still 

decreasing. However taking the stress relaxation from the maximum stress to the 

stress at 600 seconds, Figure. 4-22 B shows that PA cross-linked scaffolds had more 

relaxation compared to GA groups at same concentration as well as uncross-linked 

scaffolds. The compression stress of PA 0.5 scaffold at 30% strain was 4.52 kPa and 

decreased to 2.39 kPa at end of test where compression stress of uncross-linked 

scaffold decreased from 0.55 kPa to 0.37 kPa. It also shows the stress relaxation 

increased with the PA concentration: PA 1.0 samples had the highest stress 

relaxation, of nearly 53% which was significantly higher than PA 0.1 (P<0.01). 

Meanwhile, no significant differences in stress relaxation were observed between 

GA groups (P>0.05). 

 

Figure 4-22. (A) Stress-relaxation curves of uncross-linked, PA and GA cross-

linked scaffolds. (B) Stress-relaxation of uncross-linked, PA and GA cross-linked 

scaffolds, bars represent mean ± SD and significance is indicated with *P<0.05 and 

**P<0.01.  
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Porous RHC scaffolds 

The compression stress-strain curves of cross-linked RHC-1.5, 2.0 and 3.0 porous 

scaffold are shown in Figure 4-23. It shows that the compressive stress needed to 

reach a particular strain increased as the RHC concentration increased. Figure 4-24 

brings together all the data and shows that the compressive strength obtained from 

RHC-3.0 scaffold reached 0.42 kPa, which was 1.6-fold of RHC-1.5 scaffold 

(P<0.01) and 1.3-fold of RHC-2.0 scaffold (P<0.05). Meanwhile, the compressive 

moduli (obtained as the slope at the linear region of the stress-strain curves in the 

first 10% strain) are shown in Figure 4-25. Similar to the trend in compressive 

strength compressive modulus were proportional to the RHC concentrations, the 

compressive modulus of RHC-3.0 scaffolds at 0.54 kPa was significantly higher 

than the RHC-1.5 scaffold (P<0.001) and RHC-2.0 (P<0.01). 

 

Figure 4-23. Representative compression stress-strain curves up to 70% strain of 

RHC-1.5, 2.0 and 3.0 porous scaffold.  
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Figure 4-24. Compression stress at 70% strain of RHC porous scaffolds. Bars 

represent mean ± SD and significance is indicated with *P<0.05 and **P<0.01. 

 

 

 

Figure 4-25. Compressive modulus of RHC porous scaffolds. Bars represent   

mean ± SD and significance is indicated with **P<0.01 and ***P<0.001. 

 

 

 

RHC scaffolds were also subjected to tensile testing. Tensile stress-elongation 

curved determined from porous RHC-1.5, 2.0 and 3.0 scaffold are shown in  

Figure 4-26, and it shows the RHC-3.0 porous scaffold had the largest elongation 
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at break strength among all three pure RHC porous scaffolds. Ultimate tensile 

strengths (as defined as the stress at fracture) are shown in Figure 4-27. It shows 

that tensile stress increased as the RHC concentration increased and tensile stress 

of RHC-3.0 was significant higher compared to RHC-1.5 (P<0.001). The elastic 

modulus obtained from linear part of the stress-strain curves are expressed in  

Figure 4-28. The RHC-1.5 had the lowest elastic modulus (5.1 kPa) among three 

RHC scaffolds, the RHC-3.0 had the highest modulus (12.2 kPa) which was 

significantly higher (P<0.001) than RHC-1.5.  

 

 

 

Figure 4-26. Representative tensile elongation curves of RHC-1.5, 2.0 and 3.0 

porous scaffold 
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Figure 4-27. Tensile stress at break point of RHC-1.5, 2.0 and 3.0 porous scaffolds. 

Bars represent mean ± SD and significance is indicated with ***P<0.001. 

 

 

 

Figure 4-28. Elastic Modulus of RHC-1.5, 2.0 and 3.0 porous scaffolds. Bars 

represent mean ± SD and significance is indicated with ***P<0.001. 

 

 

RHC-1.5 scaffolds that cross-linked with different amount of EDC were subjected 

to the compression test, the compression stresses at 70% strain were presented in 

Figure 4-29. No significant difference was observed in compressive strength from 

EDC 50, 75 and 100 mg cross-linked scaffolds as the mean compression stress to 
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reach 70% compression from these three types of scaffolds were all about 0.26 kPa. 

The compression moduli of the tested scaffolds were presented in Figure 4-30, 

where no significant difference was found and the modulus from each types of 

scaffold were close to 0.24 kPa (P>0.05).  

 

Figure 4-29. Compression stress at 70% strain of 50, 75 and 100 mg EDC cross-

linked RHC-1.5 porous scaffolds. 

 

 

 

Figure 4-30. Compressive Modulus of 50, 75 and 100 mg EDC cross-linked   

RHC-1.5 porous scaffolds.  
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Porous RHC-CHI scaffolds 

Figure 4-31 presents the compression stress-strain curves of tested RHC-CHI-50, 

75 and 100 porous scaffold. Compression stress at 70% strain of RHC-CHI 

scaffolds which cross-linked with different amount of EDC (50, 75 and 100 mg) are 

shown in Figure 4-32. It shows the obtained stresses were proportional to the 

amount of EDC that was used in cross-linking process. Scaffold which cross-linked 

with 100 mg EDC had the highest compressive stress at 0.83 kPa which was 

significantly higher than that 50 mg EDC cross-linked scaffold (P<0.001). 

Compressive modulus that obtained from the linear region of the stress-strain 

curves were shown in Figure 4-33. Similar to trend found in compression stress, the 

moduli increased as amount of EDC that was used in cross-linking increased and 

statistically significant differences were found between RHC-1.5 and 3.0 (P<0.001) .  

 

 

 

Figure 4-31. Representative compression stress-strain curves up to 70% strain of 

RHC-CHI-50, 75 and 100 porous scaffold  
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Figure 4-32. Compression stress at 70% strain of RHC-CHI-50, 75 and 100 porous 

scaffolds. Bars represent mean ± SD and significance is indicated with **P<0.01 

and ***P<0.001. 

 

 

 

 

Figure 4-33. Compressive Modulus of RHC-CHI-50, 75 and 100 porous scaffolds. 

Bars represent mean ± SD and significance is indicated with **P<0.01 and 

***P<0.001. 
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Figure 4-34 presents the tensile stress-strain curves of the RHC-CHI-50, 75 and 100 

porous scaffold. The ultimate tensile strength of three types of RHC-CHI scaffolds 

are shown in Figure 4-35. It shows that the recorded tensile stresses at break point 

increased as the amount of EDC that was used in scaffold fabrication increased. The 

scaffold fabricated with 100 mg EDC had the highest ultimate tensile strength at  

50 kPa which was significantly higher than RHC-CHI-50 (P<0.01). The elastic 

moduli of the tested scaffolds are shown in Figure 4-36. It shows the elastic moduli 

tended to increase as the EDC content that was used in cross-linking increased, 

Specifically, tensile modulus of scaffold RHC-CHI-100 reached to 70 kPa that was 

significantly higher than the RHC-CHI-50 (P<0.01) and RHC-CHI-75 (P<0.05). 

  

 

Figure 4-34. Representative tensile stress-strain curves of RHC-CHI-50, 75 and 

100 porous scaffold 
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Figure 4-35. Tensile stress at break point of RHC-CHI-50, 75 and 100 porous 

scaffolds. Bars represent mean ± SD and significance is indicated with **P<0.01. 

 

 

 

 

Figure 4-36. Elastic Modulus of RHC-CHI-50, 75 and 100 porous scaffolds. Bars 

represent mean ± SD and significance is indicated with *P<0.05 and **P<0.01. 

 

 

A summary of all the compressive strengths at 70% strain of porous scaffolds with 

different RHC to CHI ratios are presented in Figure 4-37. It shows that the stresses 
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were increased as increasing the chitosan fraction in scaffold. Scaffold RHC:CHI 

(80:20) has the lowest compressive stress (0.4 kPa), stress of scaffold RHC:CHI 

(67:33) increased to 0.5 kPa but lower than scaffold RHC:CHI (50:50) which was 

0.6 kPa. The compressive stress on scaffold RHC:CHI (20:80) reached to 1.2 kPa, 

which was significantly higher than RHC:CHI (50:50) (P<0.001). The compressive 

moduli obtained from linear region of the stress-strain curves are shown in   

Figure 4-38. Compressive modulus were found increased as increasing of chitosan 

ratio. Scaffold RHC:CHI (20:80) owns the highest modulus (1.54 kPa) that was 

nearly twice the value of scaffold RHC:CHI (50:50) and more than 4-fold of 

scaffold RHC:CHI (67:33) (P<0.001). 

 

Figure 4-37. Compression stress at 70% strain of RHC-CHI porous scaffolds with 

different RHC to chitosan ratios. Bars represent mean ± SD and significance is 

indicated with *P<0.05 and ***P<0.001. 
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Figure 4-38. Compressive Modulus of RHC-CHI porous scaffolds with different 

RHC to chitosan ratios. Bars represent mean ± SD and significance is indicated with 

***P<0.001. 

 

Ultimate tensile stress of different scaffolds are shown in Figure 4-39. The same 

trends are shown as with compressive strength. Scaffold RHC:CHI (80:20) had the 

lowest stress of 13.48 kPa, and the stress increased as increasing the RHC fraction 

in porous scaffolds where RHC:CHI (20:80) had the highest tensile stress among 

all (P<0.05). The elastic moduli of the scaffolds are shown in Figure 4-40. The 

results show that the obtained elastic modulus values from each type of samples 

were highly dependent on the RHC to CHI ratio. Scaffolds with higher content of 

chitosan showed higher elastic modulus, where elastic modulus of scaffold 

RHC:CHI (20:80) reached to 196 kPa, which was 6.5 times of elastic modulus on 

scaffold RHC:CHI (67:33) and 13 times of RHC:CHI (80:20).  
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Figure 4-39. Tensile stress at break point of RHC-CHI porous scaffolds with 

different RHC to chitosan ratios. Bars represent mean ± SD and significance is 

indicated with ***P<0.001. 

 

 

 

 

Figure 4-40. Elastic Modulus of RHC-CHI porous scaffolds with different RHC to 

chitosan ratios. Bars represent mean ± SD and significance is indicated with 

***P<0.001. 
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RHC based hydrogel scaffolds 

The mechanical property of the fabricated hydrogels were investigated by 

compression testing. The determined compressive modulus of hydrogels with 

different RHC fractions at different degradation times are shown in Figure 4-41. At 

day 1, the compressive modulus of hydrogel A was 3.46 kPa, by increasing the 

chitosan/RHC ratio to 50:50, the compressive modulus reached 12.33 kPa 

(hydrogel B) which was significantly higher than hydrogel A (P<0.001), but 

decreased to 2.01 kPa (hydrogel C) as chitosan content further increased. The 

compressive modulus of all hydrogels decreased gradually as degradation time 

increased (up to 5 days). Hydrogel A decreased to 2.82 kPa at day 3 and further 

decreased to 2.07 kPa, hydrogel B dropped to 9.68 kPa at day 3 and further 

decreased to 8.28 kPa on day 5. Modulus of 1.54 and 1.24 kPa were found on 

hydrogel C on day 3 and day 5, respectively. 

Hydrogel scaffolds fabricated from different biopolymer concentrations were also 

subjected to the compression test, and the obtained modulus are shown in    

Figure 4-42. It can be observed that the compressive modulus increased as 

increasing the biopolymer concentration in solution. Modulus of hydrogel 2A was 

3-fold of hydrogel A, and the hydrogel 3A had significant higher compressive 

modulus that reached to 29 kPa (P<0.001), which was 2.7 and 8.5- fold of 

compressive modulus found in hydrogel 2A and A, respectively. 
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Figure 4-41. Compressive modulus of hydrogel A, B and C at different  

degradation dates. Bars represent mean ± SD and significance is indicated with 

***P<0.001. 

 

 

 

 

Figure 4-42. Compressive modulus of hydrogel A, 2A and 3A. Bars represent mean 

± SD and significance is indicated with ***P<0.001.  
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4.8 Cytocompatibility analysis  

 

4.8.1 Cytotoxicity test 

 

Gelatin based porous scaffolds 

The cytotoxicity test results were carried out by determining the metabolic activity 

of 3T3 cells that were cultured in extractions from different scaffolds where 

viability below 70% of the control group is considered has cytotoxic potential. 

Figure 4-43 shows cells cultured in extractions from all PA groups show similar 

metabolic level compared to the control. In contrast, metabolic levels of cells 

cultured in extractions from GA treated samples gradually decreased as the 

increasing of GA concentration. Specifically, metabolic level in GA 1.0 group was 

significantly lower compared to GA 0.1 (P<0.01). 

 

Figure 4-43. Cytotoxicity tests of fabricated scaffolds by using Alamar Blue assay. 

Bars represent mean ± SD and significance is indicated with *P<0.05 and **P<0.01. 
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RHC based porous scaffolds 

The cytotoxicity of the fabricated porous scaffolds with varied RHC concentrations 

were examined by medium extraction test where the metabolisms level of the 3T3 

fibroblasts were evaluated by using Alamar Blue assay. As shown in Figure 4-44, 

no potential toxicity were found from the tested samples as cell viabilities obtained 

from tested samples were higher than 70% of the control. Meanwhile, no significant 

differences were founded among all samples (P>0.05).   

  

The cytotoxicity of porous RHC-CHI scaffolds that cross-linked with different 

amount of EDC were determined by using Alamar Blue assay and shown in  

Figure 4-45. It can be noticed that all tested samples show no cytotoxicity to the 

cells as all fluorescent results from tested samples were higher than 70% viability 

that determined from the control. Meanwhile, there was no significant difference 

among 50, 75 and 100 mg EDC cross-linked scaffolds (P>0.05). 

 

Figure 4-44. Cytotoxicity of fabricated RHC porous scaffolds determined by 

assessing the cellular metabolic activity levels, fresh medium used as control. Bars 

represent mean ± SD. 
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Figure 4-45. Cytotoxicity test of fabricated RHC-CHI porous scaffolds determined 

by assessing the cellular metabolic activity levels, fresh medium used as control. 

Bars represent mean ± SD. 
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RHC based hydrogel scaffolds 

Elution test was also used to assess the cytotoxicity of the hydrogel scaffolds where 

Alamar Blue assay was used to assess the metabolic activity of the cells and the 

results are shown in Figure 4-46. The results indicated that all fabricated hydrogels 

had no potential cytotoxicity to the cells as cell viabilities obtained from tested 

samples were higher than 70% of the control. 

 

Figure 4-46. Cytotoxicity test of fabricated hydrogel scaffolds by using Alamar 

Blue assay. Bars represent mean ± SD. 

 

 

4.8.2 Cell metabolic activities (Alamar Blue assay) 

 

RHC based porous scaffolds 

Alamar Blue assay was used to evaluate the cell viabilities by determining their 

metabolic levels in the seeded scaffolds. At defined time point, scaffolds were taken 

out and washed with PBS before incubation in Alamar Blue assay. The metabolic 

levels of the 3T3 cells seeded RHC-1.5, 2.0 and 3.0 scaffolds were determined by 

incubating the scaffolds in Alamar Blue assay for 80 min at defined culturing time 
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points. The determined relative fluorescent raw data from seeded scaffolds was 

normalised to the DNA concentration obtained from each sample and shown in 

Figure 4-47. At each selected culture time, it shows that there were no significant 

differences of normalised fluorescent results among RHC-1.0, 2.0 and 3.0 scaffolds 

(P>0.05).  Meanwhile, normalised cell metabolic activities determined from each 

sample at day 3 were found significantly higher compared to individual result 

obtained at day 1 and 7.  

 

The normalised metabolic activities of the cells seeded RHC-CHI scaffolds at 

specific culture time are presented in Figure 4-48. It shows that the metabolic 

activities in each scaffold increased significantly from day 1 to day 3 (P<0.01). 

From day 7 to 14, the metabolic activities obtained from each type of sample 

remained constant as no significant differences were found (P>0.05). Additionally, 

there were no significant differences can be found among three type of scaffold at 

each individual selected point (P>0.05).  
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Figure 4-47. Normalised cell metabolic activities in seeded RHC-1.5, 2.0 and 3.0 

porous scaffolds at culture day 1, 3, 7, 10 and 14. Bars represent mean ± SD and 

significance is indicated with *P<0.05 and **P<0.01. 

 

 

 

 

Figure 4-48. Normalised cell metabolic activities in seeded RHC-CHI-50, 75 and 

100 porous scaffolds at culture day 1, 3, 7, 10 and 14. Bars represent mean ± SD 

and significance is indicated with **P<0.01. 
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RHC based hydrogel scaffolds  

The viabilities of attached fibroblasts were studied by determining their metabolic 

activities at early stage (6 h) after seeding. The result is shown in Figure 4-49, and 

it illustrates the cell metabolic activities were increased as increasing the RHC 

fraction in hydrogel scaffolds. Metabolic activity of fibroblasts on hydrogel A was 

found significant higher than hydrogel B and C (P<0.001) while there were no 

significant differences of determined fibroblasts metabolic levels among hydrogel 

A, 2A and 3A (P>0.05).  

 

 

Figure 4-49. Cell metabolic activities measured at 6th h after initial seeding. Values 

represent mean ± SD and significance is indicated with ***P<0.001.  
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4.8.3 Cell proliferation  

 

Gelatin base porous scaffolds 

To evaluate the fibroblasts proliferation rate in seeded scaffolds, DNA contents 

were determined by using Hoechst DNA assay at defined time points (culturing day 

1, 3, 7, 10 and 14) and shown in Figure 4-50. It shows that the proliferation was 

increased significantly along with the in vitro culture time on uncross-linked and 

PA 0.5 scaffold, while the proliferation of fibroblasts on GA 0.1 scaffold was only 

found from day 1 to day 3. Meanwhile, at each selected time point from day 3 till 

day 14, the DNA concentration of PA 0.5 scaffold was significant higher compared 

to both uncross-linked and GA scaffold, specifically, at day 14, the DNA 

concentration determined from PA 0.5 scaffold were found significant higher than 

uncross-linked (P<0.01) and GA cross-linked scaffold (P<0.001), respectively. 

 

Figure 4-50. Fibroblasts proliferation measured using Hoechst DNA assay as 

determination on DNA concentration of un-cross-linked, PA 0.5 and GA 0.1 

scaffold at different culturing time points. Bars represent mean  SD and 

significance is indicated with **P<0.01 and ***P<0.001. 
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RHC based porous scaffolds 

The calculated DNA concentration in RHC-1.5, 2.0 and 3.0 scaffolds at each 

selected culture time points are shown in Figure 4-51. In general, the DNA 

concentration was proportional to the RHC concentrations at all selected time points. 

Significant differences on DNA concentrations were found at culturing day 1, 3 and 

7 between RHC-1.5 and 3.0 scaffold (P<0.05). No significant difference was found 

between RHC-1.5 and 2.0 scaffolds throughout the entire culture period. 

Meanwhile, the DNA concentration determined from RHC-1.5 was found slightly 

lower than RHC-3.0 at day 10 and 14.   

 

The DNA concentrations of 3T3 cell seeded RHC-CHI scaffolds are shown in 

Figure 4-52. Similarly to the RHC scaffolds, it shows that the DNA concentrations 

gradually increased along with the culturing time in all three type of scaffolds 

throughout the test. Meanwhile, it also could be found at each time point, the DNA 

concentration was proportional to the amount of EDC that used to cross-link the 

RHC-CHI scaffolds as 100 mg EDC cross-linked scaffold had generally higher 

DNA concentration compared to the other two scaffolds. Significant differences on 

DNA concentrations between 50 and 100 mg scaffolds were observed at culturing 

day 7, 10 and 14. Specifically, at day 14, the DNA concentration determined in 

RHC-CHI-100 scaffold reached to 7.5 µg/ml which was significantly higher 

(P<0.001) compared to RHC-CHI-50 scaffold (5.4 µg/ml). Meanwhile, there was 

no significant difference found between RHC-CHI-50 and 75 scaffolds in the entire 
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culture period (P>0.05). Significant difference between RHC-CHI-75 and 100 was 

only found at day 14 (P<0.01).  

 

Figure 4-51. DNA concentrations measured using Hoechst DNA assay in RHC-1.5, 

2.0 and 3.0 porous scaffolds at culture day 1, 3, 7, 10 and 14. Bars represent mean 

± SD and significance is indicated with *P<0.05. 

 

 

 

Figure 4-52. DNA concentrations measured using Hoechst DNA assay in RHC-

CHI-50, 75 and 100 porous scaffolds at culture day 1, 3, 7, 10 and 14. Bars represent 

mean ± SD and significance is indicated with *P<0.05, **P<0.01 and ***P<0.001. 
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RHC based hydrogel scaffolds 

The DNA content results determined from hydrogel A, B and C are shown in  

Figure 4-53. It can be seen that the DNA concentration increased with increased 

culturing time on hydrogel A, B and C. It also shows DNA content was proportional 

to the RHC fraction as hydrogel A had the highest DNA content among all three 

hydrogels at each time point compared to hydrogel C (P<0.01). At day 5, the DNA 

concentration of hydrogel A was 1.6 and 3.1-fold of DNA concentration found in 

hydrogel B and C respectively (P<0.001). Another finding is that hydrogel C 

showed a relatively slow proliferation rate compared to hydrogel A and B as a 

slightly increasing on DNA content along with the culture period, specifically, it 

was found DNA concentration of day 3 and 5 were 1.54 and 1.64 µg/m, which 

shows no significant increasing (P>0.05). The results of DNA content in each 

hydrogel was in accordance with the findings obtained in optical microscopy 

images (Figure 4-61) i.e. hydrogel A has the highest proliferation rate among all 

hydrogels scaffolds. 

 

The DNA concentration results of fibroblasts that proliferated on hydrogels with 

different biopolymer concentrations are shown in Figure 4-54. Generally, the DNA 

concentrations from all samples increased along with the culture time, where an 

acceleration increasing could be noticed from day 3 to 5 as DNA concentration 

found from each type of hydrogel on day 5 was at least 2-fold of day 3 (P<0.001). 

Meanwhile, at each time point, the DNA concentrations were found to increase 

slightly as the biopolymer concentration increased. At day 3, a significant higher 
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DNA concentration was found on hydrogel 3A (2.91 µg/ml) that was 1.2-fold of 

DNA content found on hydrogel A (2.43 µg/ml) (P<0.05). There were no significant 

differences could be found between hydrogel 2A and 3A at day 5 while both 

hydrogels showed slightly higher DNA concentration compared to hydrogel A 

(P<0.05). 

 

Figure 4-54. DNA concentrations of hydrogel A, 2A and 3A at culture day 1, 3 and 

5 determined by Hoechst DNA assay. Bars represent mean ± SD and significance 

is indicated with *P<0.05. 
 

Figure 4-53. DNA concentrations of cell seeded hydrogel A, B and C at culture 

day 1, 3 and 5 determined by Hoechst DNA assay. Bars represent mean ± SD and 

significance is indicated with **P<0.01 and ***P<0.001. 
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4.8.4 Fluorescent images of proliferated cells 

 

Gelatin based porous scaffolds 

To investigate the proliferation status of 3T3 cells in different scaffolds, fluorescent 

images were taken at defined time points (day 3, 7 and 14) from the best performing 

groups in the cytotoxicity tests (Control, PA 0.5 and GA 0.1). Typical images are 

shown in Figure 4-55. At day 3, the number of live cells in both uncross-linked and 

PA 0.5 scaffold were higher than GA 0.1 scaffold (Figure 4-55 A1, B1 and C1). At 

day 7, it shows the PA 0.5 cross-linked scaffold had the highest cell density, and 

lower numbers of cells with inhomogeneous distribution were found in GA 0.1 

cross-linked scaffold (Figure 4-55 A2, B2 and C2).  By day 14 cells became 

confluent on most available porous structures of the control and the PA 0.5    

cross-linked scaffold (Figure 4-55 A3, B3). It was found that the poorest cell 

proliferation was seen on the GA 0.1 scaffold at selected time points (Figure 4-55 

C1-C3).  
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Figure 4-55. Fluorescent images of proliferated 3T3 cells presenting in different 

scaffolds at three defined culturing time points, bar equals to 50 µm. (A1-A3) 

indicated 3T3 cells in uncross-linked scaffold at culturing day 3, 7 and 14. (B1-B3) 

indicated 3T3 cells in PA 0.5 cross-linked scaffold at culturing day 3, 7 and 14. (C1-

C3) indicated 3T3 cells in GA 0.1 cross-linked scaffold at culturing day 3, 7 and 14.   

 

 

RHC based porous scaffolds  

To investigate the proliferation status of 3T3 cells in different scaffolds, fluorescent 

images were taken at defined time points (day 7 and 14) and are shown in    

Figure 4-56. At day 7, the numbers of live cells presented in RHC-1.5, 2.0 and 3.0 

scaffold were uniform, and the distributions of the cells in each scaffold were 

homogenous (Figure 4-56 A, C and E). At culturing day 14, the higher density of 
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the cells grew in each scaffold was noticed as comparing to day 7. Meanwhile, it 

observed that porous structures of all three types of RHC scaffolds were mostly 

covered by the proliferated 3T3 fibroblast where cells were also homogenously 

distributed (Figure 4-56 B, D, F).  

 

The fluorescent images of 3T3 fibroblasts seeded RHC-CHI scaffolds were taken 

at culturing day 7 and 14, as shown in Figure 4-57. At culturing day 7, RHC-CHI-

75 and 100 scaffold showed higher cell density compared to RHC-CHI-50 scaffold, 

and the fibroblasts in these two scaffolds were found well-distributed in the porous 

structures (Figure 4-57 A, C, E). On day 14, it can be seen 3T3 fibroblasts were 

homogenously distributed in the porous structures of all three types of scaffolds and 

the cell densities were significantly increased as compared to day 7 (Figure 4-57 B, 

D, F). It also observed that the RHC-CHI-100 scaffold had the highest cell density 

among all three samples where similar cell densities were found in scaffold   

RHC-CHI-50 and 75 (Figure 4-57 D, F). 
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Figure 4-56. Fluorescent images of proliferated 3T3 fibroblasts in RHC porous 

scaffolds. (A-B) show the proliferated cells in RHC-1.5 scaffold at culture day 7 

and 14; (C-D) proliferated cells in RHC-2.0 scaffold at culture day 7 and 14; (E-F) 

proliferated cells in RHC-3.0 scaffold at culture day 7 and 14. Scale bar = 50 µm.  
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Figure 4-57. Fluorescent images of proliferated 3T3 fibroblasts in RHC-CHI 

porous scaffolds. (A-B) show the proliferated cells in RHC-CHI-50 scaffold at 

culture day 7 and 14; (C-D) proliferated cells in RHC-CHI-75 scaffold at culture 

day 7 and 14; (E-F) proliferated cells in RHC-CHI-100 scaffold at culture day 7 and 

14. Scale bar = 50 µm. 
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4.8.5 Cell morphology  

 

Gelatin based scaffolds 

The morphology of 3T3 cells growing on uncross-linked, PA and GA cross-linked 

scaffold at day 14 were investigated by SEM and are shown in Figure 4-58. At day 

14, the pore structures of PA 0.5 cross-linked scaffold were largely covered by well-

connected 3T3 cells with spindle shaped morphology (Figure 4-58 A1). The cells 

growing in internal part of scaffold were also investigated where the proliferated 

cells were found attached to the wall structures of the pores and started to link to 

one other via lamellipodia (Figure 4-58 A2). As shown in Figure 4-58 B1 and B2, 

the connected 3T3 cells formed flat sheet-like structures on the surface of  

uncross-linked scaffolds, and fewer cells were observed in the inner part of scaffold 

compared to PA cross-linked sample. In contrast to the PA scaffold and uncross-

linked scaffold, GA 0.1 scaffold had lower number of cells presenting on the porous 

structures as well as internal part of the scaffold as shown in Figure 4-58 C1 and 

C2.  
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Figure 4-58. SEM images of proliferated 3T3 cells on scaffolds (arrows indicating 

cells). (A1) Cells grow on porous structures of PA 0.5 scaffold, (A2) Cells grow in 

inner PA 0.5 scaffold; (B1) Cells grow on porous structures of uncross-linked 

scaffolds, (B2) Cells grow in inner uncross-linked scaffold; (C1) Cells grow on 

porous structures of GA 0.1 cross-linked scaffolds, (C2) Cells grow in inner GA 0.1 

cross-linked scaffold. 
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RHC based porous scaffolds  

At culture day 14, the morphology of 3T3 cells growing in RHC-1.5, 2.0 and 3.0 

scaffolds were investigated by SEM and images are shown in Figure 4-59. It can be 

observed that the wall structures of pores were covered with 3T3 cells in all three 

types of scaffolds, as shown in images of lower magnification (Figure 4-59 A, C, 

and E). In images of higher magnification (Figure 4-59 B, D and F), it can be seen 

that the proliferated cells were well connected and firmly attached to the wall 

structures of the scaffolds. Meanwhile, no significant difference of the cell 

morphology and density could be observed among these three RHC scaffolds. 

 

The SEM images of 3T3 cells grow in RHC-CHI-50, 75 and 100 scaffolds at culture 

day 14 are shown in Figure 4-60. In images of lower magnification, cells grew in 

RHC-CHI-50 and 75 scaffold formed flat structures which firmly covered around 

50% wall structures within the scaffolds. Meanwhile, fibroblasts in RHC-CHI-100 

scaffold covered a slightly larger area (as shown in Figure 4-60 A, C and E) 

compared to the other two scaffolds. In images of higher magnification     

(Figure 4-60 B, D and F), fibroblasts showed well-connected structures and firmly 

attached to the wall of porous structures in all three seeded porous scaffolds. What’s 

more, no significant difference on cell morphology such as shape and orientation 

could be observed among all these three type of scaffolds at day 14.   
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Figure 4-59. SEM images of proliferated 3T3 cells grew in RHC porous scaffolds 

(arrows indicating cells) at cell culture day 14. Cells grown on porous structures of 

RHC-1.5 scaffold with lower (A) and higher (B) magnification; cells grown on 

porous structures of RHC-2.0 scaffold with lower (C) and higher (D) magnification; 

cells grown on porous structures of RHC-3.0 scaffold with lower (E) and higher (F) 

magnification. Scale bar (left) = 50 μm, scale bar (right) =20 μm.   
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Figure 4-60. SEM images of proliferated 3T3 cells grew in RHC-CHI porous 

scaffolds (arrows indicating cells) at cell culture day 14. Cells grown on porous 

structures of RHC-CHI-50 scaffold with lower (A) and higher (B) magnification; 

cells grown on porous structures of RHC-CHI-75 scaffold with lower (C) and 

higher (D) magnification; cells grown on porous structures of RHC-CHI-100 

scaffold with lower (E) and higher (F) magnification. Scale bar (left) = 50 μm, scale 

bar (right) =20 μm.     
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RHC based hydrogels 

The images of fibroblasts grew on seeded hydrogels (A, B and C) were taken at 

different intervals (day 1, 3 and 5) and shown in Figure 4-61. Generally, from the 

images, it can be seen that fibroblasts proliferated the most in hydrogel A among 

these three types of hydrogels throughout the test. At culturing day 1, a large spread 

fibroblasts with uniformity were presenting on hydrogel A, where hydrogel B had 

less spread cells. Meanwhile, the morphology of fibroblasts on hydrogel C showed 

round or nearly spherical shape and no elongations could be observed. At culturing 

day 3, it can be observed that the number of fibroblasts proliferated on hydrogel A 

was significantly higher than hydrogel B and C, where fibroblasts with elongated 

shapes could be observed on hydrogel B and C. What’s more, the shapes of cells on 

hydrogel B showed a greater spread area compared to cells on hydrogel C. The 

fibroblasts became fully confluent on day 5 on hydrogel A i.e. they formed 

continuous monolayer. Whereas fibroblasts presented on hydrogel B were nearly 

confluent, the proliferated fibroblasts on hydrogel C became more elongated at their 

morphologies and more cell to cell linkages could be noticed. 

 

Figure 4-62 shows the fibroblasts that grew on hydrogels with different 

concentrations. Generally, the number of cells displayed an accelerated 

proliferation rate from day 1 to 5 on all hydrogels. It can be seen that, cell density 

of the 2.0% and 3.0% hydrogel were slightly higher compared to 1.5% hydrogel 

while there were no significant differences on the cell morphology could be 

observed among three different hydrogels. At day 3, all fibroblasts had elongated 
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polygonal shapes with increased spread area on three hydrogels where around 85% 

surface area of all three type of hydrogels were covered by proliferated cells and 

similar cell densities were also noticed. At day 5, the fully confluent cells were 

observed on all seeded hydrogels and fibroblasts were found squeezed on the 

substrates, cells with decreased spread area were also recorded. In addition, the 

cytoplasmic protrusions between cells and towards the substrate which could be 

observed at day 1 and 3 were limited due to over confluence. 
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Additionally, an ESEM image of the hydrogel A seeded with fibroblasts at culture 

day 3 is shown in Figure 4-63. Proliferated cells that were firmly attached on the 

flat surface of the hydrogel can be observed from the middle to the bottom of the 

image, whereas a cell-free area (black circle) is shown as contrast in the upper part 

of the image. Connected fibroblasts which increased their spread area and showed 

polygonal shape which were well contacted to each other and formed a continuous 

monolayer are labelled in red circle.  

 

 

 

Figure 4-63. ESEM image of 3T3 fibroblasts growing on hydrogel A at day 3 
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4.9 qRT-PCR  

qRT-PCR were used in this study to determine the expressions of extracellular 

matrix associated protein gene, and the primers (β-actin, Integrin, Collagen I and 

Collagen III) melt curves as well as amplification plots are presented in      

Figure 4-64. Specific single characteristic peak was found in melt curve of each 

selected primer, and indicated that specific and reasonable designed primers had 

been achieved. Meanwhile, the amplification plots showed that the Ct values 

(threshold cycle values) which indicate the efficiency of the amplification and 

further ensured the accuracy and reliability of the amplification results in qRT-PCR. 

  

The expression levels of integrin, collagen I and III in RHC and RHC-CHI scaffolds 

at different time points were shown in Figure 4-65. It can be found the expression 

of integrin in both RHC and RHC-CHI scaffold increased throughout the cell 

culture period, where the highest expression was found 80-fold higher than the 

control from RHC scaffold at culture day 7, a slight reducing of the integrin 

transcription was also noticed at day 14 compared to day 7 (Figure 4-65 A). The 

expression of the type I collagen in both scaffolds were found increased along with 

the culture time (Figure 4-65 B). Generally, the mRNA expression levels of type III 

collagen from both scaffolds were relatively low at day 1 and 3, while at day 7 the 

expression level on RHC scaffold was 0.54 where RHC-CHI was 1.96       

(Figure 4-65 C). Meanwhile, by comparing expression levels of type III collagen 
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with RHC scaffold, RHC-CHI scaffolds had higher expression level at day 7 while 

lower mRNA expression was found at day 14. 
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Figure 4-65. (A) Integrin, (B) collagen I and (C) collagen III mRNA expression         

levels by fibroblasts from RHC and RHC-CHI scaffold at different culturing time 

points. 
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Chapter 5 Discussion  

This chapter provides the interpretation of the characterization results of 3-D gelatin 

based and RHC based porous scaffolds as well as RHC based hydrogels. There are 

seven sections are included in this chapter. Section 5.1 discusses the 

characterization of the fabricated porous scaffold including the suitability of pore 

morphology and porosity, section 5.2 covers the FT-IR characterization and cross-

linking degree of the porous scaffolds. Section 5.3 and 5.4 discuss the gelation 

mechanism and swelling ability of the scaffolds where 5.5 analyse the in vitro 

degradation of the porous scaffolds. The evaluation of mechanical properties 

including compression and tensile tests on various porous scaffolds and RHC based 

hydrogels are discussed in section 5.6. Section 5.7 contain the discussion and 

comparison of cytotoxicity assessment, metabolic activities as well as proliferation 

activities in seeded scaffolds where cell distribution and morphology are also 

discussed.   
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5.1 Morphology of the porous structure 

Porosity, pore size as well as internal structures together play important roles in 

design of porous scaffolds in soft tissue engineering as such factors can directly 

influence the swelling abilities, mechanical properties where optimized porous 

structures can benefit the cell proliferation, migration, nutrients transportation as 

well as oxygen diffusion.  

 

Gelatin based scaffolds 

Images from SEM and micro-CT (Figure 4-1 and 4-2) indicated that well-formed 

porous structures with interconnected pores were found in fabricated GEL-CHI 

scaffolds, and mercury intrusion porosimetry investigation showed that a porosity 

of 93% had been achieved where previous study had shown scaffolds with similar 

pore size (30 - 40 μm) to gelatin based scaffolds that support penetration and 

proliferation of seeded cells [241]. The SEM images as well as pore sizes and 

porosities determined by MIP (Figure 4-3) indicated that, PA and GA used as cross-

linkers did not significantly influenced the internal porous structures of the pre-

fabricated uncross-linked scaffold since similar pore sizes and porosities were 

obtained in PA and GA treated scaffolds. Similar to our finding, previous studies 

also noticed that, GA as an efficient cross-linker had little effect on porous 

morphology of a collagen/chitosan scaffold as no significant difference was found 

after treating with GA solution [242]. 
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RHC based porous scaffolds 

Differ from porous microstructures that generated from size defined porogens or 3-

D printing, pore size and porosity of scaffolds that fabricated from freeze-drying 

method were highly depended on the fabrication parameters such as freezing 

temperature, freezing rate, mixture concentration and solvent that used to dissolve 

the material [187, 229]. In this study, the fabricated pure RHC scaffolds had pore 

sizes in the region of 111-131 µm, and it had been found that the pore size of the 

RHC scaffolds were slightly varied with RHC concentrations. Similar to the current 

finding, Perez-Puyana et al. [243] used 1%, 2% and 5% (w/v) type I collagen 

solutions to fabricate porous scaffolds, and they found the pore size increased 

gradually (range from 75 to 92 µm) as a function of collagen concentration from 1% 

to 5%, which correspond to the RHC concentrations (1.5%, 2% and 3.0%) that been 

used to fabricate porous RHC scaffolds in this study. Similar phenomenon had also 

been found in type I collagen fabricated scaffolds that solution with higher collagen 

concentration led to larger pore size after freeze-drying [244, 245], and it suggested 

the increase of collagen will raise the freezing temperature of the slurry where 

Searles et al. [246] confirmed ice crystal size was proportional to the freezing 

temperature. Meanwhile, pore sizes of the fabricated RHC-CHI scaffolds that cross-

linked with different amount of EDC were determined ranging from 136 to 176 µm 

where the uncross-linked RHC-CHI scaffold had the average pore size of 129 µm. 

In this study, it also discovered that the pore size of cross-linked RHC-CHI porous 

scaffolds decreased slightly as increasing the EDC concentration during fabrication 

where RHC-CHI-100 porous scaffold has the smallest pore size among all three 
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cross-linked RHC-CHI scaffolds (Table 4-2). It is suggested that the increasing of 

the EDC concentration results an increasing on mechanical properties of the  

RHC-CHI porous scaffolds, therefore, scaffold had higher stiffness can prevent the 

pore structure expansions caused by crystallization during the second freeze-drying 

as the procedure mentioned in chapter 3. The pore size determined from gelatin-

chitosan as well as RHC based porous scaffolds were in the range of parameters 

that recommended by previous studies where pore size of 30 - 40 μm was found 

able to support the cell migration and 90 - 360 μm was found favored by fibroblasts 

penetration. [189].   

  

The fabricated RHC and RHC-CHI scaffolds showed similar morphologies of 

interconnected microstructures (see Figure 4-4 and 5), and such morphologies were 

also found in PA cross-linked porous scaffolds as described previously. The 

porosities of the RHC-CHI scaffolds were found between 91% and 92%, and the 

fabricated pure RHC scaffolds were between 90% and 93%. Specifically, porosity 

of the RHC scaffolds were found dependent on RHC concentrations and wall 

structures of the pores in RHC-3.0 scaffold were thicker compared to RHC-1.5 

scaffold (Figure 4-4). The scaffolds with high porosity were preferred in tissue 

engineering since sufficient interconnected porous structures facilitate the nutrients 

transportation and cell ingrowth, and it has been suggested that scaffold with 

porosity above 90% was preferred in cell seeded tissue engineering [247]. By 

comparing the porous structure of the PA cross-linked GEL-CHI porous scaffolds 
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and RHC based porous scaffolds, it can be noticed that the selected freeze-drying 

technique can be considered as a reliable fabrication method to produce scaffolds 

with homogenous pore distribution and desired pore size which benefit for their 

applications. 

 

 

RHC based hydrogel  

The SEM images present in Figure 4-6 shows that freeze-dried hydrogel B showed 

different surface texture morphology compared to hydrogel A and C, where less 

smooth surface were observed. Such differences might largely attributed by the 

variations in the amount of crystallized water during lyophilisation where hydrogel 

with higher structural integrity and mechanical properties might have higher 

resistance to the water crystallisation during sample preparation. Previous studies 

carried out by Reis et al. [248] and Chiu et al. [249] had found similar morphology 

on their collagen-chitosan hydrogel surfaces where chitosan to collagen ratio was 

set to 1:1. Similarly, Deng et al. [163] also noticed in their research that by adding 

chitosan into the pure collagen hydrogel system produced a much denser material 

with greater surface structure. In current study, hydrogel surfaces were also imaged 

by using an environmental scanning electron microscopy (ESEM) to investigate the 

hydrogel at its hydrated condition and all hydrogels were found to have flat surfaces 

with no apparent differences (Figure 4-6). These results indicated the variation on 

RHC to chitosan ratios did not affect the surface structures of hydrated hydrogel 
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scaffolds. The fibroblasts that grew on hydrogel were also investigated with ESEM 

and will be discussed in latter section. 

5.2 FT-IR and Cross-linking degree 

The molecular structure of uncross-linked RHC and EDC cross-linked RHC were 

analysed by FT-IR. Figure 4-7 A shows that all typical wavenumber of collagen 

bands retained their positions after cross-linked with 50 mg EDC, this is in 

agreement with the results found by Sionkowska [250], as they suggested the EDC 

cross-linking process did not affect the secondary structure of the RHC. Meanwhile, 

the intensity of Amide II band decreased greatly after cross-linking with 50 mg 

EDC, Wang et al. [251] explained these phenomenon, since the -NH2 band in 

collagen was stronger than N-H and amidation had no effect on the C=O band, the 

decreased on intensity of Amide II was caused by free -NH2 groups changing into 

-NH groups during the formation of iso-peptide. The intensity of Amide A also 

shows a decrease in the 50 mg EDC cross-linked RHC where previous study 

suggested that the decreasing intensity was associated with the formation of the 

covalent bond where less NH2 free groups were available due to cross-linking [252]. 

The spectrums of the RHC samples that were cross-linked with 50, 75 and 100 mg 

EDC are shown in Figure 4-8 B. It can be seen that there were no movements of the 

wavenumber or variations in intensity among spectrums of cross-linked RHC 

samples, which indicated that increasing the cross-linker concentration did not 

cause any changing in the secondary structure and further confirmed the RHC 
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samples were fully cross-linked with the selected EDC concentrations. This finding 

is in agreement with the results found in cross-linking degree assessment where 

minimal amount of RHC were detected in elution of cross-linked RHC scaffolds 

and there were no significant differences on quantification of the determined cross-

linked degrees among 50, 75 and 100 mg EDC cross-linked RHC scaffolds as 

shown in Figure 4-8 B. All these discoveries proved that there were no differences 

in between 50, 75 and 100 mg EDC treated RHC-1.5 scaffolds and further confirm 

that RHC-1.5 scaffold can be fully cross-linked with 50 mg EDC and by further 

increasing the EDC concentration had no other effects on the scaffolds. The results 

from the compression tests (Figure 4-29 and 30) that had been done on RHC-1.5 

scaffolds (cross-linked by 50, 75 and 100 mg EDC) further confirms this finding.  

 

By comparing the uncross-linked RHC-CHI sample and 50 mg EDC cross-linked 

sample, it was found the intensity on Amide B, Amide I as well as Amide II 

decreased significantly. What’s more, the Amide I and II band were found moved 

to the higher wavenumbers after cross-linked with 50 mg EDC (Figure 4-8 A). 

Wang et al. [251] found in their study that the intensity of Amide II decreased 

greatly as the -NH2 changed to N-H groups in cross-linked collagen molecules 

where the intensity of the N-H band was much weaker compared to -NH2 band. The 

movement of the Amide I and II toward the higher wavenumbers were in agreement 

with the results found in a study by Staroszczy et al. [253] where fish gelatin and 

chitosan were cross-linked with EDC, and the movements of the Amide bands were 
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suggested as the formation of new N-H bonds. The spectrums in Figure 4-8 B shows 

the intensity of the Amide A increased as increasing the EDC content. The 

increasing of the intensity on Amide A may contributed by the formation of     

iso-peptide bonds between amine groups of RHC or chitosan and active carboxylic 

groups from RHC. Similar result was also find in FT-IR study by Staroszczyk et al. 

[253] as mentioned previously. These findings are also in agreement with previous 

study where Kuijpers et al. [254] indicated the increased intensity on Amide A 

reflected an increased number of bounded -NH groups, as iso-peptide bonds formed 

by EDC between amine groups of gelatin or chitosan and activated carboxylic acid 

groups of glutamic or aspartic acid residue of gelatin. The increasing on intensity 

of Amide I and II were also found in the spectrums of the cross-linked RHC-CHI 

samples, where the intensity was increased with the increasing of the EDC 

concentration. The increasing on intensity of Amide A is in agreement with the 

result found by previous study where they mentioned in their research that the 

intensity of Amide I band of collagen increased with the increasing of cross-linking 

associated with the increasing in C=O stretching and N-H bending in the newly 

formed covalent bonds [252]. The increasing of intensity on Amide II found in this 

study that can be explained as the formation of new N-H bonds, where the N-H 

bending and C-N stretching vibrations of the amide groups increased in intensity 

[253]. This finding on the spectrum changings can further confirm that, by 

increasing the EDC content in the cross-linking process on RHC-CHI scaffolds, 

resulted the formation of new iso-peptides that occurred between RHC and chitosan 
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or within RHC molecules. The hypothesis of the increasing on mechanical 

properties that found in different amount of EDC cross-linked RHC-CHI scaffolds 

can be given as there were unreacted amino and carboxylic terminus might available 

in both RHC and chitosan molecules since chitosan was introduced as the second 

polymer that brought in lots amino groups, and by increasing the concentration of 

cross-linker, the activated free carboxylic groups reacted with amino groups and 

formed new iso-peptides which increased the biostability as well as the mechanical 

properties of the RHC-CHI scaffolds. The above finding indicate the increasing on 

numbers of covalent bonds between RHC and chitosan as well as within RHC 

molecules are directly influenced by adding the extra EDC to the two biopolymers, 

and the differences on degradation rate as well as mechanical stiffness found among 

50, 75 and 100 mg EDC treated RHC-CHI scaffolds were further proved the 

increased of EDC had improved the stabilities of the scaffolds. On contrary, result 

obtained from cross-linking degree test among 50, 75 and 100 mg EDC cross-linked 

RHC-CHI showed different trends as no up-regulated relationship was found 

between the amount of EDC used and detected RHC concentrations. As shown in 

Figure 4-10 and 11, all HPLC detections indicated that by increasing the EDC from 

50 mg up to 100 mg did not affect the cross-linking degree. And there was no 

significant difference can be found among 50, 75 and 100 mg EDC cross-linked 

RHC-CHI scaffolds where the minimal presence of RHC was detected by HPLC 

that indicated RHC molecules were cross-linked with either chitosan or RHC itself 

and well locked in the porous scaffolds. The possible explanation of the finding on 
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cross-linking degree may refer to all selected amount of EDC (50, 75 and 100 mg) 

are sufficient to cross-link RHC with chitosan or RHC via amino groups from either 

RHC or chitosan reacted to the carboxylic terminus of RHC that secured the 

majority of the RHC molecules within the scaffolds.  

  

5.3 Gelation time   

It had been found in previous studies that increasing chitosan content in collagen 

based hydrogel resulted in slowing down the gelation process [255, 256]. Similarly, 

in current study, the results indicated the gelation times were varied with hydrogel 

composition and thermal depended (Table 4-5). This is in agreement with Deng et 

al. [163] who used EDC to cross-link porcine collagen (1.0% w/v) and chitosan 

(1.5% w/v) at 37oC, their results showed that onset of the gelation time was 

increased by the increasing of chitosan fraction in collagen-chitosan solution where 

gelation time of pure collagen and collagen/chitosan ratio of 1:1 ranged from 3 to 5 

min approximately. It should be noticed that they used a rheometer to assess the 

occurring of gelation by observing at what time a sudden increase in viscosity 

occurred and such method was also involved in other studies [257, 258]. Meanwhile, 

Yang et al. [259] studied the relationship between collagen gelation time and 

gelation temperature and revealed that, increasing the gelation temperature sped up 

the gelation process which was in consistent with the trend found in current study. 

An historical study has also shown that collagen precipitation was accelerated by 
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increasing the collagen concentration as well as by increasing the gelation 

temperature [260]. 

 

5.4 Swelling 

The swelling ratio is one of the important parameters in design of tissue engineering 

scaffolds as it influences the mechanical and structural stability after implantation 

or in vitro culturing. Cross-linking is considered to be a primary factor decreasing 

the swelling ability (water absorption) and retention of scaffolds, and the results of 

this study are in accordance with similar results where gelatin and chitosan have 

been investigated [261, 262]. In this study, we also found the swelling ability of 

untreated gelatin based porous scaffolds was approximately double that of PA 0.1 

and GA 0.1 scaffolds (Figure 4-12). This suggests that cross-linking treatment not 

only reduces the number of hydrophilic groups on the bio-polymers (chitosan and 

gelatin) which have the ability to bind water but also decreases the flexibility of the 

polymer chains [263]. A further effect is a reduction in the space between the chains. 

As a result, the capability of water absorption gradually decreases as the 

concentration of cross-linker increases. 

 

The swelling ratios of the pure RHC scaffolds were found increased gradually as 

the RHC content increased (Figure 4-13), whereas swelling ratio of RHC-CHI 

scaffolds decreased with increased EDC content during cross-linking (Figure 4-14). 
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It is known that water binding ability is mainly depend on the hydrophilic group of 

the materials and the maintenance of 3-D structure of the scaffolds. Since the 

collagen is considered hydrophilic biopolymer, the differences from the swelling 

ratios of pure RHC scaffolds could be explained as scaffold with higher RHC 

concentration had higher stiffness that helped scaffold to maintain its 

microstructural stability under hydration condition. The cross-linking is also known 

to reduce the swelling ability by reducing number of hydrophilic groups (amino or 

carboxylic groups) of material [242, 264]. Similarly, in EDC treated RHC-CHI 

samples, 100 mg EDC cross-linked scaffold showed the lowest swelling ratio while 

50 mg EDC treated RHC-CHI scaffold was the highest, and such trend is also 

recorded in gelatin based porous scaffolds as PA and GA cross-linked scaffolds 

show lower swelling abilities compared to un-treated scaffolds. Another finding on 

RHC-CHI scaffolds is they had higher swelling ability compared to pure RHC 

scaffolds, where swelling ratio of 50mg EDC cross-linked RHC-CHI scaffold was 

at least 2-fold of RHC-1.5 scaffold. A possible explanation can be given is that 

adding chitosan increased the stiffness of the scaffold that more PBS can be retained 

with the microstructures that similar result was found in previous study as 

collagen/chitosan (1:1) scaffold could bind twice of the PBS compared to pure 

collagen scaffold [154]. What’s more, it has been found that the swelling ratio could 

be influenced by porosity and pore size. A previous study of fabricated 3-D scaffold 

from silk fibroin had noticed that the swelling ratio decreased gradually as 

decreasing in pore size where significant decreasing of swelling had been found 



                                                                         Discussion 

 

160 

 

associated with decreasing of porosity [265]. This could be another possible reason 

which could explain the variation of swelling ratios that found among EDC treated 

RHC-CHI scaffolds since slight differences on pore size had been found among 

fabricated scaffolds.   

 

5.5 In vitro degradation 

A predictable synchronization between regenerated ECM and degradation of the 

scaffold is desired as the scaffold will be totally replaced by the new tissue 

eventually. To reduce the degradation rate might also improve the mechanical and 

structural stability of the fast degradable scaffolds as implanted in vivo. In this case, 

it is important to determine the degradation rate of the materials once used in 

making the scaffolds.   

 

Gelatin based porous scaffolds  

Results from collagenase degradation test indicated both PA and GA improved the 

biostability of the scaffolds, and also showed that the resistance to the collagenase 

degradation is increased as the PA concentration increased. Similarly, a previous 

study found that PA cross-linked elastin scaffolds own great resistance to enzymatic 

degradation as no more than 20% of elastin was lost, and suggested the interactions 

between PA and hydrophobic amino acids of elastin might be formed which blocked 

the acting sites of enzymes and protected elastin from degradation [205]. What’s 

more, Zhai et al [266] also found that after enzymatic degradation, the weight loss 
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of PA cross-linked collagenous matrix was 7% to 15% while uncross-linked matrix 

dissolved completely.  

 

RHC based porous scaffolds 

 

In this study, the results of degradation rate from fabricated scaffolds are considered 

that directly related to using EDC as cross-linker. As shown in Figure 4-16, at each 

time point the degradation rates of the three types of pure RHC scaffolds were close 

to each other and there were no significant differences could be found throughout 

the degradation period. The degradation rates of 3 days were found between 7% 

and 8%, where at the degradation day 28, it found the mass loss of the three samples 

were between 15 % and 16%. Since no significant differences on degradation rates 

had been found in three pure RHC scaffolds, this finding is in agreement with the 

cross-linking degree that found in three cross-linked RHC scaffolds, as well as  

FT-IR results shown in Figure 4-7 B. Thus, it further indicated the EDC was an 

efficient cross-liker to RHC scaffolds and the selected amount of EDC in current 

study was sufficient for fully cross-linking. Meanwhile, the results show the 

degradation rates are reduced by the increasing of EDC content in RHC-CHI 

scaffolds cross-linking processing. This finding is also in agreement with the FT-IR 

results as discussed in previous section where spectrums showed additional 

covalent bonds were formed by increasing the EDC content. Yahyouche et al. [267] 

used EDC to cross-link the porous collagen matrix that found by increasing the 

EDC concentration (10, 33 and 50 mM) could improve cross-linking degree and 
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made the scaffold more resistant to the biodegradation as scaffolds degraded by 

collagenase. Meanwhile, by comparing the degradation rates (Figure 4-16 and 17), 

it shows 75 and 100 mg EDC cross-linked RHC-CHI scaffolds had lower 

degradation rates compared to all pure RHC scaffolds throughout the degradation 

period. Similar phenomenon had been reported from previous study that Lin et al. 

[268] indicated the presenting of chitosan could significantly improve the 

biostability of collagen-hyaluronan scaffolds under EDC treatment as they 

suggested the amine bonds that formed between collagen and chitosan had 

enhanced the biostability of the scaffolds. And Tan et al. [269] also found the 

integrity increased with proportion of the chitosan in collagen-chitosan composed 

three dimensional matrixes. 

 

RHC based hydrogel scaffolds  

Determining the degradation degree of fabricated hydrogels can predict the changes 

on hydrogel integrity, mechanical property as well as stability during in vitro or in 

vivo applications. Biopolymer based hydrogels are usually considered as fast 

degraded biomaterials and rapid degradation might lead to a sudden loss of 

mechanical properties and further induce a failure during application. In this manner, 

ideal degradation rate of the applied hydrogel should be controllable to prevent the 

mechanical failure as well as maintain the structural integrity. A previous study had 

proved that the addition of chitosan in collagen hydrogel system could enhance the 

stability where collagenase was used to degrade the collagen and collagen-chitosan 

hydrogel in vitro [163]. They found the collagen-chitosan hydrogel at 1:1 had a 
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significantly lower degradation rate compared to collagen-chitosan hydrogel with 

collagen to chitosan ratio at 20:1 as well as pure collagen hydrogel. In current study, 

no significant differences on degradation rate were found at the first two time points 

(day 3 and 7) among the three types of RHC-CHI hydrogels (Figure 4-18), but 

degradation rate on hydrogel C with collagen-chitosan ratio of 20:80 increased 

significantly from day 14. It has been found that, the additional chitosan present in 

hydrogel C (RHC to chitosan ratio at 20:80) brought extra amino groups which was 

not cross-linked or partially cross-linked to RHC but locked in the gelled networks, 

and such cross-linked collagen-chitosan networks might also sequestered by the 

molecules of extra chitosan. As a result, both mechanical property and structural 

integrity of hydrogel C (RHC to chitosan ratio at 20:80) were lower compared to 

hydrogel A (RHC to chitosan ratio at 80:20) and B (RHC to chitosan ratio at 50:50) 

which has a larger number of valid bonds between RHC and chitosan. Finally, it led 

to the accelerated breakdown after the swelling in PBS. 

  

5.6 Mechanical properties     

Scaffolds as implantation that replace the faulty tissue would encounter stresses 

such as compression and tension in native environment. The designed scaffolds 

should have enough tolerances to keep their structural stability that provide a stable 

environment as culturing in vitro or implanting in vivo. Meanwhile, in designing 

the tissue engineering scaffold, the fabricated scaffolds should have sufficient 
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mechanical properties that are close to the healthy native tissue. What’s more, the 

stiffness of the scaffolds could also influence the other performances such as 

swelling and degradation that both are considered as important parameters that 

directly influence the biostability. Thus, scaffolds with suitable mechanical 

properties that close to native tissue are highly demanded. Natural derived 

biomaterials such as collagen and gelatin are generally low in mechanical strengths, 

and have relatively fast degradation rate as exposed to the biophysical environments, 

to overcome these drawbacks, the most commonly used method is to cross-link the 

biomaterials to increase their stiffness. In this study, PA was selected to cross-linked 

GEL-CHI porous scaffolds and EDC was used to cross-link the RHC based porous 

scaffolds as well as RHC based hydrogels in order to increase their stiffness. Tensile 

test, compression test are two of common mechanical tests that used to evaluate the 

mechanical properties of the porous biomaterials where several parameters such as 

tensile stress, compression stress, compressive modulus as well as elastic modulus 

are determined. Since it has been found that the mechanical properties of the 

biomaterials show significant differences between dry and hydrated status [251], in 

this study, all scaffolds were pre-hydrated in PBS solution and tested under fully 

hydrated mode in order to mimic the biological environment. 

 

Gelatin based porous scaffolds 

The compression stress and compressive modulus of the GEL-CHI porous scaffolds 

measured in this study (Figure 4-20) indicates that cross-linking with PA and GA 

significantly increased the mechanical properties of the original scaffolds, and the 
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increasing on stiffness is proportional to the concentration of used cross-linker. 

Similarly, previous study has also found that PA as a natural cross-linker that can 

improve the mechanical properties of the collagenous based matrix where they 

found ultimate tensile strength of PA cross-linked collagen matrix was significantly 

higher than uncross-linked and GA cross-linked matrix [266]. 

  

Significant recoverability of native soft tissue (e.g. skin and muscle) are required to 

overcome the deformations (stretching or compression) caused by motions. In this 

case, the fabricated scaffolds need to fulfil the feature of recoverability in their 

applications. Repeated compressions were applied to investigate the recoverability 

of the cross-linked scaffolds in this study and distinguishing results were found. 

The stress-strain curves (Figure 4-19 B) between 1st and 2nd compression on GA 

scaffold were significantly different from each other while PA scaffold shows 

excellent repeatability. Figure 4-21 shows that crushed porous walls with condensed 

wall structures were observed on GA scaffold after deformation but less impact was 

found on PA treated scaffold. It is hypothesized that the large number of fractures 

occurred during deformation on GA treated scaffold because GA increased the 

brittleness nature of the materials during cross-linking. Similar behaviours had been 

noted in previous studies on GA cross-linked scaffolds [270, 271], and a possible 

explanation is that as GA forms C=N bonds between GA and chitosan or collagen 

during cross-linking these present a barrier to the rotation of the associated chains 

and therefore reduce the chain flexibility [272]. 
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The ability of relaxation under loading is directly linked to viscoelastic properties 

of the samples (as it is for most soft tissues) [273]. Figure 4-22 A shows similar 

stress relaxation behaviours of all the scaffolds where stress decreased progressively. 

It has been described that within 600 seconds the stress reached to equilibrium on 

a chitosan-modified poly (L-lactide-co-ε-caprolactone) (PLCL) scaffold, as well as 

in bovine articular cartilage [274]. Similar stress relaxation results have been found 

on mammal soft tissue that a compression test had been done on skeletal muscle 

where 49% and 60% stress relaxation were found as 30% strain of compression was 

applied [275]. Meanwhile, fabricated scaffolds with nearly 90% of relaxation on 

stress was found in tensile relaxation test of a GEL-CHI blend scaffold [276]. The 

percentage of stress relaxation on maximum stress of PA groups were higher 

compared to GA groups that shown in Figure 4-22 B, which indicated a large 

number of chain movements occurred in the PA cross-linked scaffolds under stress 

to structural deformation compared to GA scaffolds, and further confirmed PA 

cross-linked scaffolds own higher flexibility. 

 

RHC based porous scaffolds 

The increasing collagen concentration (density) in porous pure RHC scaffold 

fabrication was expected to improve the mechanical properties, where previous 

studies have discovered that the compressive and elastic modulus increased 

proportionally to the increasing of collagen concentration that used in the 

fabrication of porous scaffolds [245]. Specifically, it had been found within 4-fold 
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of increasing in collagen concentration in fabricated porous scaffold lead to 56 and 

30-fold of increasing in compressive and tensile modulus, respectively [277] and 

such findings are in agreement with the results found in mechanical test from 

current study. As see in section 4.7, it shows that the compression modulus as well 

as elastic modulus increased gradually as the RHC concentration increasing. What’s 

more, previous studies had also found the mechanical properties of the fabricated 

scaffolds could be modulated by controlling the parameters such as pore size, 

porosity and polymer concentrations. Harley et al. [278] had fabricated a series of 

porous collagen-glycosaminoglycan (GAG) scaffolds with different pore sizes 

through freeze-drying process where compressive modulus of the scaffolds were 

found between 0.176 to 0.23 kPa; meanwhile, the averaged elastic modulus was 

found around 2.0 kPa where it shows both compressive and elastic modulus were 

close to the range of mechanical strengths of RHC scaffolds that obtained in this 

study. 

 

By introducing chitosan into the RHC scaffolds in current study, it successfully 

been shown that the RHC-CHI scaffolds exhibited higher mechanical strengths 

compared to the RHC scaffolds fabricated in the same concentration (results of 

mechanical test of the fabricated porous scaffolds summarised in Table 5-1). The 

compressive stress at 70% compression strain of the RHC-CHI-50 reached to    

2-fold of the RHC-1.5 scaffold and its compressive modulus was also found around 

twice of RHC-1.5 scaffold. Additionally, it has been found both tensile stress and 
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elastic modulus of the RHC-CHI scaffolds were much higher compared to pure 

RHC scaffolds. The tensile stress of RHC-CHI scaffolds reached to 50 kPa which 

was significantly higher compared to all RHC scaffolds. The results of compression 

and tensile tests showed that the mechanical strengths of the RHC-CHI scaffolds 

were largely influenced by the amount of EDC that used in cross-linking. 

Specifically, the compressive modulus as well as tensile modulus were proportional 

to the increasing of amount EDC used in cross-linking the RHC-CHI scaffolds. 

Interestingly, mechanical test on PA cross-linked gelatin-chitosan scaffolds show 

much higher modulus compared to RHC based porous scaffolds (see in Table 5-1), 

a possible explanation of such phenomenon is that the pore size of the gelatin based 

porous scaffold is much smaller compared to all RHC based porous scaffolds, where 

previous studies had emphasised the porous structures could largely influence the 

mechanical properties of the 3-D porous scaffolds, specifically, scaffolds with 

smaller pore size were found owning larger mechanical strengths [278, 279].  

 

Table 5-1. The comparison table of tested porous scaffolds 

 

Samples 
Compression 

Stress(kPa) 

Compression 

Modulus(kPa) 

Tensile 

Stress(kPa) 

Elastic 

Modulus(kPa) 

PA 0.1 8.60 ± 0.94 9.46 ± 0.57 / / 

PA 0.5 12.27 ± 1.20 13.97 ± 0.71 / / 

PA 1.0 14.43 ± 0.82 17.83 ± 0.56 / / 

RHC-1.5 0.26 ± 0.02 0.24 ± 0.03 3.28 ± 0.85 5.12 ± 1.09 

RHC-2.0 0.32 ± 0.04 0.33 ± 0.02 4.89 ± 1.51 7.40 ± 1.70 

RHC-3.0 0.42 ± 0.04 0.54 ± 0.07 8.37 ± 1.38 12.20 ± 2.02 

RHC-CHI-50 0.58 ± 0.03 0.47 ± 0.05 36.30 ± 3.41 38.38 ± 1.84 

RHC-CHI-75 0.66 ± 0.04 0.67 ± 0.08 41.04 ± 5.91 50.26 ± 6.52 

RHC-CHI-100 0.83 ± 0.06 0.99 ± 0.10 50.00 ± 5.11 69.59 ± 8.35 
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Additional, mechanical test had also been done on RHC-CHI scaffolds fabricated 

with different RHC to chitosan proportions (80:20, 66:33, 50:50, 33:66 and 20:80). 

As results shown in the Figure 4-37 and 38, the stiffness were improved by 

increasing the chitosan ratio in scaffolds. Both compressive strength at 70% strain 

and compressive modulus increased significantly as the chitosan content increased; 

meanwhile, similar trend had been found in the tensile stress and tensile modulus 

that higher chitosan ratio in scaffold showed higher tensile stress and elastic 

modulus. The ultimate tensile stress and tensile modulus at break point was 

achieved by RHC-CHI (20:80) scaffold where near 145 and 200 kPa were recorded 

(Figure 4-39 and 40). Raftery et al. [280] found that, the incorporation of chitosan 

into bovine-derived collagen scaffolds and chemically cross-linked with EDC had 

caused significant increasing in compressive modulus from 0.92 kPa to 1.09 kPa 

and 1.23 kPa for the collagen-chitosan at ratios of 75:25 and 50:50 respectively. On 

the contrary, Wang et al. [251] found out by adding chitosan into collagen slurry 

would provide many more amino groups than required for EDC cross-linking that 

led to the decreasing on relative cross-linking degree and further influenced 

mechanical strength. 

 

The mechanical property of the tissue engineering scaffold should closely match 

the healthy native tissue that provide enough mechanical support for the 

implantation as well as tissue regeneration. Mechanical tests on current study show 

that our porous scaffolds are comparable to some of the native tissue (such as skin, 
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brain tissue etc.) which modulus were determined from previous studies. The in 

vitro mechanical tests on different native skin discovered that the modulus were 

varied significantly to the locations where a range between 5 kPa and 140 MPa were 

summarized in previous review [281], and it also illustrated the available methods 

that characterize the mechanical properties of the skin including tensile, indentation, 

suction and torsion test. The very soft connective tissue such as adipose tissue which 

composed of adipocytes, fibroblasts, collagenous ECM and blood vessels had also 

been intensely investigated in tissue engineering [282]. It has been found the 

modulus of adipose tissue that determined from tensile test had the range from 0.3 

to 24 kPa for the breast samples [283], and in the range of 0.3 to 3.0 kPa on 

abdominal fat [284], which is within the range of elastic modulus that found in both 

RHC and RHC-CHI scaffolds. Meanwhile, unconfined compression test that done 

on brain tissue showed that the compressive modulus was around 3.16 kPa [285], 

and elastic modulus of the selected human brain tissue were found around     

66.7 kPa [286, 287], which is also considered close to mechanical strengths of the 

fabricated scaffolds. In addition, scaffolds with similar mechanical strengths to the 

RHC and RHC-CHI scaffolds had also been obtained in other studies. A study by 

Raftery et al. [280] discovered the porous collagen scaffolds fabricated from fish 

collagen and bovine collagen had the compressive modulus of 0.13 and 0.93 kPa, 

by incorporating the collagen scaffolds with chitosan, the modulus increased to 0.56 

and 1.23 kPa respectively, and it suggested the fabricated scaffolds suitable for soft 

tissue regeneration such as skin and muscle tissue engineering. What’s more,  
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Keogh et al. [288] reported EDC cross-linked porous collagen-glycosaminoglycan 

scaffolds that prompted the proliferation of the osteoblasts owned compressive 

modulus of 1.17 kPa, which was close to the compressive modulus of fabricated 

RHC based porous scaffolds in this study. 

 

Biological soft tissues are known owning viscoelastic mechanical properties, and when 

collagen-rich soft tissue subjected to the tensile test, the obtained tensile stress-strain 

curve presents its viscoelastic mechanical behavior that normally composed by three 

regions, known as the toe region, linear region and failure region [289]. A typical tensile 

stress-strain curve illustrates the viscoelastic property of the soft human biological tissue 

is shown in Figure 5-1. A toe region which also known as non-linear stress-strain region 

can be seen in the curve, and the slope in this region is increased with increasing the 

loading which correspond to the straightening of the collagen fibrils, and the collagen 

fibrils are found originally present at crimped structures. In the linear region, strain is 

directly related to the stress where collagen fibers tend to line up with the load direction, 

and by further increasing the load, collagen fibers become stretched. The failure region 

represents the disruption of fibril structures that shows a sudden drop of the stress. 

The ultimate tensile stress-strain curves which determined in current study (shown 

in Figure 4-26 and 34) show similarity to the typical collagen-rich soft tissue 

mentioned on below (Figure 5-1), where three distinct regions are identifiable in 

the obtained curves of both RHC and RHC-CHI porous scaffolds. Under tensile 

conditions, the toe region of the tensile curve might refer to the straightening of the 
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pore walls (struts) to accompany with the applied load, while in linear region, the 

wall structures become stretched (elongated) and alignment of the struts is in the 

direction of the loadings[290]. Finally, further stretching of the pore wall structures 

(struts) results the disruption. Thus, the mechanical behaviors of the RHC and 

RHC-CHI porous scaffolds suggested they are mechanically similar to the 

biological soft tissues (e.g. skin, blood vessels, tendons, ligaments, etc.) [273, 275]. 

 

 

Figure 5-1. Schematic diagram of a typical tensile stress-strain curve of human soft 

biological tissue which demonstrates the toe region, linear region and failure region 

which associated collagen fibers morphology. Image edited and adapted from[291]. 

 

 

RHC based hydrogels  

The stiffness of the fabricated hydrogels were determined using compression test, 

and the compressive modulus were obtained from the slope of the initial linear 
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region of the strain-stress curves. Previous studies had shown that introducing 

chitosan into collagen hydrogel could significantly enhance the mechanical 

properties of the hydrogels due to the formation of covalent bondings [85, 164, 269], 

and mechanical test results obtained by Deng et al. [163] clearly indicated that the 

stiffness of the collagen-chitosan hydrogel increased gradually with the increase of 

chitosan fraction in the blend where EDC was used as cross-linker. In current study, 

it was found the compressive modulus of the hydrogels were not continuously 

increased with the increasing of chitosan fraction in collagen hydrogels     

(Figure 4-41). Similar to this finding, Lin et al. [292] discovered that the tensile 

strength of a series of biomaterials which composed of chitosan-collagen-

hyaluronan increased by addition of 10% chitosan while decreased by further 

increasing the chitosan fraction up to 20% of the mixture. Wang et al. [251] studies 

on an EDC cross-linked collagen-chitosan film suggested that adding chitosan to 

the blend actually provided extra amino groups than were required for cross-linking, 

as a result, the decreasing on mechanical properties occurred. Similar to the 

mechanical property findings in this study, Reis et al. [248] studied a collagen-

chitosan hydrogel system and found that the hydrogel with chitosan-collagen ratio 

at 1:3 had lower mechanical property in terms of storage modulus as compared to 

hydrogel with chitosan-collagen ratio of 1:1, while by further increasing the 

chitosan-collagen ratio to 3:1 the hydrogel mechanical property decreased and it 

became the lowest stiffness among three samples. They explained that, since pure 

collagen gel was considered as highly interconnected fibrous network where 
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additional chitosan to the pure collagen gel (chitosan-collagen ratio increased from 

1:3 to 1:1) brought together collagen fibers along a chitosan backbone that formed 

thicker struts resulted in increasing on mechanical integrity. Further increasing the 

fraction of chitosan (chitosan-collagen ratio increased from 1:1 to 3:1) in the 

collagen hydrogel interfered with the original resultant fibrous network by further 

sequestering fibers and formed thicker ‘struts’, but largely reduced the degree of 

connectivity between resultant collagen fibers thus inducing the decrease of the 

hydrogel mechanical strengths. Thus, in this study, it is suggested the further 

increasing of chitosan fraction (up to RHC:CHI 20:80) decreased the number of the 

covalent bonds (cross-linking points) and resulted the decreasing the mechanical 

property. A sketch illustrates the cross-linking points and formed networks between 

RHC-RHC and RHC-chitosan molecules at different RHC to chitosan ratios are 

shown in Figure 5-2.  

          

 

Figure 5-2. Covalent bonds (cross-linking points) and formed networks of    

hydrogel A, B and C. 
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Degraded hydrogel samples were also subjected to the mechanical test in this study, 

it shows the compressive modulus of each samples decreased gradually as 

increasing the degradation time (Figure 4-41). What’s more, at each time point, the 

stiffness of each type of hydrogel sample was similar to the trends on stiffness 

variations found in un-degraded hydrogels (stiffness found in day 1). Similarly, 

Parlato et al. [293] found that the compressive modulus of some of their fabricated 

poly (ethylene glycol) hydrogels decreased significantly at degradation day 4 and 7 

as compared to day 1. Another approach to improve the hydrogel stiffness in this 

study was achieved by increasing its concentration of the blend. It shows the 

modulus of hydrogel 3A (3.0% w/v) was 2.73 and 8.51-fold of hydrogel 2A and A, 

respectively (Figure 4-42), and such finding shows similarity to the findings that 

discovered in the RHC based porous scaffolds where compressive modulus of the 

scaffolds were found increased as increasing the RHC concentration (see in Table 

5-1). The mechanical test on the different hydrogels in current study also shows that 

the mechanical strength of hydrogel could be tailored to a variety of stiffness and 

the mechanical properties of fabricated soft hydrogels were similar to some of the 

human soft tissues. It had been found the compressive modulus of the thyroid 

measured in vivo was around 9 kPa [294] whereas that of liver was around 0.6 kPa 

[295], and the premalignant breast was found around 2.2 kPa [296].  
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5.7 Cytocompatibility  

5.7.1 Cytotoxicity test 

 

Gelatin based porous scaffolds  

Results of cytotoxicity test (Figure 4-43) indicated PA as a natural cross-linker show 

no potential toxicity to the cells at selected concentrations as compared to GA 

solution. This result agrees with previous studies which also concluded PA cross-

linked scaffold were biocompatible as no inhibition on cell proliferation activities 

were detected [205, 297]. What’s more, it had been reported that the cytotoxicity is 

only observed when concentration of PA reached 200 µg/ml [100]. 

 

RHC based porous scaffolds 

The metabolic activity levels of seeded fibroblasts grew in all the extraction 

medium (Figure 4-44 and 45) indicated the cross-linked RHC scaffolds and    

RHC-CHI scaffolds had no potential toxicity to the cells. The results also indicated 

that the cell metabolic activities were not affected by increasing the use of EDC in 

cross-linking RHC-CHI scaffolds as the results were close to the control group. 

Water soluble EDC is generally considered an efficient cross-linker that not only 

has the ability to enhance the mechanical strength of the scaffolds but also shows 

low toxicity to the cells since it is not incorporated directly into cross-linked 

scaffolds but changes into water soluble urea derivatives that can be easily removed 

by rinsing [251, 298]. Lin et al. [268] found that mouse fibroblasts could 

proliferated well on EDC cross-linked collagen-hyaluronan-chitosan matrix where 
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cells maintained their unique fibrous morphology was also discovered at culturing 

day 14.   

 

RHC based hydrogel scaffolds    

The same method that was used to determine the cytotoxicity of the porous 

scaffolds was applied to the hydrogels. The relative fluorescent units obtained from 

each test group clearly indicated all fabricated RHC based hydrogels had no toxicity 

to the 3T3 fibroblasts as compared to the control group (Figure 4-46). Similarly, 

previous studies had also evidenced the using of EDC as cross-linker show no 

harmful to the cells. Rafat et al. [85] cross-linked recombinant type III collagen and 

chitosan blend using EDC as cross-linker and found the fabricated hydrogel were 

biocompatible to the cells. Ahn et al. [104] used EDC to cross-link recombinant 

human collagen solution and managed to produce a cornea like hydrogel on to 

which surface the human corneal epithelial cells well adhered and proliferated. 

What’s more, cells not only proliferated well on EDC cross-linked hydrogel 

surfaces, but were also found to have survived after embedding in hydrogel system. 

McBane et al. [164] have shown circulating angiogenic cells successfully grown in 

the EDC cross-linked collagen or collagen-chitosan hydrogel with their great 

viability. Thus, previous results further proved that using EDC to cross-link the 

RHC-CHI hydrogel scaffolds did not bring toxicity to the hydrogel products.  

 

By comparing the results obtained from the cytotoxicity tests (see Figure 5-3), it 

can be clearly seen that PA cross-linked gelatin-chitosan and EDC cross-linked 
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RHC based porous scaffolds and hydrogels had negligible toxicity. As can be seen, 

all test samples were above the 70% threshold of the cellular viability that 

determined from control group. Therefore, it confirming that it is safe to use these 

two cross-linkers.   

 

 

Figure 5-3. Cytotoxicity results obtained from scaffolds fabricated in this study. 

  

5.7.2 Metabolic activities, proliferations and morphologies   

Gelatin based porous scaffolds  

The fibroblasts proliferation results were determined by using Hoechst DNA assay, 

and it was found the PA treated scaffold owns the highest cell proliferation activities 

among all three type of scaffolds (Figure 4-50). Meanwhile, as confirmed in 

cytotoxicity test that GA treated scaffolds show toxicity to the cells, the 

proliferation rate was also found with no significant increasing along with the most 

culturing period on cell seeded GA scaffold. Those findings on proliferation results 

were further proved with the fluorescent images that taken during the in vitro 
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culturing. The fluorescent images of cell seeded scaffolds show that, at early 

culturing stage, in both PA treated and uncross-linked scaffolds, cells firmly 

attached on porous structures to achieve homogenous distributions after seeding 

(Figure 4-55 A1 and B1). Meanwhile, cells in PA cross-linked scaffold showed the 

highest proliferation rate among all the samples which resulted in the highest cell 

density observed at the final culturing date (Figure 4-55 A3, B3 and C3). And such 

finding is in agreement with the proliferation results that determined in current 

study as PA treated scaffold shows the highest DNA content among all. Such results 

indicated PA cross-linked scaffold had the ability to promote cells attachment at the 

early stage after seeding. Meanwhile, it also increased cell proliferation rate 

compared to the GA and uncross-linked scaffolds. The result in our study shows 

agreement with previous finding that PA cross-linked scaffolds were found 

biocompatible, supporting the proliferation of seeded cells [205, 299]. What’s more, 

it has been reported that PA related polyphenols could stimulate the proliferation of 

normal skin fibroblasts and increase the synthesis of ECM, and PA cross-linked 

collagenous materials could enhance the cell’s ability to deposit collagen where 

collagen is widely known to play important role in cell adhesion and ECM 

formation [100, 300, 301] 

  

Major differences on cell morphologies between uncross-linked and PA cross-

linked scaffold were observed in this study. The proliferated 3T3 cells formed a 

connected but sheet-like structure on the porous structures of uncross-linked 
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scaffold, rather than firmly attaching onto the wall structure as shown in PA cross-

linked scaffold (Figure 4-58 A1, B1). With the build-up of this sheet-like cell layer, 

the oxygen and nutrients might potentially have difficulty diffusing into the 

uncross-linked scaffold. What’s more, it is suggested that the formed cell layer 

might further prevent the proliferated cells migrating to the inner of the scaffold, 

and as shown in Figure 4-55 A3, B3 and Figure 4-58 A2, B2, numbers of cells found 

in central part of PA treated scaffold were higher than uncross-linked scaffold. Thus, 

the fibroblasts proliferation might largely influenced, and as shown in Figure 4-50, 

the DNA concentration result of uncross-linked scaffold was found significantly 

lower compared to PA treated scaffold that further confirmed the phenomenon 

observed in cell morphology and fluorescent images. A possible explanation of this 

phenomenon is the PA treated scaffold has a higher stiffness on its porous wall 

structures, which induces the fibroblasts to attach and provides sufficient 

mechanical support for their proliferation and migration. Other studies have also 

reported that the affinity of the cell attachment to materials surface is not only 

related to the material itself but is also influenced by substrate stiffness, where 

materials with higher stiffness might benefit the attachments and proliferations on 

certain type of cells [192] and [302]. What’s more, specific studies also indicated 

sensitivity of cell interaction to matrix (substrate) stiffness that cells prefer cell to 

cell interactions on compliant substrates and self-assemble into connected networks 

[303, 304]. On the contrary, cells were found prefer cell-substrate interactions as 

growing on stiffer substrates [191], and the SEM images of proliferated fibroblasts 
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found in current study were in agreement with these findings. Both images of 

attachments and proliferations of 3T3 cells within scaffolds indicated that the PA 

cross-linked scaffold had excellent cytocompatibility to sustain the proliferation 

and migration of seeded 3T3 cells and can be considered as a potential candidate 

for soft tissue engineering.   

 

RHC based porous scaffolds 

Alamar Blue dye is a sensitive and nontoxic assay that widely used to determine 

the cytotoxicity or cytocompatibility of the materials, and the assay showed reliable 

correlation with other cellular metabolic assays such as MTT and XTT assay [305, 

306]. Since Alamar Blue has been found reliable and efficient in most cell works, 

it is also frequently applied to assess the viability of the seeded cells in solid 

collagen or chitosan scaffolds where tested scaffolds were usually incubated in the 

assay for varied durations [307-310]. Another approach to evaluate the cell status 

within the seeded scaffolds is to determine the proliferation by using DNA assay. 

CyQuant, PicoGreen and Hoechst 33258 are three DNA assays that frequently been 

used to determine DNA content in biomaterials [288, 311-313]. Specifically, 

Hoechst 33258 assay was used in this study to determine the DNA concentrations 

in scaffold as it labels the double strained DNA fluorescently.  

 

To assess the viabilities and proliferation activities of the fibroblasts grew in porous 

scaffolds at different time points, Alamar Blue assay and Hoechst DNA assay was 

applied to determine the cellular metabolic levels and DNA content, respectively. 
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As previous study has emphasized that misusing metabolic assays to determine the 

proliferative activities will lead to an inaccurate results due to non-linear and 

miscorrelating changes in cell number and activity over time in culture [314], in 

concerns of accuracy, the cell metabolic levels determined by Alamar blue assay 

were normalised by DNA concentrations to demonstrate the cell viabilities at 

specific time points. The normalised metabolic levels (Figure 4-47 and 48) of the 

fibroblasts proliferated in the RHC and RHC-CHI porous scaffolds indicated the 

cell viabilities were not affected by the RHC concentration or EDC concentration 

that used in fabrication, and the results show agreement with the results obtained in 

cytotoxic tests that confirms all fabricate RHC and RHC-CHI scaffolds have no 

potential toxicity to the seeded cells. Meanwhile, as shown in Figure 4-51 and 52, 

the quantified DNA concentrations increased as increasing the culture time, and it 

suggested the RHC and RHC-CHI porous scaffolds are biocompatible which 

supported the proliferation of the seeded fibroblasts. Other researchers studied on 

cell-material interactions had noticed that the cell proliferation could be influenced 

by the scaffolds’ stiffness. In a previous study, porous scaffolds with mean pore size 

of 84 µm were fabricated from porcine type I collagen and stiffness of the scaffolds 

were tuned by changing the collagen slurry concentration, the Young’s modulus of 

the stiff scaffold was 8.5 kPa and the soft scaffold was 1.2 kPa [315], human dermal 

fibroblasts were then seeded into each type of scaffolds, and proliferated cell 

numbers were counted by DAPI staining at designated time point. At culturing day 

14, it found the cell numbers increased 1.6-fold in scaffold with lower stiffness 
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while a 2.5-fold increasing was found in stiff scaffold. What’s more, analysis of 

glucose consumption indicated stiff scaffold had relatively higher glucose 

consumption compared to soft scaffolds at day 7 which confirmed stiffer scaffold 

had a higher cell number. Not only the fibroblasts, Keogh et al. [288] also found 

osteoblasts favored stiffer 3-D scaffolds where both EDC and GA cross-linked 

porous collagen–glycosaminoglycan scaffolds with identified compressive 

modulus (EDC cross-linked scaffold 1.17 kPa, GA cross-linked scaffold 1.37 kPa) 

were used to host osteoblasts. At the selected culture time points (2, 4, and 6 week), 

the cell numbers determined by Hoechst 33258 assay showed higher number of 

cells were found in stiffer scaffolds. Meanwhile, viability results that carried out by 

Alamar Blue assay also indicated the scaffolds with higher stiffness resulted higher 

cell viabilities. Yeung et al. [316] found that the 3T3 fibroblasts achieve maximal 

spreading at type I collagen coated substrate with stiffness of 10 kPa compared to 

substrate with lower stiffness that fabricated with same material. Similar to 3T3 

fibroblasts, the human lung fibroblasts are also found mechanically depended on 

substrate stiffness. Liu et al. [193] found fibroblast density increased as gel stiffness 

increasing when seeded in a stiffness gradient gel with modulus ranged from 0.5 to 

50 kPa, which reflected increasing the stiffness of soft substrate could promote the 

proliferation of the fibroblasts in the selected mechanical stiffness. The stiffening 

of the ECM could also lead to the increasing of cell proliferation and migration, 

where a previous study indicated that the proliferation of epithelial cells were 

directly induced by increasing the matrix stiffness [317]. What’s more, it has been 
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found the 3T3 fibroblasts owned the ability to migrate toward stiffer substrates that 

suggested the fibroblasts prefer substrate with higher stiffness [318]. 

Polyacrylamide matrix with different stiffness had been fabricated in a study and 

was coated with type I collagen, 3T3 cells were then seeded to the matrixes and 

they found the proliferation rate of the 3T3 cells was proportional to the matrix 

stiffness [319]. These findings are in agreement with the results that found in current 

study as it is suggested the cell proliferations were influenced by the stiffness of the 

porous scaffolds where higher DNA quantifications were found in porous scaffolds 

with higher stiffness (mechanical property).   

 

Other than stiffness, cell proliferation can also be influenced by the stability of the 

porous scaffolds during in vitro culturing. In this case, another explanation to the 

differences of the proliferation results found on RHC-CHI porous scaffolds are 

suggested. Specifically, as shown in Figure 4-52, at culturing day 14, the determined 

DNA content of the RHC-CHI-100 were significantly higher compared to the   

RHC-CHI-50 and RHC-CHI-75, and a possible explanation to this phenomenon is 

the RHC-CHI-100 had significant lower degradation degree specifically found in 

degradation day 10 and 14 compared to the rest of RHC-CHI scaffolds (Figure 4-

17). A slower degradation process of 3-D porous biomaterials might lead to a 

desirable microstructural stability with less collapses occur in the porous 

construction, as it has been discovered that porous structures collapsed due to the 

fast degradation on scaffold led to the defective microstructures which directly 
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influenced the diffusion of the nutrients and oxygen, cell proliferation as well as 

migration was also found been limited due to the changings on porous structures 

where cells attached [320, 321]. Keogh et al. [288] had also pointed out a stable 

microporous structure could provide sufficient surface area that support cell 

proliferation and migration, thus cells retained in a proliferative status. Similarly, a 

generally higher proliferation rate that found in PA cross-linked gelatin-chitosan 

scaffolds might also attributed by its slower degradation process as compared to 

uncross-linked scaffolds (shown in Figure 4-15).  

  

From the obtained fluorescent images that shown in Figure 4-56 and 57, similar 

results are found in all RHC and RHC-CHI scaffolds at culturing day 7 and 14 as 

proliferated fibroblasts distributed homogenously within the porous structures that 

presented in the field of view. Meanwhile, it can be observed the cell densities 

increased along with culturing time where accumulation could be observed at day 

14. These findings are in agreement with the data obtained from DNA content test, 

and they confirmed fibroblasts had an accelerated spreading and proliferation in 

fabricated RHC and RHC-CHI scaffolds during in vitro culturing. The morphology 

of the proliferated fibroblasts carried out by SEM (Figure 4-59 and 60) indicated 

cells reached to a spread status as fibroblasts were well connected to each other and 

firmly attached to the wall structures at the internal part of the scaffolds. At the 

same time, there were no significant differences on cell morphology that could be 

observed among the different RHC and RHC-CHI scaffolds as most pore wall 
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structures had been covered with connected fibroblasts at their elongated shapes. 

What’s more, the morphologies of the proliferated fibroblasts found in porous RHC 

and RHC-CHI scaffolds were comparable to those grew in PA cross-linked gelatin-

chitosan porous scaffold (shown in Figure 4-58). In general, it has been discovered 

that the stiffer substrate could increase the focal adhesion and cytoskeletal 

organization, specifically, fibroblasts were found in round shapes as grown on soft 

substrate while became extendable and spread morphology when grown on stiff 

substrate [316, 322]. Wang et al. [323] also indicated that by using soft substrate to 

culture the fibroblasts could reduce the synthesis of the focal adhesion complex 

proteins, which lead to the decreasing on actin stress fibers generation where actin 

stress fibers were known that regulate cell morphology. In current study, the SEM 

images of the fibroblasts grown in porous structures indicated all fabricated porous 

scaffolds supported the migration and the proliferation of the seeded fibroblasts, 

and further proved cell/substrate interaction has been achieved throughout the in 

vitro culturing period. 

 

Interestingly, by comparing the results of DNA content throughout the entire 

culturing period among all fabricated porous samples (gelatin-chitosan, RHC and 

RHC-CHI porous scaffolds), it clearly shows the RHC scaffolds had generally 

higher readings compared to gelatin-chitosan as well as RHC-CHI porous scaffolds 

(see Figure 5-4). A hypothesis should then be given to explain the finding is the 

compositions of the porous scaffolds influenced the cellular activities as skeleton 
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of fabricated scaffolds contained RHC, which is considered a structural collagen 

that can be easily recognized by cellular integrins to enhance the cell-material 

interaction, thus induced the adhesion activities. Similarly, a study by Tierney et al. 

[244] also found that increased the collagen concentration in fabricated collagen-

GAG scaffolds could enhance both cell viabilities and proliferation, and significant 

higher metabolic activities as well as proliferation rate were determined at culturing 

day 7. Thus, it is suggested that the containing of RHC in porous scaffolds might 

influence the cellular proliferation. Further confirmation of RHC prompt cell 

attachment and proliferation will be given in discussion part of RHC based 

hydrogels.  

 

Figure 5-4. DNA concentration determined from different porous scaffolds at 

culturing day 14  

 

qRT-PCR 

The deposition of the ECM related proteins (integrin, collagen I and collagen III) 

within RHC based porous scaffolds were quantified by RT-PCR. As shown in 

Figure 4-65, it was found the expression of the integrin increased along with the 
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culturing period except RHC-CHI scaffold showed a slight decreasing at day 14. 

Since integrin is considered as a protein that directly associate with the cell adhesion 

to materials [191], the induction on integrin expression indicated that the fabricated 

RHC and RHC-CHI scaffold can prompt the adhesion and migration of the 

fibroblasts after seeding to the substrates. The increment on collagen I and III 

expressions were also found after 3 days, and gene expressions of these proteins 

significantly increased up to day 14. The expression trends on these three selected 

ECM relevant proteins are in agreement with the results found by Wang et al. [324], 

where integrin, collagen IV and VII were investigated from proliferated dermal 

fibroblasts that seeded in gelatin-chondroitin 6 sulphate-hyaluronic acid based 

scaffold. It was mentioned in their study that the mRNA of the ECM related proteins 

would highly expressed for 1 - 2 weeks as the seeded fibroblasts formed the base 

membrane and the reduction of the gene expressions were noticed thereafter and 

such phenomenon was also mentioned in other studies where epidermis, dermis and 

fibroblasts were studied [325, 326]. The results obtained in current study show 

expression of the collagen I increased significantly at day 7 and 14 in both RHC 

and RHC-CHI by comparing to the early stage of the culturing, and it is in 

agreement with the previous studies as the expression on collagen I increased from 

the 72 h which was found contributed by the proliferation of fibroblasts [327, 328], 

and it is well known that the collagen III is only predominate at the early stage of 

the wound healing and later replaced by stronger collagen I [19, 21], 
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The relatively low gene expression level on collagen III was also found at day 1 

and 3 as compared to collagen I in all scaffolds, and such results was differ from 

the theoretical phenomenon as it is mentioned on above that the type III collagen is 

dominated at early stage within the wound tissue or seeded fibroblasts compare to 

type I collagen, a possible assumption to explain this finding is because both types 

of porous scaffolds (RHC and RHC-CHI porous scaffolds) had large amount of the 

recombinant type III collagen that can be provided as an ECM structural protein 

once they are released into the microenvironment. As a result, fibroblasts did not 

need to synthetize much of their own type III collagen in the first 3 days (at the 

early stage).  

 

RHC based hydrogels  

Substrate stiffness, ligand density are considered as the two factors that influence 

the cell focal adhesion and cell morphology through cell-material interaction [67, 

323, 329-331]. In this study, no significant differences on cell morphologies were 

found among hydrogel samples with different stiffness (Figure 4-62), and fully 

confluence was observed on three samples where all of their morphologies became 

indistinguishable as cells formed monolayer on all hydrogels. Similar phenomenon 

was also mention by Yeung et al. [316], where they found cells lose morphologic 

difference once cell-cell contact occurs and cell density became less independent to 

the hydrogel stiffness as monolayer formed. 
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However, as comparing the cell morphology that found on hydrogel with 

fabrication in different RHC fractions (Figure 4-61), it clearly showed that the 

single cell area, spread area as well as cell-cell contact were increased as increasing 

the RHC fraction in the hydrogel system. Similarly, Gaudet et al. [332] had 

discovered that, the fibroblasts spread area was strongly influenced by varying the 

ligand densities where collagen I was coated on polyacrylamide gel surface which 

Young’s modulus was determined around 5 kPa. Specifically, it was found the cell 

spread area is initially an increasing function of adhesive ligand density where type 

I collagen solutions at plating concentrations were adjusted from 0.00075 to 0.025 

mg/mL. They also mentioned in their study that at lower density of collagen I coated 

gel, the number of ligand molecules which available for binding were far lower than 

the integrin receptors as Akiyama et al. [333] declared that there were approximate 

5 × 105 integrin expressed by fibroblast. Although Di Lullo et al. [334] found that 

each collagen molecule can provide three integrin binding sites, but still, at low 

ligand density, the total number of the ligand molecules are far behind from number 

of integrin. Consequently, it suggested that the fibroblasts exerted enormous force 

through a small number of available linkages which led to the rounded morphology 

since cell spreading with flatten morphology require more force generated by 

binding sites. Like fibroblast cells, such phenomenon was also found in other 

mammal cells. Engler et al. [67] had found the spread of smooth muscle cells as 

well as cell area can be strongly modulated by the ligand density where varied 

amount of collagen I was used as ligand to coat the polyacrylamide gel surfaces. 
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Specifically, they found the cell spreading and projected cell area were significantly 

increased as the increasing on collagen I density (at a selected density range from 1 

to 1000 ng/cm2) on both soft (1 kPa) and stiff (8 kPa) gel substrates. The explanation 

to such finding given by the group was that, at low ligand density, cell could not 

form adequate adhesive sites to pull itself spread while by increasing the ligand 

density, more binding sites between ligand (collagen I) and cellular membrane 

through integrin were formed and such finding was also mentioned by 

Lauffenburger et al. [335]. Besides that, study also showed that endothelial cell 

adhesion was improved by increasing the density of RGD-contained peptides which 

coated on hydrogel surface [336]. Thus, it can be summarized from the current 

results, cell morphology, cell spreading and cell area are largely dependent to the 

RHC fraction of the fabricated RHC-CHI hydrogels, but less influenced by the 

hydrogel stiffness.   

 

By comparing the optical microscopy images obtained in current study (Figure 4-

61 and 62), not only the variations on cell morphologies were found on fabricated 

hydrogels, but it also showed that the cell densities (number of cells) were varied 

significantly, and these observations are in agreement with the results determined 

from cell proliferation study (see in Figure 4-53 and 54). Importantly, it showed the 

cell proliferation were associated with the cell morphologies, as higher proliferation 

activates were found on hydrogels with cells at their spread morphologies (Figure 

4-53 and 61). Similar to these findings, Chen et al. [337] had also found that cell 
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proliferation was prompted by the increasing on cell spreading. Importantly, Ingber 

et al. [338] and Gaudet et al. [332] had discovered that integrin-dependent adhesive 

activities in focal adhesions regulate the cell growth and proliferation, where 

intergrin-mediated signaling pathway in focal adhesion activities had also been 

mentioned in another study [339]. And such engagements of integrin-ECM 

interactions (focal adhesions) had been found promote the clustering of integrin 

receptors resulting in phosphorylation of FAK (Focal adhesion kinase) as initiation 

of the signaling pathway to induce subsequent cell proliferation [66, 340-342]. In 

addition, studies of inhibition on FAK further confirmed the activation of FAK 

stimulates the signaling pathway that promote the cell proliferation [343-345]. Thus, 

it confirmed the findings determined in current cell-hydrogel study as cell spread 

morphology and their proliferation rate are closely related. In conclusion, the 

current results suggested the increase of RHC fraction in hydrogel system lead to 

an increasing on the number of available ligands on substrate, as a result, more focal 

adhesion binding sites are formed. And increasing the number of such bindings lead 

to a spread morphology of the fibroblasts with larger projected area on hydrogel 

surface. Consequently, the clustering of those integrins further increased the 

number of activated FAK that contribute as signal pathways to induce the cell 

proliferation.  
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 Chapter 6 Summary 

Gelatin based porous scaffolds 

Highly porous (>90% porosity) GEL-CHI three dimensional scaffolds with 

homogenous pore distribution were cross-linked with GA and PA solution in 

different concentrations. All cross-linked scaffolds showed less swelling capability 

compared to untreated scaffolds. Results from mechanical tests indicated both 

cross-linkers have the ability to reinforce the original scaffold, but PA treated 

scaffold exhibited properties that more closely resembled that of soft tissue due to 

its viscoelastic behaviours and excellent recoverability. What’s more, it was found 

that the mechanical properties of the porous scaffolds can be tuned by adjusting the 

PA concentration. Cytotoxicity tests, as well as cell culturing, indicated PA as a 

natural cross-linker had nontoxicity to 3T3 fibroblasts compared to GA groups 

which showed slight toxicity to cells at the concentrations used. Morphologies of 

the proliferated cells on different scaffolds illustrated the affinity of cells attachment 

to PA treated scaffold was much higher than uncross-linked scaffold. Therefore, the 

PA cross-linked GEL-CHI scaffolds can be potentially used in soft tissue 

engineering. Further study will investigate the cell proliferation and distribution 

within PA cross-linked scaffolds which subjected into dynamic culture condition.
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RHC based porous scaffolds 

  

RHC and RHC-CHI porous scaffolds with high porosity, pore size and 

interconnectivity has been fabricated through the freeze-drying method. To increase 

the scaffolds’ stiffness as well as improve the resistance to degradation, the porous 

scaffolds were chemical cross-linked by various amount of EDC. 

  

The FT-IR spectrums and cross-linking degree revealed that the RHC scaffold was 

fully cross-linked at selected EDC concentration. Iso-peptides were formed by 

introducing chitosan into the RHC-CHI scaffolds, the determined cross-linking 

degree also indicated the selected EDC was sufficient to secure the RHC with both 

chitosan and RHC molecules through covalent bondings and FT-IR results 

suggested the increasing EDC led to the formation of new bonds between amino 

and carboxylic groups which provided by RHC and chitosan molecules. 

 

Swelling ability of the porous scaffolds was found influenced by composition of 

scaffolds and used EDC concentrations. It suggested the decreasing number of 

hydrophilic groups due to cross-linking could reduce the swelling ability.  

 

The degradation rate of RHC scaffolds with different fabricated concentrations 

showed no significant difference. Meanwhile, degradation rate decreased as the 

increasing of EDC content in cross-linking the RHC-CHI scaffolds that proved the 

formation of additional covalent bonds were formed by increasing EDC. And in 
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general, both RHC and RHC-CHI scaffolds were found in good integrities during 

the 28 days degradation process. 

   

The results of mechanical test found out the mechanical properties of the RHC and 

RHC-CHI porous scaffolds can be improved by increasing RHC concentration or 

increasing EDC concentration respectively. What’s more, by varying the chitosan 

to RHC ratio in the scaffolds proved that it is possible to further adjust the 

mechanical properties. Importantly, by comparing the literatures with the results 

obtained in this study, the fabricated RHC and RHC-CHI scaffolds have certain 

mechanical features that were found closed to several biological tissues from human 

body. 

  

The results determined from cytotoxic tests showed that all fabricated RHC and 

RHC-CHI porous scaffolds were biocompatible as no toxicity to the fibroblasts was 

detected, and the results were also comparable to the results determined from PA 

cross-linked GEL-CHI porous scaffolds. The results also evidenced not only the 

materials but also the fabricating methods can be trusted to reproduce reliable 

porous scaffolds that no harmful residues were left in the final products.   

 

All RHC and RHC-CHI porous scaffolds showed great cytocompatibilities during 

in vitro culturing as fibroblasts proliferated within the porous structures. 

Fluorescent images indicated the proliferated fibroblasts firmly attached to the pore 



                                                                            Summary 

 

196 

 

wall structures and homogenous distribution were also achieved within the porous 

structures. The SEM images showed wall structures of all porous scaffolds were 

well covered by the proliferated fibroblasts at their spread morphology at culturing 

day 14. The Alamar Blue assay determined the metabolic activities of the 

fibroblasts in the scaffolds at different time points, and the proliferation of the 

fibroblasts were confirmed by the DNA quantifications in all fabricated porous 

scaffolds. Confirmed the gene expression levels of β-intergin, collagen I and 

collagen III from molecular aspect by qRT-PCR. From the current results, it also 

noticed that the cellular activities were influenced by the stiffness, integrity and 

RHC concentration of the porous scaffolds. Specifically, we had found cellular 

activities increased as increasing RHC fraction, a similar phenomenon had also 

been discovered on RHC based hydrogel scaffolds. 
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RHC based hydrogel scaffolds  

 

A series of soft hydrogels with different RHC to chitosan ratios as well as varied 

blend concentrations have been fabricated in the current study. The appearance of 

all hydrogels was colourless and transparent soft gel like objects where the flattened 

and smooth surface of hydrogel were observed by ESEM.  

  

The time taken for onset of gelation was found influenced by blend concentration, 

RHC fraction and temperature. The increase on gelation time was found related to 

increase the chitosan fraction in solution, while increased the solution concentration 

show a reduction of the onset gelation time. What’s more, the hydrogel forming was 

also found can be manipulated by varying the solution temperatures as onset of 

gelation took much less time when solution incubated at 37oC compared to 

solutions at 24oC and 4oC.  

 

Compression tests discovered that the fabricated hydrogels show different 

mechanical properties, and their stiffness can be tuned by either adjusting the RHC 

fraction or blend concentration. It has been found the mechanical property of RHC-

CHI 80:20 hydrogel was improved by increasing chitosan fraction to 50:50, while 

further increased the chitosan fraction to 20:80 led to a decrease on its stiffness. 

And this phenomenon was suggested as cross-linked RHC-CHI network interfered 

by additional chitosan molecules. Meanwhile, by increasing the blend concentration 

without changing the ratio of composition, it was found that hydrogel 3A had 
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highest stiffness among all fabricated hydrogels and the determined compressive 

modulus was found 2.73 and 8.51-fold of hydrogel 2A and A respectively. 

  

The in vitro degradation rate of the fabricated hydrogels showed that, at early stage 

of the degradation, all hydrogels tended to have similar degradation rates. From day 

14, the degradation rate was found to be stiffness dependent as hydrogel with 

highest chitosan fraction had a significant higher weight loss, and such phenomenon 

indicated an accelerated breakdown occurred in chitosan rich hydrogel compared 

to hydrogel with RHC to chitosan ratio of 80:20 and 50:50. It was then suggested 

the additional chitosan molecules not only brought extra amino groups need for 

cross-linking but also sequestered the cross-linked RHC-RHC and RHC-chitosan 

networks that subsequently weaken the structural integrity of hydrogel.  

 

Cytotoxicity of the hydrogel samples had also been examined using the medium 

extraction cytotoxic test and the results were found comparable to the results 

obtained from porous scaffolds that further proved EDC cross-linked hydrogels had 

nontoxicity to the fibroblasts.   

 

The morphology study of the proliferated fibroblasts suggested that, RHC can 

prompt the spreading of the fibroblasts on hydrogel surfaces as number of spread 

cells was found increased by increasing the RHC fraction in hydrogel blends. 

Importantly, DNA content determined by Hoechst 33258 DNA assay showed that 
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the fibroblasts proliferation activities were largely influenced by RHC fraction 

although all types of RHC hydrogels showed supporting the fibroblasts. These 

findings were in agreement with the results that discovered in porous RHC and 

RHC-CHI scaffolds as RHC fraction influenced the proliferation of the seeded 

fibroblasts. Thus, it is suggested that RHC as biomaterial can supports and prompts 

the adhesion and proliferation of the seeded fibroblasts. 
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Chapter 7 Project conclusions 

 

To avoid the drawbacks and risks that animal derived collagens based biomaterials 

bring to soft tissue engineering applications, the recombinant type III human 

collagen-polypeptide is used as a safe biopolymer in this study. By using freeze-

drying technique, 3-D porous scaffolds had been successfully fabricated which 

were based on gelatin-chitosan, RHC and RHC-CHI, respectively. Soft hydrogel 

scaffolds based on RHC had also been constructed in this study. Various 

characterisations have been carried out on the fabricated porous scaffolds and 

hydrogel scaffolds to test their feasibilities as potential candidates for applications 

in soft tissue engineering.  

 

Results showed that the fabricated porous gelatin-chitosan, RHC and RHC-CHI 

porous scaffolds had high porosity with interconnected porous structures as well as 

acceptable pore size. The stiffness of the porous scaffolds could be tailored by either 

increasing the biopolymer (RHC) or cross-linker (PA and EDC) concentration and 

their biodegradation degrees were found to be cross-linking dependent. Moreover, 

by introducing chitosan into RHC scaffolds, the stiffness were further improved. 

Importantly, the stiffness of the porous scaffolds were also found comparable to 

some of the human native soft or connective tissues. The investigation of the 

cytocompatibility proved the fabricated 3-D porous scaffolds had no toxicity to the 
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seeded fibroblasts and they could prompt cell migration and proliferation. And qRT-

PCR further confirmed the gene expression levels of β-intergin, collagen I and 

collagen III was enhanced from molecular aspect. 

 

Soft RHC based hydrogels show that their stiffness can be varied, either by 

adjusting the blend concentration or changing the RHC fraction. Both mechanical 

test and in vitro biodegradation test illustrate the hydrogels scaffolds have 

acceptable biostability and comparable to some of the soft tissues. All hydrogel 

scaffolds showed good cytocompatibility as the seeded fibroblasts attached and 

proliferated on their surfaces. Meanwhile, results showed that proliferation and cell 

morphologies were highly dependent to the hydrogel compositions as RHC fraction 

influenced the cellular behaviors significantly.       

 

By comparing the stiffness as well as cellular activities on 3-D porous scaffolds and 

hydrogel scaffolds, it found that cellular activities were both stiffness and RHC 

fraction dependent. However RHC fraction dominated the cellular activity response. 

These findings suggested that, the RHC as a bioactive polymer has the ability to 

prompt the adhesion, spreading and proliferation of the seeded fibroblasts through 

focal adhesion activities between RHC molecules and integrin.  

 

This study demonstrated repeatable fabrication methods to produce porous 3-D 

porous scaffolds and soft hydrogel scaffolds, and the fabricated biodegradable 
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scaffolds showed feasibilities to mimic the native soft tissue as they were found 

biocompatible and their mechanical stiffness were comparable to some of the native 

tissues. Thus, the RHC based porous scaffolds as well as hydrogels can be 

suggested as potential candidates for tissue regeneration and wound healing in soft 

tissue engineering.  
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Chapter 8 Future work 

 

In this study, PA cross-linked gelatin based porous scaffolds and EDC cross-linked 

RHC based porous scaffolds as well as RHC based hydrogels show tunable 

mechanical properties close to that of some of the human soft tissues and acceptable 

cytocompatibilities that support seeded cells attachment and proliferation. Given 

the opportunities these materials thus offer, some suggestions for improving the 

current study and future work are given below.   

 

The static cell culturing was used in this study, for better understanding how 

fibroblasts respond to the mechanical stimulations. It would be worthwhile to 

change the in vitro culturing condition from static to dynamic by applying a 

unidirectional perfusion bioreactor system to host the porous scaffolds. A 

unidirectional perfusion bioreactor system could be designed to host the cell seeded 

RHC or RHC-CHI scaffolds and study the cellular behaviors by mechanical 

stimulation and try to find out the optimal fluid speed to support cell attachment 

and proliferation. Finally, it will be meaningful to complete the in vivo implantation 

within animal models where use either optimized cell-free scaffold or cell-seeded 

scaffold. In addition, as it has been proved that the modulus of the fabricated porous 

scaffolds matched to a variety of human soft tissues, thus, different cell lines other 
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than fibroblasts could be chosen to investigate feasibilities of porous scaffolds for 

other potential applications. 

 

Fibroblasts growth on the hydrogel surface was achieved in the current study. Cell 

encapsulation using injectable hydrogels to replace defect soft tissue is one for 

which there is highly demand. Therefore, it would be possible to work on 

developing a cell embedded injectable hydrogel system to further extend its 

applications. In addition, a potential application for the current developed hydrogel 

would be used as a coating material to improve the cell adhesion and proliferation. 

Thus, another approach other than encapsulation should focus on coating technique 

and cellular response on combined substrates. 
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Appendix  

Partial mRNA sequence of the RHC polypeptide (GenBank Access Number: 

EF376007) 

 

gactggttcc aattgacaag cttttgattt taacgacttt taacgacaac ttgagaagat      60 

caaaaaacaa ctaattattc gaaggatcca aacgatgaga tttccttcaa tttttactgc     120 

agttttattc gcagcatcct ccgcattagc tgctccagtc aacactacaa cagaagatga     180 

aacggcacaa attccggctg aagctgtcat cggttactca gatttagaag gggatttcga     240 

tgttgctgtt ttgccatttt ccaacagcac aaataacggg ttattgttta taaatactac     300 

tattgccagc attgctgcta aagaagaagg ggtatctctc gagaaaagag aggctgaagc     360 

ttacgtagaa ttcctcgaga aaagaggtcc acccggtgag ccaggtaacc caggttctcc     420 

aggaaaccaa ggtcaacctg gaaacaaggg ttctcctgga aacccaggtc aacctggtaa     480 

cgagggacaa ccaggtcaac ctggtcaaaa cggtcaacca ggtgagcctg gatctaacgg     540 

tcctcaaggt tcccaaggta acccaggtaa gaacggtcaa ccaggttctc caggttccca     600 

aggttctcct ggaaaccaag gttctccagg tcaaccaggt aacccaggtc aacctggaga     660 

gcaaggtaag ccaggtaacc aaggtccagc cggtgagcca ggtaacccag gttctccagg     720 

aaaccaaggt caacctggaa acaagggttc tcctggaaac ccaggtcaac ctggtaacga     780 

gggacaacca ggtcaacctg gtcaaaacgg tcaaccaggt gagcctggat ctaacggtcc     840 

tcaaggttcc caaggtaacc caggtaagaa cggtcaacca ggttctccag gttcccaagg     900 

ttctcctgga aaccaaggtt ctccaggtca accaggtaac ccaggtcaac ctggagagca     960 

 

 

  

① 

② 
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Partial amino sequence of the RHC polypeptide (Patent Cooperation Treaty: 

PCT/CN2016/102430, 102435 and GenBank Access Number: EF376007) 
    
 
atg aga ttt cct tca att ttt act gca gtt tta ttc gca gca tcc tcc       48 

Met Arg Phe Pro Ser Ile Phe Thr Ala Val Leu Phe Ala Ala Ser Ser 

1                  5                       10                      15 

gca tta gct gct cca gtc aac act aca aca gaa gat gaa acg gca caa       96 

Ala Leu Ala Ala Pro Val Asn Thr Thr Thr Glu Asp Glu Thr Ala Gln 

20                      25                      30 

att ccg gct gaa gct gtc atc ggt tac tca gat tta gaa ggg gat ttc      144 

Ile Pro Ala Glu Ala Val Ile Gly Tyr Ser Asp Leu Glu Gly Asp Phe 

35                      40                     45 

gat gtt gct gtt ttg cca ttt tcc aac agc aca aat aac ggg tta ttg      192 

Asp Val Ala Val Leu Pro Phe Ser Asn Ser Thr Asn Asn Gly Leu Leu 

50                     55                     60 

ttt ata aat act act att gcc agc att gct gct aaa gaa gaa ggg gta      240 

Phe Ile Asn Thr Thr Ile Ala Ser Ile Ala Ala Lys Glu Glu Gly Val 

65                      70                     75                       80 

tct ctc gag aaa aga gag gct gaa gct tac gta gaa ttc ctc gag aaa      288 

Ser Leu Glu Lys Arg Glu Ala Glu Ala Tyr Val Glu Phe Leu Glu Lys 

85                     90                      95 

aga ggt cca ccc ggt gag cca ggt aac cca ggt tct cca gga aac caa      336 

Arg Gly Pro Pro Gly Glu Pro Gly Asn Pro Gly Ser Pro Gly Asn Gln 

100                    105                     110 

ggt caa cct gga aac aag ggt tct cct gga aac cca ggt caa cct ggt      384 

Gly Gln Pro Gly Asn Lys Gly Ser Pro Gly Asn Pro Gly Gln Pro Gly 

115                    120                    125 

aac gag gga caa cca ggt caa cct ggt caa aac ggt caa cca ggt gag      432 

Asn Glu Gly Gln Pro Gly Gln Pro Gly Gln Asn Gly Gln Pro Gly Glu 

130                     135                    140 

cct gga tct aac ggt cct caa ggt tcc caa ggt aac cca ggt aag aac      480 

Pro Gly Ser Asn Gly Pro Gln Gly Ser Gln Gly Asn Pro Gly Lys Asn 

145                    150                     155                    160 

ggt caa cca ggt tct cca ggt tcc caa ggt tct cct gga aac caa ggt      528 

Gly Gln Pro Gly Ser Pro Gly Ser Gln Gly Ser Pro Gly Asn Gln Gly 

165                   170                     175 

tct cca ggt caa cca ggt aac cca ggt caa cct gga gag caa ggt aag      576 

Ser Pro Gly Gln Pro Gly Asn Pro Gly Gln Pro Gly Glu Gln Gly Lys 

180                     185                    190 

cca ggt aac caa ggt cca gcc ggt gag cca ggt aac cca ggt tct cca      624 

Pro Gly Asn Gln Gly Pro Ala Gly Glu Pro Gly Asn Pro Gly Ser Pro 

195                    200                     205 
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