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Abstract 
 

One of the goals of tissue engineering is to be able to develop functional tissue substitutes 

that can one day replace the function of an organ that is damaged or requires replacement. 

The development of macroporous scaffolds that can potentially replicate or mimic the 

functionality and architecture of native extracellular matrix (upon implantation at the site of 

defect) is one of the major focus in the field of tissue engineering. For a large number of tissue 

engineering strategies surgical implantation of the scaffold is necessary, yet it also increases 

the risk of infections. The growing of antimicrobial resistance has necessitated the 

development of new strategies to tackle drug-resistant bacteria. 

The focus of this study was to develop porous hydrogel scaffolds for soft tissue engineering 

and antimicrobial wound healing. This research was first focused on the development of 

macroporous chitosan hydrogel scaffolds utlilising thermally induced phase separation (TIPS).  

Two different types of gelation (freeze neutralisation vs freeze crosslinking) were employed 

for the fabrication of porous chitosan scaffolds. Pore size and porosities are important 

scaffold parameters for neovascularisation, potentially improving the incorporation of the 

implant into the host tissue. Hence, various physical parameters such as temperature, 

chitosan concentration and crosslinking were varied to study their effects on the pore size 

distribution (60-150 µm) and porosity (65-80%) of the chitosan scaffolds. Mechanical 

properties of these scaffolds were tunable (compressive modulus: 1-450 kPa) via change of 

crosslinking and chitosan concentrations. The study was also able to demonstrate scaffold 

mechanical properties which were relatively similar to the that of the soft tissues (2.5-40 kPa). 

Mouse 3T3 fibroblasts (relevant cell line for dermis) were shown to adhere, proliferate and 

penetrate into the scaffolds in vitro. 

A novel combined mechanical gas foaming and TIPS technique was also developed in order 

to better control the pore size and morphology of the scaffolds. To establish the range where 

mechanical foaming results in optimal entrainment of air (hence porous voids) the effects of 

surfactant (polyvinyl alcohol (PVA)) concentration, foaming speed, foaming time and chitosan 

concentration were probed and correlated to the foam generating potential. Upon 
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establishing the physical constraints on mechanical foaming for this system, various 

parameters (PVA concentration, chitosan concentration, mixing speed) that could affect the 

pore size distribution of these chitosan/PVA scaffolds were studied. This combined technique 

yielded scaffolds with a more homogeneous spherical morphology. Although pore sizes were 

generally larger (average pore sizes 120-170 µm) compared to TIPS standalone method, 

however, pore size distributions were wide and highlighted the need for further improvement 

of pore size distribution. Scaffolds fabricated with this technique presented soft mechanics 

(elastic modulus: 2.5-25 kPa), which were similar to those of soft tissues. Experiments with 

mouse 3T3 fibroblasts revealed that these novel scaffolds supported cell proliferation, 

attachment without any observable cytotoxicity.  

Wet chemical synthesis was utilised in order to incorporate selenium (Se) and silver (Ag) 

nanostructures (separately) into the novel foamed TIPS scaffold, to improve its antimicrobial 

properties. The morphology of the Ag and Se nanostructures formed in situ on chitosan/PVA 

scaffolds revealed stark differences which were attributed to the interaction between the 

chitosan backbone and selenite ions via a hydrogen bonding mechanism.  This study also 

demonstrated the fine control of the loading of both the elements and measured its release 

in various culture media (complete DMEM, LB media and deionised water). There were 

significant differences in release of Ag species in all three types of media, indicating the 

possible role of O2, chloride ions and various organic molecules (e.g., glucose, proteins) that 

can affect Ag release. Se release was largely unaffected in DMEM and LB media. Extracts from 

chitosan/PVA scaffolds loaded with various doses of Se (0, 0.06, 0.25, 0.92, 3.67 w/w %) or Ag 

(0, 0.37, 2.33, 8.97, 17.79 w/w %) showed significant toxicity for Ag based scaffolds. However, 

no significant cytotoxicity was observed for Se-chitosan/PVA scaffolds. Antibacterial studies 

carried out on S.aureus, MRSA and E.coli via a Syto9/PI flow cytometric assay revealed 

significant membrane damage in presence of Se scaffolds and no membrane damage for Ag 

scaffolds. Colony forming unit (CFU) counts of all three bacterial species tested revealed that 

CS-Ag caused significant cell death to all bacterial species. However, CS-Se did not lead to 

significant reduction in bacterial cell numbers, which suggested that while CS-Se extracts 

caused membrane damage, it did not lead to cell death at the loadings tested.  

Overall, this thesis focuses on the development of soft scaffolds with tunable pore sizes, 

morphology and porosities utilising TIPS and gas foaming methodologies. The results also 
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indicate these scaffolds have soft mechanics, support mouse 3T3 fibroblast proliferation, 

attachment without cytotoxicity. This point towards the possible application of these 

scaffolds for wound healing. Furthermore, incorporation of Se nanostructures led to 

enhancement of the scaffold’s bacterial cell permeabilisation properties which could be 

useful as an adjuvant to enhance the potency of current antimicrobials against drug resistant 

bacteria.  
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Preface 
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mechanical foaming and thermally induced phase separation to generate chitosan scaffolds 
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Dr. Carolina Tallon and A/Prof. Andrea O’Connor.  
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Figure 2.17: Effect of chitosan concentration on the compressive moduli chitosan scaffolds. 

Scaffolds fabricated with 0.04% GA and -20°C TIPS temperature. n=3, ±s.d. * indicates 

significant difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test 

Figure 2.18: Effect of set freezing temperature on (A) pore sizes & (B) Compressive moduli 

of 3 w/v% chitosan scaffolds crosslinked with 0.04 v/v % GA. (A)n≥100 ± s.d; (B) n=3 ± s.d. * 

indicates significant difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test 

Figure 2.19: (A) Effect of 3 w/v% (0.04% GA crosslinked) chitosan scaffold extract on 3T3 

fibroblast proliferation, t.test: p=0.61; (B) Three day proliferation of 3T3 fibroblasts grown 

on 3 w/v% (0.04% GA crosslinked) chitosan scaffolds. n=4±s.d. * indicates significant 

difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test 

Figure 2.20: Confocal micrographs imaged with 60x objective of (A) 3T3 fibroblasts growing 

on the scaffold surface at day 1, chitosan scaffold (green), 3T3 cytoplasm and nucleus (blue); 

(B) 3T3 fibroblasts growing inside the scaffolds at day 7. Nucleus (blue), cytoplasm (red) and 

chitosan scaffold (blue). Scaffold synthesis conditions 3w/v% chitosan, 0.04% GA and -20°C 

TIPS. 

Chapter 3 
 

Figure 3.1: Schematic diagram of the four loop impeller mixing system used to create the 

foams showing (a) vertical and (B) horizontal cross sections (not to scale). 

Figure 3.2: Schematic representation of the production of chitosan/PVA foamed hydrogel 

scaffolds 

Figure 3.3: Effects of PVA concentration (chitosan concentration (CS): 25 mg/ml, mixing 

speed (MS): 

1500 rpm, foaming time (FT): 5 min) (a); mixing speed (PVA: 20 mg/ml, CS: 25 mg/ml, FT: 5 

min) (B); 

foaming time (PVA: 20 mg/ml, CS: 25 mg/ml, MS: 1500 rpm) (c); and chitosan concentration 

(PVA: 

20 mg/ml, FT: 5 min, MS: 1500 rpm) (d) on the volume fraction of air entrained in the foams. 
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(n = 3, 

data = average ± standard deviation). 

Figure 3.4: Effect of increasing chitosan concentration on the viscosity of the solution. note: 

PVA concentration: 20 mg/ml; temperature: 25 °C 

Figure 3.5: Photographs of vials containing (a) chitosan/PVA solution before and (B) after 

foaming and (c) the resulting solid foamed scaffold (diameter: 25 mm). 

Figure 3.6: Confocal micrographs of cross sections of scaffolds foamed with different 

surfactant 

concentrations (a) 5 mg/ml PVA, (B) 10 mg/ml PVA, (c) 15 mg/ml PVA and (d) 20 mg/ml PVA. 

CS: 25 mg/ml, MS: 1500 rpm and FT: 6 min. note: scale bars 200 μm. 

Figure 3.7: Effect of (a) PVA concentration (MS: 1500 rpm, CS: 25 mg/ml, FT: 6 min), (B) 

mixing speed (CS: 25 mg/ml, PVA: 20 mg/ml, FT: 6 min) and (c) chitosan concentration (PVA: 

20 mg/ml, MS: 1500 rpm, FT: 6 min) on the pore sizes of chitosan/PVA scaffolds. notes: n = 

100 pores, data = average ± standard deviation, measured by the line counting method, 

error bars: ± standard deviation. *indicates statistically significant deviation of means (p < 

0.05, ANOVA). 

Figure 3.8: Effect of chitosan concentration on (a) porosities and (B) swelling ratios of 

chitosan/PVa scaffolds. notes: scaffold synthesis conditions PVA: 20 mg/ml, mixing speed: 

1500 rpm and foaming time: 6 min, respectively. n = 4, data = average ± standard deviation. 

*indicates statistically significant deviation of means (p < 0.05, ANOVA). 

Figure 3.9: Effect of chitosan concentration on compressive moduli of scaffolds. 

notes: scaffold synthesis conditions MS: 1500 rpm, PVA: 20 mg/ml, FT: 6 min, n = 3, data = 

average ± standard deviation ± standard deviation. *indicates statistically significant 

deviation of means (p < 0.05, ANOVA). 

Figure 3.11: (A and B) Confocal micrographs of the surface and (C, D & E) within the centre 

of scaffolds after 3 days of culture with 3T3 fibroblasts.  notes: live cells’ cytoplasms were 

tagged red with celltracker™ deep red dye, nuclei stained blue with DAPI and scaffold walls 

visible by green fluorescence (due to GA mediated auto-fluorescence). (e) shows the 
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rounded morphology of live 3T3 fibroblast cells. scaffold synthesis conditions: CS: 30 mg/ml, 

PVA: 20 mg/ml, MS: 1500 rpm, FT: 6 min. 

Chapter 4 
 

Figure 4.1: Effect of various precursor concentrations of (A) Na2SeO3and (B) AgNO3 

reduced within chitosan/PVA foamed scaffolds. Scale bars: 20 mm. 

Figure 4.2: Scanning electron micrographs of a porous chitosan/PVA scaffold produced by 

the TIPS/foaming method showing (A) morphology of pores on the scaffold surface; (B) 

higher magnification view showing the topography of the scaffold surface; (C) morphology 

of pores from a scaffold cross-section; (D) higher magnification view showing the 

topography of scaffold cross-section. (A) & (C) scale bar: 500 µm; (B) & (D) scale bar: 20 µm. 

Figure 4.3: Scanning electron micrographs of the surface morphology of Se chitosan/PVA 

scaffolds. Initial precursor concentration of Na2SeO3 A, D, G: 50mM; B, E, H: 5mM; C, F, I: 

0.5mM; A, B, C: 500 µm scale bar, D, E, F: 10 µm scale bar, G, H, I: 1 µm scale bar. 

Figure 4.4: Electron micrographs of the cross-section morphology of Se-chitosan/PVA 

scaffolds. Initial precursor concentration of Na2SeO3: 50 mM. Scale bar: (A) 500 µm, (B) 10 

µm and (C) 1 µm. 

Figure 4.5: Schematic representation of our hypothesis for Se nanorod formation: Selenite 

ions align along the chitosan polymer backbone via hydrogen bonding and subsequently 

form Se nanorods via GSH-mediated reduction. 

Figure 4.6: Electron micrographs of the surface morphology of Ag-chitosan/PVA scaffolds. 

Initial precursor AgNO3 concentration A, D: 50 mM; B,E: 5 mM; C,F: 0.5 mM; Scale bars: A, 

B, C: 1 mm; D, E, F: 10 µm 

Figure 4.7: Electron micrographs of the cross-section morphology of Ag-chitosan/PVA 

scaffold. Initial precursor AgNO3 concentration 50 mM. Scale bars: (A) 500 µm; (B) 10 µm. 

Figure 4.8: (A) SEM micrograph of Se-chitosan/PVA scaffold (50 mM), scale bar 2 µm and 

representative EDS spectrum (B); (C) SEM micrograph of Ag chitosan/PVA scaffold (50 mM), 

scale bar 2 µm and representative EDS spectrum (D) 
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Figure 4.9: (A) Se loading in chitosan/PVA scaffolds; (B) Ag loading in chitosan/PVA scaffolds. 

Data=mean ± S.D., n=3 

Figure 4.10: Ag and Se released in various media (DMEM, LB media and deionised water) 

from Ag chitosan/PVA scaffolds (17.8 w/w % Ag) and Se chitosan/PVA scaffolds (3.7 w/w % 

Se) after 24 h incubation at 37°C. Data=mean ± S.D, n=3. * p < 0.05, ANOVA). Student t-test 

was applied between silver extracted in DMEM and LB to resolve statistical difference, p< 

0.05. 

Figure 4.11: Schematic depicting the release of Ag ions in various media from Ag-

chitosan/PVA scaffolds under aerobic conditions: Deionised, LB media and DMEM. Porous 

architecture not shown here for clarity 

Figure 4.12: (A) Effect of Se scaffold extracts on cell viability of 3T3 fibroblasts; (B) Effect of 

Ag scaffold extracts on cell viability of 3T3 fibroblasts. Se and Ag concentrations (w/w%) 

were calculated from data in Fig. 9. Data: mean ± S.D., n=4. * (p < 0.05, ANOVA) 

Figure 4.13: Schematic representation of selective bacterial staining: Syto9 is membrane 

permeant and binds to DNA of live bacterial cells; PI can only enter bacterial cells whose cell 

walls and membrane have been damaged and binds DNA, displacing Syto9. The labelled 

cells pass through a flow cytometer to generate 2D fluorescence intensity plots (Syto9/PI) of 

the labelled cell population. 

Figure 4.14: Live/dead assay results as determined using flow cytometry for (A) 

Staphylococcus aureus; (B) Methicillin-resistant staphylococcus aureus (MRSA) and (C) 

Escherichia coli cultures, treated with various extract treatments: LB: LB media, CS: 

chitosan/PVA control extract, CS-Ag: Ag chitosan/PVA (17.8 w/w % Ag), CS-Se: Se 

chitosan/PVA (3.7 w/w % Se), Kana: Kanamycin (6 mgml-1). Top graphs (A, B and C): Number 

of dead bacterial cells/ml enumerated from Syto9/PI fluorescence intensity plots. Bottom 

graphs: Representative 2D plots showing Syto9/PI fluorescence intensities for the three 

bacterial species with various extract treatments. The relative % of dead cells is indicated at 

the top right corner and the relative % of live cells is indicated at the bottom left corner for 

the 2D intensity plots. Data: mean ± S.D, n=3. * (p < 0.05, ANOVA) 
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Figure 4.15: Colony forming unit counts (CFU/ml) for (A) Staphylococcus aureus; (B) 

Methicillin-resistant staphylococcus aureus (MRSA) and (C) Escherichia coli cultures, treated 

with various extract treatments: LB: LB media, CS: chitosan/PVA control extract, CS-Ag: Ag 

chitosan/PVA (17.8 w/w % Ag), CS-Se: Se chitosan/PVA (3.7 w/w % Se), Kana: Kanamycin (6 

mgml-1). Data: mean ± S.D, n=3. Means that do not share lower case letters are significantly 

different (p < 0.05, ANOVA) 

Figure 4.16: Electron micrograph showing the surface morphology of various species of 

bacteria cultured onto different scaffolds. Chitosan/PVA scaffolds: (A, D, G); Ag scaffolds 

(17.7 w/w %): (B, E, H); Se scaffolds (3.7 w/w %): (C, F, I). S.aureus (A, B, C); MRSA (D, E, F); 

E.coli (G, H, I). Arrows indicate blebbing due to membrane damage. Scale bar: 5 µm. 
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Chapter 1: Literature review and scope of thesis 
 

1.1 Introduction to tissue engineering:   
The advent of modern medicine has helped save the lives of billions of humans on this planet. 

There is no doubt that medical issues that were once considered life threatening a century 

ago are treated as routine(1). Nonetheless, even with all the advances in medical 

technological prowess, organ failure remains one of the biggest challenges in medicine(1).  

Although in some cases, medical intervention can restore the limited function of an organ 

(e.g. dialysis in the case of kidney failure), organ transplantation remains the only viable 

option for the majority of patients suffering from organ failure(2). Current surgical procedures 

are advanced enough to allow routine transplantation of most organs(2). However, organ 

availability for transplantation is rare and thousands die while waiting for a viable donor(2, 

3). The gap between organ transplantation and patients on waiting lists is too large to be 

fulfilled by organ donation (Fig.1.1). Furthermore, lifelong immunosuppression often 

accompanies organ transplantation and can result in other unwanted side effects (e.g. 

tumour formation, infections, immune rejection etc.) (4, 5).  

 

Figure 1.1: The gap between organ transplantation and organ recipients. Data collected from 

U.S. department of health and human services(6) 
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Organ regeneration has been part of the imagination of humans for a very long time. Only in 

the last century-and-a-half with improvements in cell culture techniques and greater 

understanding of cell biology, the idea of growing tissues outside the body started to look 

within reach of human mastery. There have been many pioneers in the field of tissue 

engineering, the most well-known among them are Langer and Vacanti, credited to be among 

the first to promote the field of tissue engineering in their landmark publication (7). From the 

early days, it was clear that tissue engineering would require a multidisciplinary effort to solve 

the most challenging of endeavour that is organ regeneration(2). Perhaps the most infamous 

picture to embody the idea of tissue engineering (to be able to grow organs outside the body) 

and captured the attention of the public was the Vacanti mouse in Fig. 1.2(8). 

 

Figure 1.2: Vacanti mouse showing a life like human ear being grown on the back of a nude 

mouse with the help of a polymeric scaffold. Image reproduced with permission from (8) 

Tissue engineering is the scientific discipline concerned with growing organs or tissues via 

utilising and understanding the regenerative power of autologous/allogeneic cells/stem cells, 

developing scaffolds with fine-tuned architecture mimicking that of the native tissue 

architecture and incorporating various chemical cues such as growth factors(1, 7, 8) (Fig. 1.3) 

that promote cell growth/differentiation and tissue homeostasis. The ultimate goal of this 

field is to be able to grow functional tissues/organs that can repair or regenerate damaged 

organs, bypassing the problems of immune rejection and low organ availability for 

transplantation(1, 9, 10).   
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Figure 1.3: Basic principles of tissue engineering; (1) Autologous cells harvested from patient; 

(2) Cells cultured in vitro to expand cell numbers; (3) Cultured cells seeded into scaffolds to 

along with growth cues to provide support and recreate environment found in extracellular 

matrix; (4) Inoculated scaffold grown in simple in vitro bioreactor that provides nutrients and 

oxygen for cells to mature and convert scaffold into a tissue-like state; (5) The mature scaffold 

is then implanted back into the patient to treat the damaged tissue. Image reproduced with 

permission from (11).   

 

Virtually every organ/tissue in the body has been targeted in tissue engineering with varying 

degree of success(2, 7). The challenge lies in replicating the intricate architecture of a 

tissue(2). Quite often various specialised cells often from different germ layers (ectoderm, 
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mesoderm and endoderm) work in tandem surrounded by a dynamic extracellular matrix 

(ECM) whose composition can change over time and from tissue to tissue(2). Furthermore, 

most cells with high metabolic activity usually require a high level of vascularisation which is 

difficult to direct in large synthetic scaffolds(2). Various growth factors and chemical cues 

secreted by cells or embedded within the ECM work in symphony to direct cellular 

differentiation, proliferation and tissue homeostasis(2). Finally, all these processes are 

affected in the fourth dimension which is time(2). Currently, it is not possible to engineer all 

the natural properties of a tissue into synthetic tissue engineered grafts. Researchers are 

limited to studying model systems where the complexities of the natural tissues are distilled 

down to a few factors which can be studied with comprehension(2). The main focus of my 

research is the development and study of tissue engineering scaffolds applicable for soft 

tissue engineering (mainly skin tissue). Another important component that any implant needs 

to avoid is an infection upon transplantation to the site of injury or dysfunction. With 

dwindling reserves of antibiotics, this issue is currently a huge concern for the medical 

community and a hotbed for intense research(12). The development and incorporation of 

antimicrobial nanoparticles within polymeric scaffolds is the secondary focus of my research.  

1.2 Biocompatibility and the ambiguity surrounding it:  
An integral part of tissue engineering requires the development of materials that are 

biocompatible with the host body. For that matter any medical device or implant that requires 

surgical implantation has to be biocompatible. Biocompatibility is a term that is extensively 

used in literature and in the fields of Tissue Engineering, Biomaterials, Implantable medical 

devices, however, there still exists a great deal of ambiguity regarding what this actually 

means and the mechanisms that are included within the phenomenon that constitutes 

biocompatibility(13). The term biocompatibility was defined by David F. Williams in 1987 as 

“Biocompatibility refers to the ability of a material to perform with an appropriate host 

response in a specific situation”(14). 

Subsequent redefinition of the term (in 2008 by David F. Williams) taking into account more 

recent experiences and knowledge gathered from host material reactions are as follows: 

"Biocompatibility refers to the ability of a biomaterial to perform its desired function with 

respect to a medical therapy, without eliciting any undesirable local or systemic effects in the 

recipient or beneficiary of that therapy, but generating the most appropriate beneficial 
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cellular or tissue response in that specific situation, and optimising the clinically relevant 

performance of that therapy”(13). In the traditional sense and from a physician’s point of 

view, an implant is biocompatible once these four criteria are satisfied: (a) the implant is 

encased within a thin capsule composed of collagen; (b) the capsule is non-adherent towards 

the implant(c) there is very little vasculature or cells present within the capsule and (d) 

microscopic valuation of the implant surface shows presence of macrophages and giant 

multinuclear cells even years after implantation. These observations together are referred to 

as the foreign body reaction (FBR) and is observed in virtually all implants and persists 

indefinitely with low level inflammation(15). While the FBR is similar to wound healing 

response, the major difference is the wound healing response resolves itself over time(16).  

Currently, the measurements that are required to validate biocompatibility falls under two 

categories (a) in vitro: (i) extraction of leachable substance from the biomaterial into an 

appropriate medium and testing it on cells or organisms to observe their reaction 

(cytotoxicity); (ii) direct seeding of material on cells seeded in nutrient medium or semi-solid 

such as agar and assessment of any cell death (cytotoxicity) and (b) in vivo: measurement of 

the host tissue response upon implantation of the material into a test organism (16). Typically, 

if a material tested for leachables do not show any toxic effects towards the test cell line are 

deemed cytocompatible towards the cell line tested. Further in vivo testing of the material at 

an appropriate implant site (e.g. subcutatenous or intramuscular etc.) in a test organism 

(typically mice, rats or rabbits) would reveal the host implant interaction. Typically if the 

implant site is relatively quiescent and the implant is encased within a thin collagen capsule 

(around 100 µm) which is avascular and non-adherent then the implant fits the description 

and has traditionally been termed “biocompatible” from a physician point of view(16). 

Implants that have passed these in vitro and in vivo tests have been useful and have shown 

success in millions of patients. 

Buddy Ratner argues that although true that these implants have served their purpose 

successfully by being entombed within a dead scar tissue. However, the body’s reaction to 

the implanted material is that of innate incompatibility, that is, the implant is being separated 

from the body in tough, dead impermeable capsule(16). A truly biocompatible material he 

argues should not only be implanted successfully but be able to integrate within the host 

tissue with vasculature. For example decellularised small intestinal mucosa which was first 
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utilised for vascular prosthesis in 1989(17), has been implanted to treat a number of defects 

in various tissues including (vascular tissues, bladder, skin, dura mater, ligament, tendon, 

urethra, ureter, rotator cuff, and diaphragm) with successful host integration, vascularisation 

and tissue remodelling(16). The significant difference between this decellularised tissue and 

other encapsulated implants is its ability to promote remodelling into a tissue devoid of 

fibrosis and which is structurally and functionally similar to the host tissue(18). The field of 

tissue engineering wants to exactly replicate the essence of enhancing tissue remodelling and 

vascularisation without the FBR. 

This is not just limited to decellularized tissue but other materials such as poly(2-hydroxyethyl 

methacrylate) with appropriate pore sizes (30-40 µm) and interconnectivity has been able to 

integrate into the implant site, without fibrosis and with significant vascularisation(19). 

However, the same material with no porosity showed the classic FBR(19). While there are 

numerous other factors that drive true host integration of implants, the point is that current 

definitions of biocompatibility do not capture the subtle nuances of host material interactions 

which have become more evident with advent of newer functional tissue materials. Buddy 

Ratner therefore suggested the revision of the definition into two distinct definitions: (a) 

“BIOCOMPATIBILITY: the ability of a material to locally trigger and guide non-fibrotic wound 

healing, reconstruction and tissue integration” (which is what the field of tissue engineering 

want to replicate) and (b) for the majority of implants that are in use today “BIOTOLERABILITY: 

the ability of a material to reside in the body for long periods of time with only low degrees 

of inflammatory reaction” (16).  

There is not necessarily one true definition of biocompatibility. In this thesis only one aspect 

of biocompatibility was assessed (cytotoxicity) which was largely focused on the testing of 

selected scaffold extracts towards a selected cell line in in vitro settings.. However, such tests 

are preliminary in nature and more comprehensive in vivo testing will be required before the 

materials described here were even considered for clinical trials and deemed biocompatible. 

Furthermore, mammalian cell toxicity testing in this thesis was carried out on only one cell 

line. For the materials to progress towards clinical trials, larger number of human derived cell 

lines should be tested to build a more detailed picture of the materials’ cytocompatibility.   
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1.3 Hydrogels as ECM mimic:  
The ECM, as mentioned before, is a highly diverse and dynamic structure that provides cells 

with the necessary foundation to attach, survive, proliferate and differentiate(20). 

Collectively the ECM is a complex structure which is secreted by cells and is composed of 

various polymeric macromolecules which include various fibrous proteins, long chain 

polysaccharides (glycosaminoglycans (GAGS)) and proteoglycans (GAGS connected to 

proteins)(21, 22). Due to the hydrophilic nature of these polymeric macromolecules, a large 

amount of water and ions are usually present within ECM(23). Embedded within the ECM are 

various signalling molecules that provide various chemical cues to cells when required(24). 

Various enzymes such as matrix metalloproteinases are also present in the ECM which helps 

in the homoeostasis of the ECM when triggered(25). Cells attach to the ECM macromolecules 

via transmembrane proteins called integrins(26) that recognise various ligands present on the 

macromolecules and are important for mechanosensing(27) and signal transduction(28). Fig. 

1.4 shows the immense diversity of macromolecules present within ECM. Cells along with 

ECM form the major components of all tissues.  

 

Figure 1.4: Schematic showing the various biomolecules that make up the ECM 

With current understanding and technologies, it is difficult to replicate all the intricate 

complex architecture of the ECM(2). Nevertheless, hydrogels have emerged as an important 

class of materials which can replicate some of the mechanical and chemical properties of 

ECM(29, 30). Hydrogels (like ECM) form a water-swollen network of hydrophilic polymers 

which do not dissolve in its dispersion medium (water) due to “cross-links or physical 
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associations” between the network chains(31, 32). Hydrogels are broadly categorised into 

either physical or chemical gel(30, 31). Physical hydrogels are formed via several mechanisms 

which include 1: ion-polymer complex; 2: electrostatic associations between oppositely 

charged polymers; 3: hydrophobic associations of polymers; 4: polymer chain aggregation; 5: 

hydrogen bonding. Physical hydrogels are generally termed reversible(32, 33). Chemical 

hydrogels can be formed via 1: addition polymerisation; 2: condensation polymerisation and 

3: crosslinking(32, 33). Chemical hydrogels are crosslinked permanently and are therefore 

referred to as irreversible gels(33). Fig. 1.5 summarises the various mechanisms of gelation 

for hydrogels. 
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Figure 1.5: Various mechanisms of gelation for hydrogel formation. Image modified from 

references: (32, 33) 

1.3.1 Synthetic polymers for hydrogels:  
Many synthetic polymers have been utilised for hydrogel fabrication. These generally include 

hydrophilic polymers such as polyethylene glycol (PEG)(34, 35), polyglycolic acid (PGA)(36, 

37), polyethylene oxide (PEO)(38, 39), polycaprolactone (PCL)(40, 41), polyacrylamide 

(PA)(42, 43), polyvinyl alcohol (PVA)(44, 45), polyurethanes (PU)(46, 47) etc.  Hydrophobic 

polymers can also be grafted as blocks or side chains of synthetic hydrophilic polymers to 

control the degree of hydrophilicity and therefore overall swelling of the hydrogel(31). 

Synthetic polymers can be combined with other polymers (synthetic or natural) to enhance 

the properties of the original polymer. Synthetic polymers can be readily tailored during 

synthesis and do not suffer from batch to batch variation(48). Various synthetic polymers are 

biocompatible or bioinert e.g. PEG (which resist protein adsorption)(49, 50). Hydrogels from 
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synthetic polymers can be non-degradable or biodegradable depending on the application of 

the hydrogel(30, 33, 51, 52). Synthetic polymers, in general, have better controllable 

properties in terms of mechanics, degradability(30, 33, 51, 52) however lack the bioactivity of 

natural polymers(53). 

1.3.2 Natural polymers for hydrogels:  
A plethora of polymers (usually hydrophilic) can be utilised for the fabrication of hydrogels. 

They are divided into natural and synthetic polymers. Natural polymers are derived from 

sources that exist in nature e.g. chitosan(54, 55), collagen(56, 57), silk(58, 59), gelatin(60, 61), 

alginate(62, 63), hyaluronic acid(64, 65). Generally natural-origin polymers are biocompatible 

and biodegradable, moreover, they are readily available and inexpensive(30).  Cells can 

recognise ligands on natural polymers and are known to directly interact with them, therefore 

possessing enhanced bioactivity which is difficult to replicate in synthetic polymers(52). The 

hydrophilic nature and presence of various functional groups (hydroxyl, amine, methyl) can 

be utilised to combine various natural as well as synthetic polymers to enhance properties of 

the original standalone polymer (e.g. better mechanical properties, resistance to 

biodegradation, higher bioactivity)(66). Despite the advantages, batch-to-batch variation, 

weak mechanical properties, the risk of disease transmission and immunogenicity remains 

the major disadvantages of natural polymers (51, 67).  

 

1.3.3 Chitosan in focus:  
Naturally derived polymers such as the one used in this thesis, chitosan, are known for their 

biocompatibility, bioactivity and similarity to ECM, properties that are difficult to replicate in 

synthetic polymers utilising current polymer synthesis routes (68). Chitin (precursor to 

chitosan) is a biopolymer extracted from the shells of crustaceans. Shells of crustaceans 

represent a major waste product in the fishery industry. Mining of crustacean shells can lead 

to useful derivatives e.g. chitin and chitosan. Chitin is the second most abundant biopolymer 

after cellulose, therefore products derived from chitin are relatively cheaper than most 

natural and synthetic polymers (69). Chitosan is a semi-synthetic/natural polymer that is 

obtained from the alkali mediated deacetylation of chitin(70). It is one of the few 

polysaccharides that are cationic in nature and contains both amine and hydroxyl functional 
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groups which make it amenable towards further chemical modification (69). Chitosan being a 

cationic polymer has shown remarkable antimicrobial properties towards bacteria and fungi. 

The past two decades has seen a meteoric rise in scientific efforts towards studying and 

deciphering the antimicrobial mode of action and applications of chitosan and its many 

derivatives. Some of the important properties that affect the antimicrobial properties will be 

discussed briefly in this section, however, it is difficult to do justice to this broad topic within 

the bounds of a thesis. The reader is directed to some excellent reviews which discusses this 

in more detail in the following reviews(71-74). There have been a number of mechanisms that 

have been proposed for the antimicrobial action of chitosan, they are as follows: 

1. In slightly acidic conditions, the positive charge of the amine groups on the chitosan 

backbone is thought to interact with the bacterial and fungal cell wall (via 

electrostatics) leading to permealisation of the membranes leading to leakage of the 

intracellular components and cell death(75-82) 

2. Small hydrolysis products of chitosan have been shown to bind to microbial and fungal 

DNA and inhibit protein synthesis(83-86) 

3. Chelation mechanism to sequester essential metal ions have also been suggested to 

inhibit microbial growth(87-90) 

4. Chitosan can form an impermeable thin film on the surface of the microbe leading to 

inhibition of O2 diffusion which can affect aerobic microbes or prevention of uptake 

of nutrients(91-93) 

While there is strong evidence that permealisation is the major mechanism of antimicrobial 

action, in reality, a number of the above mechanisms can work in synergy to bestow chitosan 

with its antimicrobial properties. Various intrinsic and extrinsic factors affect the antimicrobial 

properties including pH, molecular weight, degree of deacetylation (DDA), derivatisation of 

chitosan, hydrophobic/hydrophilic balance, ionic strength of the test medium, type of micro-

organism, source of chitosan etc(71-74). 

For example, it is generally accepted fact that pH <6 increases the solubility of chitosan. This 

in turn increases the number of charged amine groups on chitosan leading to better inhibitory 

effect of chitosan(94). In one study Fernendaz-Saiz etal studied the effect of pH on chitosan 
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towards Staphylococcus aureus a common disease-causing microbe(95). The study showed 

that S.aureus counts were much lower in presence of chitosan at pH 6.2 compared to chitosan 

at pH 7.4(95). Similar observations have also been made for fungi. Develieghere et al. showed 

that chitosan was much more effective at inhibiting Candida lambica at pH 4 than at pH 6(91). 

Molecular weight of chitosan has also been suggested to play a part in imparting its 

antimicrobial actions. Various researchers have shown that high molecular weight chitosan 

was more effective towards microbes(96, 97). Whereas others have shown that lower 

molecular weight was more effective(98). Some researchers have shown that medium 

molecular weight chitosan was more effective(99).Yet some have also suggested that there 

was no difference between antimicrobial efficacy of chitosan with respect to molecular 

weight(100). The effect of molecular weight is still open to debate and could possibly be 

settled if test methods, DDA, pH and other confounding factors are standardised and kept 

constant for reasonable comparisons. Also various other molecular forces come into play with 

large molecular weight chitosan (hydrogen bonding) which can potentially alter the way it 

interacts with itself which could potentially alter its conformation and affect its interaction 

with microbial cell wall(71). 

DDA is another important property of chitosan polymers that affects its overall charge and 

therefore its antimicrobial effect. Generally higher DDA chitosan leads to better solubility in 

dilute pH with large number of charged amine groups. An increase in DDA from 0.89 to 0.92 

showed favourable improvement in inhibiting S.aureus(101). Functional amine and hydroxyl 

groups on chitosan has been exploited by polymer scientists and various derivatives of 

chitosan have been tested for their enhanced antimicrobial activities, further details are 

explored in the following reviews(71-74).  Numerous other factors affect the antimicrobial 

properties of chitosan and are explained in more detail in the reviews suggested(71-74). 

Although, vast majority of the antimicrobial effects were measured in solution phase, solid 

substrates like hydrogels have altered physical properties (due to crosslinking, entanglement, 

hydrogen bonding) compared to chitosan in solution phase. Current microbiological 

assessment techniques are suited for testing molecules in solution phase. In the author’s 

opinion, there lies a gap where techniques need to be developed to measure antimicrobial 

activities of solid chitosan hydrogels in its native state. Furthermore, as mentioned previously 

lack of standardisation between techniques, solution concentration, DDA, molecular weight, 
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pH, ionic concentration etc. makes it difficult to draw conclusions and should be addressed in 

the future for more meaningful comparisons between studies. 

Chitosan is also known to possesses properties that promote wound healing(102). Chitosan 

thus far has been used for a number of tissue engineering applications including skin(103-

105), cartilage(106, 107), bone(108, 109), adipose tissue(110, 111) and neural tissue 

engineering(112, 113).  

Chitosan-based HemCom bandages have been approved by U.S Food and Drug Administration 

(FDA) as haemostatic dressing(114) and have been used for stopping bleeding in combat 

wounds. Other than HemCom bandages there is a general lack of FDA approved chitosan-

based medical products. This is most likely due to batch to batch variations from harvesting 

shells from different crustacean species(115). Currently, there are no standardised processing 

methodologies for harvesting chitin and chitosan(115), therefore variations in processing 

parameters and crustacean source could potentially lead residual proteins (e.g. tropomyosin) 

which may possess allergenic risk (116). However, concentrated acid pyrolysis is used to 

process crustacean shells into chitin and such harsh treatment is expected to remove all 

possible allergenic shellfish proteins(116, 117). Clinical trials such as the one conducted by 

Waibel et al. exploring the allergy-inducing properties of chitosan will be required (but on a 

larger scale) to address concerns about possible shellfish allergies for chitosan (117). 

Due to the diverse gelation mechanisms, a vast number of synthetic and natural polymers to 

choose from, and various routes to fabricate hydrogels, it is possible to engineer hydrogels 

with wide range of tailorable properties which include mechanical strength, biodegradability, 

chemical or biological response to stimuli (e.g. pH, temperature, sound, pressure, molecular 

species, enzymes etc.). Due to the tunability of hydrogels, it has been used for a large range 

of tissue engineering endeavours which include neural tissue(112, 118), cardiac tissue(119, 

120), skin tissue(121, 122), wound healing(123, 124), corneal tissue(125, 126), cartilage 

tissue(127, 128), liver tissue(129, 130), bone tissue(131, 132), stem cell culture(133, 134) etc. 

Hydrogels can be fabricated into various physical forms including (a) non-porous solid 

moulded forms (e.g. soft contact lens)(135, 136), (b) capsular hydrogel (drug delivery)(137, 

138), (c) macroporous hydrogels (cell culture, tissue engineering)(139, 140), (d) microparticles 

(e.g. hydrocolloid dressings for wound healing or drug delivery)(141, 142), (e) coatings (e.g. 

implant coatings)(143, 144), and (f) liquids (e.g. injectable liquids which gels upon certain 
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physical or chemical stimuli)(145-147). The fabrication techniques of macroporous hydrogels 

will be discussed in more detail in the following section.  

1.4 Macroporous hydrogels:  
One of the biggest challenges in tissue engineering is the inability of current scaffolds to be 

intricately vascularised (just like native tissue) which imposes severe mass transfer 

limitations(148, 149). This, in turn, limits the size and thickness of scaffolds both in in vitro 

and in vivo settings(148). Diffusion limitations of oxygen, nutrients and metabolic waste 

transport have led to the evolution of tissues and organs where cells are within 100-200 µm 

of a capillary(148). This limitation means that a synthetic scaffold devoid of the vasculature 

and adequate nutrient transport would severely limit cellular metabolic activity and 

ultimately lead to cell death(148). Currently, macroporous hydrogels has shown promise in 

providing cells with an engineered 3D environment similar to native ECM. Furthermore, the 

porous nature of the hydrogels allow cell infiltration, nutrient transport as wells as provides 

a pre-fabricated network beneficial for neovascularisation in the presence of the necessary 

growth factors and chemical stimulus for vascularisation(149). In the following sections, 

various strategies employed for the production of macroporous hydrogels are discussed.   

 

1.4.0 Porous hydrogel fabrication techniques:  
A number of different fabrication techniques have been adopted for porous hydrogel 

fabrication. These include porogen leaching, emulsion templating, thermally induced phase 

separation (TIPS), gas foaming, electrospinning and rapid prototyping(2). Each technique has 

its inherent strength and weakness and will be discussed briefly in the following section. 

1.4.1 Porogen leaching: This technique utilises various porogens such as salt(150), 

sugar(151), silica(152), ice particles(153) etc. to introduce physical barriers within a polymer 

solution. Interconnections are formed where the porogens are in close proximity to one 

another. Once the polymer solution is cured, the porogens are then leached in a porogen 

leaching solvent (which does not dissolve the polymer), this results in a highly macroporous 

hydrogel scaffold (Fig. 1.6). The main advantage of this technique is that the pore size, 

morphology and porosity can be easily manipulated by changing the physical parameters of 

the porogen, however, the leaching process is time-consuming and often leads to incomplete 
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leaching which can be detrimental for cells(154, 155). Although some authors have shown 

that interconnected pores can be achieved with a higher porogen weight content(156), in 

general, porogen leaching method leads to poor interconnectivity, lack of reproducibility in 

terms of pore alignment and morphology and presence of residual organic solvents(154, 155). 

 

 

Figure 1.6: Schematic diagram showing the general steps in porogen leaching method 

1.4.2 Emulsion templating: This fabrication technique utilises the concept of phase 

separation of two or more immiscible liquids (e.g. water and oil) rather than incorporation of 

particulate porogens(155). In general, two immiscible phases (organic hydrophobic phase and 

inorganic hydrophilic phase) are mixed together to form tiny emulsion droplets. These 

droplets can be stabilised and its size controlled via changing various physical parameters 

including surfactants, nanoparticles, microparticles and the viscosity of the fluids (157, 158). 

Using sol-gel chemistry or free radical polymerisation, the structure of the continuous phase 

can be fixed(159). Following removal of the internal phase a highly porous hydrogel structure 

can be achieved(157) (Fig. 1.7). A large variety of porous scaffolds can be generated with high 

interconnectivity and good control of pore sizes(157). However, this technique is solvent 

intensive (especially for high internal phase emulsion (HIPE) templating) and failure to remove 

all the organic phase can result in cytotoxicity in biological applications (160, 161). Although 

the introduction of supercritical CO2 as the internal phase can circumvent the issues of high 

organic content in the internal phase, however, it limits the pore size of the scaffolds (< 50 
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µm). The use of non-degradable surfactants such as perfluoropolyether (PFPE) remains a 

concern (162). 

 

Figure 1.7: Schematic diagram of oil in water (O/W) emulsion templating 

1.4.3 Thermally induced phase separation (TIPS): From the perspective of safety, 

practicality and possible future approval from FDA, it is imperative to fabricate porous 

hydrogels in an easy, cheap and safe manner without the drawbacks of residual particulates 

or organic residue which could be cytotoxic towards cells.. TIPS have been routinely used for 

fabrication of porous hydrogels due to ease of use and tunability of the fabrication process 

which can yield scaffolds with a wide range of pore sizes, interconnectivity and porosity(163, 

164). The basic principle of this process utilises thermodynamics to drive the separation of 

solvent from solute(155). As a polymer solution is cooled below the solvent’s freezing point, 

the solvent begins to crystallise(155). This thermodynamically reduces the solubility of the 

polymer within the crystallising solvent(155). Hence the polymer phase separates into a 

polymer rich phase leaving behind solvent crystals that are devoid of any polymer(155). The 

polymer phase separates to the edge of the solvent crystals and this process is termed cryo-

concentration(165). Once the polymer and solvent have phase separated, the solvent crystals 

can either be removed via freeze drying(166) or the polymers can be cryogenically crosslinked 

resulting in gelation (cryogelation)(167). The phase separated solvent can be melted away via 
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elevation of the temperature beyond the solvent’s freezing point. The removal of the solvent 

crystal leaves behind a highly porous and interconnected structure(168) (Fig 1.8). Unlike 

porogen leaching and emulsion templating, this process is not affected by residual solvent. 

By manipulating the cooling rate, set cooling temperature, mould geometry and polymer 

concentration, one can generate a large range of scaffolds with various pore 

morphology(169). However,. with larger 3D scaffolds, pore heterogeneity is an issue as pores 

within the centre of the scaffolds are larger compared to the pores at the scaffold-mould 

boundary. This phenomenon is driven by the difference in thermal gradient between the cold 

front (originating at the scaffold mould boundary) and the centre of the scaffold(169).  

 

Figure 1.8: Schematic diagram of thermally induced phase separation (TIPS). 

1.4.4 Gas foaming: In this technique, the nucleation and growth of gas bubbles are utilised 

as porogens, within a polymer solution, for the fabrication of porous hydrogel scaffolds(170, 

171). Various mechanisms can be employed for the formation of gas within a polymer solution 

including use of high pressure (CO2, N2 or Ar) gas(172-175), reaction leading to formation of 

gas (e.g. reaction of sodium bicarbonate with an acidic polymer solution)(176, 177), 

mechanical whipping of gas phase within the polymer phase(178), use of supercritical fluid 

(CO2)(179). Similar to emulsification templating, the gas bubbles can be stabilised via a 

number of methods including surfactants, nanoparticles or microparticles and viscosity of the 

polymer solution(178). By controlling physical parameters such as mechanical whipping, 

polymer concentration (viscosity), surfactant concentration and time for bubble growth, it is 

possible to control the size of the pores, interconnectivity and porosity of the hydrogel 

scaffolds formed via this method(178). This is a relatively easy and cheap technique to use for 
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porous hydrogel fabrication and does not suffer from the problems encountered in 

particulate leaching and removal of organic solvents in emulsification techniques(180). 

However, since this is a technique based on nucleation and growth of gas bubbles which is a 

thermodynamically unstable process(178), it can be difficult to produce reproducible pore 

sizes. Furthermore, due to the nature of gas bubbles, interconnectivity may be limited(181, 

182). 

1.4.5 Electrospinning: This technique, developed from textile fibre processing 

methodologies, utilises a very simple technique for the formation of nanofibrous hydrogel 

scaffolds. The basic principle involves the dissolution of a polymer in a volatile solvent, which 

is loaded into a syringe and extruded at a constant flow rate through a narrow syringe 

needle(183, 184). A voltage current is applied to the needle tip to build up charge which is 

manipulated to overcome the polymer surface tension(183, 184). Once the voltage is larger 

than the polymer surface tension, a steady, narrow jet of the polymer solution is formed 

which is collected on either a flat, grounded plate or a rotating, grounded mandrel (Fig. 

1.9)(183). By the time the polymer jet reaches the collecting plate, the solvent is ideally 

evaporated, leaving behind extremely narrow (in the nanometer range) fibrous mesh(183, 

185). By manipulating voltage, polymer concentration, solvent concentration and the 

distance between collecting plate and the needle, it is possible to change the thickness of the 

polymer fibres collected(184-186). The advantage of using this method is that fibrous polymer 

meshes which are reminiscent of narrow fibrillar biomolecules in the ECM can be fabricated 

with high surface to volume ratio(187, 188). However, pore sizes are limited for such 

hydrogels (<1 µm) which  could potentiallylimit vascularisation, furthermore, the requirement 

of volatile organic solvents can potentially introduce solvents in the scaffold that is 

detrimental for biocompatibility of the scaffolds(183, 184).  

 

Figure 1.9: Schematic diagram showing the basic set up of electrospinning apparatus. Image 

modified from (183) 
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1.4.6 Rapid prototyping (RP): Porous hydrogels can also be fabricated via various rapid 

prototyping technologies including 3D printing(189), robocasting(190), 

stereolithography(191). The basic principle of rapid prototyping technologies involves the 

virtual design of hydrogel architecture via a computer-assisted design (CAD) software. This is 

then uploaded into the RP system which builds up the scaffold in a layer by layer manner and 

gelled using one of the routes as discussed before (Fig 1.5)(192). Hydrogels with high 

interconnectivity and high control of pore sizes can be achieved using these techniques(192). 

A schematic representation of RP technology is shown in Fig. 1.10. Current drawbacks depend 

upon the individual RP system used. In general, each RP system has its defined pore size 

resolution and limited choice of polymers(192). Recently, costs of these technologies have 

rapidly declined and with improvements in imaging technologies (computed tomography, 

magnetic resonance imaging)(193), computational power and more sophisticated algorithms, 

RP technologies are set to be one of the key technologies for scaffold fabrication and possibly 

tissue/organ reconstruction(194). 

 

Figure 1.10: Schematic showing controlled pore formation of a hydrogel using 

stereolithography and laser based curing of the polymer. Image reproduced from (192). 

1.5 Tissue engineering in focus: Skin tissue engineering: 
The primary motivation for this study was to develop materials with tuneable properties 

that can be beneficial for the treatment of skin defects (full-thickness wounds and chronic 

wounds with infection) in the future. In the following sections the current challenges with 

skin wounds, the skin anatomy, how skin heals, problems with skin infection, resistance, 

alternative ways to tackle antibiotic resistance and current available skin tissue engineering 

strategies will be discussed. 
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1.5.1 Cost of skin wounds: Skin is the largest and one of the most important organs in 

our body (Fig. 1.11). It protects all the major organs of our body and is important in providing 

immunity, water balance, thermoregulation, sensation and maintaining homoeostasis. Major 

injury to the skin can arise due to a variety of reasons including surgery, abrasion, burns, 

diabetic ulcers and pressure ulcers(195). The global burden of chronic wounds exceeds 20 

million individuals worldwide(196). The resultant cost of treating chronic wounds was 

estimated to be greater than 31 billion USD worldwide(197). However, these numbers do not 

take into account the indirect costs of treating chronic wounds in terms of decreased quality 

of life, the burden on caregivers, decreased productivity and loss of income.  

An estimated 400,000 Australians receive medical care for chronic wounds with an estimated 

cost of 3 billion AUD to the taxpayers annually (around 3.9 billion AUD accounting for inflation 

2015)(198, 199). Chronic wounds can result from a large range of medical conditions including 

diabetes, immunocompromised, pressure ulcers, surgical procedures, venous ulcers and 

infection(196). A large number of comorbidities can render healing of chronic wounds a major 

medical burden. This problem is further exacerbated by the presence of biofilms. Up to 70% 

of all chronic wounds are colonised by biofilms(200). Biofilms are also thought to play a major 

role in 80% of all human infections and in 65% of all health-care related infections(201). Other 

than chronic wounds, it is estimated that more than 11 million people require hospitalisation 

from burn injuries worldwide (202). Burn injuries are one of the most complex acute injuries 

to treat. Infection remains one of the major causes of death amongst patients who suffer 

severe burn injuries(203, 204). It is difficult to estimate the cost of burn injuries as the injury 

can vary from patient to patient. The consensus is that burn care is expensive with an average 

treatment cost of 71,056 AUD per adult in Australia (2012)(205). Most burn patients have 

severe scarring and reduced functionality with immense psychological stresses which are 

difficult to quantify in terms of currency.  
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Figure 1.11: Structure of skin. The epidermis, dermis and hypodermis (subcutaneous layer). 

The epidermis contains no vasculature and has a highly keratinised, cornified outer layer 

(impermeable to water and pathogens and prevents fluid loss and water loss) formed from 

keratinocytes. Cells in the epidermis rely on diffusion from the underlying dermis for nutrition 

and survival. The dermal layer is highly vascularised and contains various receptors such 

touch, pain, and thermal.  It is mainly composed of collagen type I which is deposited by 

fibroblasts. The underlying hypodermis provides support to the dermal and epidermal layers 

and the fat tissue provides insulation. Image reproduced with permission from (206).  

1.5.2 Skin wound healing: Wound healing is a complicated process involving many 

cells, growth factors, cytokines and the extracellular matrix. The main stages of wound 

healing involve hemostasis, inflammation, proliferation/re-epithelialisation and remodelling 

of the matrix(207).  The wound healing process has significant overlap between each phase. 

A simplistic diagrammatic description of wound healing is shown in Figure 1.12(208). 
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Hemostasis 

As the wall of the endothelium (blood vessel wall) is broken collagen is exposed from the 

underlying basement membrane of the endothelial cells(207). Platelets stick to this collagen 

and are activated to secrete more cytokines and growth factors to attract more platelets to 

the wound site(207). Platelets aggregate and form a fibrin clot to stop bleeding(207). The 

endothelial cells within the clot start secreting prostaglandins and leukotrienes which cause 

vasodilation of the blood vessels and increased permeability of the blood vessel walls(207). 

This, in turn, enhances inflammatory cell (leukocyte) infiltration within the wound site(207). 

Inflammation 

Neutrophils are attracted to the wound site via various growth factors and cytokines such as 

(interleukin (IL)-1, tumour necrosis factor (TNF)-α, tissue growth factor (TGF)-β, platelet factor 

(PF)-4) secreted by the platelets and the endothelial cells(207). Neutrophils themselves 

produce a variety of chemo-attractants to attract more neutrophils and macrophages to the 

site of the wound(207). The inflammatory cells play a role in clearing bacteria and other 

foreign debris within the wound bed(207). The main mechanism used by neutrophils is the 

release of reactive oxygen species (ROS) to kill bacteria. ROS oxidises various proteins, 

phospholipids and DNA, therefore, killing pathogens (207). Inflammatory cells are also 

involved in recruiting fibroblasts and keratinocytes to the wound site(207). 

Proliferative phase 

The most important cells in the proliferative phase are the recruitment of fibroblasts and 

keratinocytes(207). Fibroblasts are involved in depositing collagen to form a provisional 

matrix composed of collagen, fibronectin(207). They also stimulate keratinocytes to migrate 

and proliferate to form a new epithelial layer(207). Keratinocytes are also involved in the 

production of vascular endothelial growth factor (VEGF) which stimulates the production of 

capillaries (angiogenesis)(207). Fibroblasts also switch phenotype to myofibroblasts and are 

also involved in the closure of the wound by contraction of the provisional matrix(207). 

Remodelling  

Remodelling is mainly driven by transforming growth factor-β(207). It up-regulates tissue 

inhibitor of metalloproteinase (TIMP) therefore inhibiting matrix metalloproteinase (MMP) 
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(enzymes involved in degradation of ECM)(207).  IL-6 and TNF-α are also up-regulated in the 

presence of TGF-β from fibroblasts which enhances TIMP production(207). In the remodelling 

phase type III collagen, fibronectin and various proteoglycans are replaced by type I collagen 

by fibroblasts(207).  

 

Figure 1.12: Schematic showing the four stages of wound healing. Image reproduced with 
permission from (208) 

1.5.3: Bacteria present in chronic and acute wounds: 
As discussed earlier, infections are a problem in chronic wounds, burns and any surgery that 

involves incision of the skin. A study by James et al looked at the various bacterial species 

present in chronic and acute wounds.  Tissues were harvested from 77 chronic wound 

patients and 16 acute wound patients and have reported on the type of bacteria via various 

microbiological culture techniques, polymerase chain reaction, denaturing gel 

electrophoresis and cloning techniques(209). Table 1 shows the types of bacteria that are 
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present in both chronic and acute wounds. The bacterial species identified are usually part 

of the normal skin flora(210) and become a major problem when the patients have 

sustained cuts or developed breaks on the skin (209).  

Table 1.1: Various bacterial species isolated from wound samples from 93 patients 

identified via microscopy. Table reproduced with permission from (209) 

 

1.5.4 Emergence of antimicrobial resistance, biofilms and impaired wound 
healing: 
It is widely recognised that bacteria are becoming more resistant to all known classes of 

antibiotics (Fig. 1.13). The indiscriminate use of antibiotics since their discovery is the 

leading cause of bacterial resistance(211). With no new class of antibiotics being discovered 

since the early 1970 alternative strategies to combat bacterial infections are essential. Along 

with the emergence of resistance, bacterial biofilms have garnered much interest for the 

last two decades as a causative factor in the emergence of bacterial resistance. In nature, 

most bacteria reside in a protective exopolysaccharide matrix called biofilms (Fig. 1.14). 

Biofilms usually have multiple species of bacteria growing. Harvesting and culturing biofilm 

is not straightforward. Some authors have suggested that even with the best Levine 

techniques (tissue harvesting techniques) and microbiological techniques it is difficult to 

culture the bacteria present within the biofilms(196). Most likely, planktonic bacteria that 

have detached from the biofilm or that are present on the surface of the biofilms are overly 
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represented in the microbiological cultures(196). It is also difficult to culture anaerobic 

bacteria that are present within the biofilms using standard clinical culture techniques. 

Figure 1.13: Emergence of resistance to antibiotics. Image reproduced with permission from 

(211). 

A brief description of the three major mechanisms by which biofilms can provide protection 

to bacteria and increase antibiotic resistance are as follows: 

1. The biofilm provides a significant barrier for antibiotics to diffuse through the inner 

layers and reach the underlying bacteria (212). The antibiotics bind to the various 

proteins of the biofilm and become inactivated (212). Also, the slow diffusion of the 

antibiotics allows the resident bacteria to develop resistance and secrete antibiotic-

degrading enzymes(213). 

2. It has been suggested that within the inner layers of the biofilm, oxygen depletion 

causes the bacteria to enter a state of anaerobic respiration which produces various 

metabolic waste products. This lowers the pH of the local microenvironment, 

therefore, inactivating any antibiotic which has penetrated to this level (212). 

3. Probably the most significant change is the change of the bacterial phenotype to a 

quiescent state where further cell division is halted. Most antibiotics are designed to 

act against bacteria when they are at their most active state that is during active cell 

division. Morphing into such a quiescent state means that various porins (channels) 

that are required for nutrient uptake during active cell division are no longer required 
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therefore halting uptake of antibiotics (212). Figure 1.15 also shows a schematic 

representation of how biofilms can give rise to antibiotic resistance in bacteria.  

 

 

 

 

 

 

 

 

 

Figure 1.14: A simplified schematic of a biofilm. Flocs of bacteria can interact with the 

surface via various attachment proteins and filamentous polysaccharide appendages (e.g. 

flagella, pilli, capsular polysaccharides) which depend on the type of bacteria. In the centre, 

the microbial cells are attached to each other via a polymeric gel-like matrix made of various 

polysaccharides and proteins along with various cations which increase ionic attractive 

forces between polymers and proteins. Water channels within the biofilm provide a means 

for nutrient, waste transport and cell to cell communication. Various extracellular DNA is 

secreted and plays a major role in early biofilm synthesis. Towards the edge of the biofilms, 

various enzymes can degrade exopolysaccharides to release the microbes within. Image 

reproduced from (214). 

Bacteria, especially in biofilms and in infected wounds, hamper wound healing by eliciting a 

large inflammatory response from neutrophils and macrophages whereby excessive 
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amounts of ROS and other proteases are secreted (209, 215, 216). Since the inflammatory 

cells cannot clear the infection due to the biofilm, inflammatory cytokines, proteases and 

ROS are constantly produced which causes damage to the neighbouring cells and 

tissues(209, 216). These halt keratinocytes from proliferating and closing the wound(209, 

216). Furthermore, toxic metabolites and endotoxins produced by the bacteria within the 

biofilm reduce fibroblast proliferation and therefore wound contraction(209, 216). 

Production of matrix metalloproteinases (MMPs) is also enhanced which leads to 

degradation of the underlying dermis(209, 216). 

 

 

Figure 1.15: Impaired wound healing caused by the presence of bacterial biofilm. Image 

reproduced from (217) 

1.5.5 Skin tissue substitutes and dressings: 
Wound care has existed since the dawn of mankind. Probably the earliest recorded history 

of using scaffolds for wound care was found from Ebers Papyrus written approximately 1550 

B.C. (218, 219). The ancient Egyptians used honey, lint and grease to open wounds to stop 

infection and treat wounds(218, 219). Various herbs and plants have been recorded in 

traditional Chinese medicine and Ayurvedic scriptures stretching back to 500-1000 B.C. 

(220). Ancient Sanskrit scriptures from 1000 B.C. have documented probably the first 
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instances of autologous skin grafting, whereby skin grafts from the gluteal region were used 

to reconstruct amputated nose resulting from judicial punishment(221). Only in the mid 19th 

century, skin grafting as a technique for replacing lost skin was further improved by 

pioneers like Riverdin (Riverdin’s pinch graft techniques 1869)(221), Ollier and Thiercsh 

(split-thickness graft technique, 1872 and 1886)(222, 223) and finally Wolfe and Krause (full 

thickness graft technique, 1875 and 1893)(224).  

In 1891, Johnson and Johnson was the first company that mass produced sterile gauze for 

wounds(218) after the founder, Robert Wood Johnson was inspired by a talk by Dr. Joseph 

Lister with regards to treating dressings with antiseptics(218). Improvements in wound 

debridement techniques, use of antiseptics and antibiotics, usage of surgical gowns and 

sterile gowns have all resulted in improvement in wound care(218). Skin grafting has still 

remained one of the gold standards for treating large skin defects. Low availability of donor 

skin, donor site morbidity and infections remain the major drawbacks of this technique. 

Since the introduction of cultured epithelial autografts (Epicel®) in 1975(225) by Rheinwald 

and Green and followed by composite freeze dried collagen and chondroitin sulphate 

scaffold (Integra™) by Yannas and Burke(226, 227) for the treatment of dermis defects, 

there have been an explosion of various skin tissue engineering substitutes. In table 1.2 

some of the different types of skin tissue substitutes have been described along with their 

inherent advantages and disadvantage. There are also an immense number of different 

wound healing dressings available in the market (more than 3000). In table 1.3 some of the 

different types of dressings have been addressed along with their uses, advantages and 

disadvantages. This gives an overview of the current state of skin tissue engineering and the 

areas where improvement can be made.   
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Table 1.2: Showing the various surgical techniques and selected skin tissue-engineered substitutes. Table modified from (262) 

  

Anatomic location of skin/ 
type of skin substitute 

Surgical technique/skin 
substitute 

Description of skin substitute 
structure 

Advantages Disadvantages References 

Epidermal substitutes Cultured epithelial autograft 
(CEA) 

Harvest of small skin biopsy 
and in vitro expansion of 
autologous keratinocytes 

In vitro expansion of large 
burn wound area possible 

Expansion can take 2-4 
weeks (depending on burn 
area), fragile difficult to 
handle during implantation, 
infection, uptake at implant 
site poor when dermis is 
damaged, costly to 
manufacture 
 

(225, 228-232) 

 CUONO’s method using CEA 
with split thickness allograft 

Cadaveric allograft combined 
with CEA 

Improve uptake of CEA at 
wound site 

Immunogenic response from 
cadaver, availability of 
cadaver allograft not 
guaranteed, dermabrasion 
of allograft required prior to 
CEA grafting, two stage 
grafting process, requires 
precise coordination of 
grafting time 
 

(233-235) 

 CEA with meshed split 
thickness  

Dermatome assisted harvest of 
donor skin (autograft) and 
meshed to increase surface 
area 

1:4 expansion of split 
thickness skin possible, no 
problems with 
immunogenicity and 
rejection. Delay in re-
epithelialisation.  
 

Expansion beyond 1:4 
results in poor cosmetic and 
functional outcomes. Split 
thickness harvest not always 
possible. 

(236-239) 

 CEA with microskin 
autograft (Meek technique) 

Small bits of skin biopsied and 
expanded  

Expansion of 1:9 or 1:15 
possible for harvested skin. 
Good uptake and re-
epithelialisation 

Labour intensive and time-
consuming procedure. 
Scarring is an issue. 

(237, 238, 240-242) 

Dermal substitutes Integra™ Crosslinked collagen with shark 
chondroitin sulphate matrix 
with a silicone membrane to 
prevent infection 

 Two stage process to 
remove silicone membrane 
and re-epithelialise with CEA 
or MEEK.  

(226, 227, 243-246) 

 Integra™ with CEA  Good cosmetic and 
functional outcomes. Off-the-
shelf availability. 

Expensive and poor 
adhesion. Hematomas, 
serotomas and infection 

(206, 230, 247) 

 Integra™ with Meek 
technique 

  can cause implant failure (248, 249) 

Artificial biological 
matrices 

MatriDerm® Lyophilised non-crosslinked 
dermis derived from bovine 
collagen matrix and coated 
with elastin  

Flexible, advertised as a one-
step procedure. Promotes 
vascularisation. 

Lack of clinical data verifying 
one-step procedure 

(250-252) 

 Composite MatriDerm® MatriDerm template seeded 
with autologous keratinocytes 
and fibroblasts 

Full wound closure possible  (253-255) 

 Biobrane® Contains woven nylon mesh 
impregnated with porcine 
collagen and silicone 
membrane acts as barrier to 
water loss and infection 

Advertised as one-step 
procedure and useful for 
partial thickness burns 

Incompatible with 
contaminated wound-bed 

(256-258) 

 Alloderm® Decellularised, lyophilised 
human dermal matrix 

No immune reaction, pores 
allow vascularisation and 
regeneration of dermis 

Risk of disease transmission 
is a concern, high cost, two 
stage process 
 

(206, 252, 259-261) 

 Alloderm® with CEA   Multiple applications 
required 

(257, 258) 

Natural biological 
matrices 

Permacol™ Decellularised and lyophilised 
porcine dermis 

Favourable aesthetic and 
functional outcomes 

Issues with infection, 
hematomas and seromas 

(262) 

 Apligraf® Bi-layered matrix composed of 
bovine collagen, dermal 
fibroblasts and keratinocytes 
from neonatal foreskin 

Indicated for healing diabetic 
ulcers, better healing 
compared to standard 
treatments 

Costly, re-application 
required, very short shelf life 
requires strict coordination 
between manufacturers and 
physicians 

(252, 263, 264) 

 Transcyte® Bi-layered skin substitute 
composed of a nylon mesh 
impregnated with porcine 
collagen and layered with 
allogenic neonatal human 
foreskin fibroblasts. Silicone 
membrane acts as a barrier 

Off-the-shelf availability, ease 
of storage 

Temporary substitute 
requires re-application 

(206, 252) 

Synthetic matrices Dermagraft® Bioabsorbable polyglactin 
mesh seeded with 
cryopreserved neonatal 
foreskin human fibroblast 

Indicated for chronic diabetic 
ulcers, no immune rejection, 
ease of storage and easy to 
handle 

ECM structure not 
comparable to human 
dermis, infections and 
cellulitis issues, costly, re-
application required 

(262, 265, 266) 

Dermo-epidermal 
substitutes 

PermaDerm™ Matrix is made of propriety 
bovine collagen-
glycosaminoglycan substrate 
cultured with autologous 
fibroblasts and keratinocytes 

One step procedure that 
replaces both dermis and 
epidermis 

Expansion of autologous 
cells is time-consuming, no 
clinical data to indicate 
efficacy 

(267-272) 

 DenovoSkin Compressed collagen type I 
hydrogels seeded with 
autologous human fibroblasts 
and keratinocytes 

Similar to human skin 
architecture 

Long culture times for 
autologous cells, no clinical 
trials to indicate efficacy 

(273-276) 
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Table 1.3: Showing the various types of dressings used to treat chronic and burn wounds.

Dressing type Examples of dressing brand Description Advantages Disadvantages References 
Gauze Johnson and Johnson gauze Made of cotton, silk or 

polyester can be woven or 
non-woven 

Highly absorbent, reliable, 
cheap, worldwide 
availability used for both 
infected and non-infected 
wounds 

Can require regular dressing 
changes, can get stuck to 
wound therefore cause pain 
during removal. Non-
occlusive results in higher 
infection rates compared to 
thin film or hydrocolloid 
dressings 

(277-279) 

Impregnated gauze Adaptic Gauze®, Xenoform 
Gauze® 

Can come impregnated with 
various substances e.g. 
petroleum, iodine, bismuth, 
zinc 

Non-adherent, cause less 
pain and discomfort. 
Moderately occlusive can 
result in less infection. Less 
frequent dressing changes. 

Compounds like iodine and 
bismuth are cytotoxic 
towards inflammatory cells. 
Not suitable for wounds 
with high drainage. Costs do 
not offset less frequent 
dressing changes. 

(279-281) 

Transparent film dressings Tegaderm® Transparent sheets with 
adhesive backings made 
from either polyurethanes 
or polyesters 

Permeable to oxygen, water 
vapour and carbon dioxide. 
Impermeable to bacterial 
and water. Adhesive yet 
does not cause patient 
discomfort. Transparency 
allows visual monitoring of 
wound site without removal 
of the dressing. Better 
patient mobility, faster 
wound healing 

Not suitable for wounds 
with high exudate or 
infected wounds. 

(279, 282-284) 

Foam dressings Allevyn™ 
Biatain™ 
Lyofoam™ 

Foams based on 
polyurethanes 

Hydrophilic properties allow 
large absorption of 
exudates. Permeable to 
gases and water vapour. Can 
be used for infected 
wounds. 

Not suitable for dry or 
eschar covered wounds. Not 
recommended for arterial 
ulcers due to tendency to 
absorb and dry wounds. 

(279, 285) 

Hydrogel dressings Regranex® 

Flexigel®  
Intrasite™  
Nu-gel™  
Aquaform™ 

Hydrogel dressings contain 
80-90% water can be made 
of various crosslinked 
polymers including 
polyvinylpyrrolidone and 
polymethacrylates and 
polysaccharides 

Can be used for a range of 
diabetic ulcers and burns. 
Keeps wounds moist that 
promote wound healing. 
Easy to apply and remove. 
Not irritant.  

Not useful for high exudate 
wounds. Can cause 
maceration. Infection is also 
a concern as moist 
environment is conducive 
for bacterial growth. 

(286, 287) 

Hydrocolloid dressings Duoderm® Contains a self-adhesive 
inner layer composed of gel 
forming colloids such as 
carboxy methyl cellulose 
(CMC), pectin, gelatin and 
other elastomers.  

Can absorb exudate and 
form gel to provide moist 
healing environment. 
Effective barrier against 
bacteria. Permeable to 
gases. Dressing change 
every 7 days. Can be used 
for ulcers and burns. 

Cannot be used in infected 
wounds. Adhesive nature 
can damage fragile 
periwound skin. 

(279) 

Alginate dressings Sorbsan™ 
Kaltostat™ 
Algisite™ 

Made from woven fibres of 
brown sea weed. Contains 
alginic acid impregnated 
with calcium or sodium ions. 
Can be infused with silver. 

Non-adherent, highly 
absorbent, ions in dressing 
form a gel like matrix 
providing moist 
environment for wound 
healing and can prevent 
bacterial infection.  

Not useful for dry wounds or 
third degree burns. 

(279, 288) 

Hydrofibre dressings Aquacel® 

Aquacel Ag® 

 

Made of CMC fibres. 
Structurally similar to 
alginate dressings. Can be 
infused with silver. 

Highly absorbent, less 
frequent dressing changes, 
provides moist 
environment. Can prevent 
infection. Can be used for 
infected wounds. Ease of 
application and removal. 

Costly, more clinical trials 
required to ascertain 
benefits of higher cost.  

(279, 289) 

Hydroconductive dressings Drawtex® A novel advanced wound 
care dressing. Composition 
unknown due to propriety 
technology. Dressing has 
three modes of action. 
Capillaries can draw exudate 
from wounds. 
Hydroconductive action can 
absorb and move exudate 
within the dressing. 
Negatively charged surface 
of dressing forms a positive 
charge on wound exudate. 

Highly absorbent, can move 
exudate and devitalised 
tissue into the dressing. 
Dressing changes every 7 
days. Electrostatics provide 
barrier to infection 

Relatively new require more 
clinical trials for efficacy. 

(279) 

Silicone dressings Circa-Care® Made from 
polydimethylsiloxane 

Chemically inert, easy to 
remove without damaging 
tissue, can reduce scarring 

Lack of controlled trials to 
ascertain benefits 

(279, 290) 

Silver dressings ActiCoat® Silver can be incorporated 
to all dressing types 
discussed so far 

Bacteriostatic, broad 
spectrum activity, can be 
useful against resistant 
microbes 

Silver is cytotoxic towards 
mammalian cells, efficacy 
still debated due to lack of 
controlled clinical trials and 
contradicting scientific 
literature 

(279, 291) 
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From the very long list of substitutes and dressings, it is evident that there is currently no ideal 

skin substitute(292, 293). Each substitute and dressing has its strength and weaknesses. 

Infection remains one of the major problems that lead to skin substitute failure(293). 

Frequent re-application of grafts and dressings is another issue with some of the substitutes 

and dressings(293). Inadequate mechanics and fragility of certain skin substitutes remain a 

major drawback for surgeons who have to handle and apply it to the wound site(292, 293). 

Formation of hematomas, seromas and scarring is common for certain skin substitutes(292, 

293). Long culture times and inadequate shell-life combined with high costs have limited the 

use of skin substitutes(292, 293). 

1.5.6 Alternative strategies for infection control: 
Given the extent of the problem with infection, the rise of resistant microbes and biofilms, 

researchers have been exploring a wide range of strategies to address the microbial infection. 

Some of the strategies include attaching PEG(294) or coating surfaces with PEG to repel 

microbes via its high hydrophilicity(295, 296). Self-polishing surfaces have also been 

researched, whereby the polymer surface is constantly degraded to reveal a new surface 

which can potentially resist bacterial adhesion and biofilm formation(297). However, the time 

scales of self-polishing surfaces and bacterial adhesion and biofilm formation are different 

therefore in practice such surfaces are usually coated with biocide releasing species to control 

bacterial adhesion(295). Contact active polymers such as quaternary ammonium 

polymers(298) and antimicrobial peptides(299, 300) have also been used as a strategy to kill 

or inhibit bacterial adhesion on surfaces. Release of various biocides such as silver(301), 

gold(302), transition metals(303, 304), iodine(305), quaternary ammonium compounds(306), 

nitric oxide(307), triclosan(308), furanone(309), hypochloride(310) and octenidine(311) have 

been researched for killing bacteria. The various methods of controlling microbial fouling are 

summarised in Fig. 1.16. 

1.5.7 Antimicrobial properties of silver and selenium nanoparticles: 
Nanoparticles in the range of 0.1-100 nm have novel properties that are not seen in the bulk 

material(312). Due to their small size and large surface area, larger doses can be delivered to 

the site of the infection compared to traditional antibiotics. This can reduce the chances of 

bacteria developing resistance to the nanoparticles(313). Also, the relative ease of synthesis 

for nanoparticles with controllable and modifiable properties can result in materials with a 
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vast array of antimicrobial properties that can be fine-tuned for the desired application(313). 

Nanoparticles of various transition metals including silver, gold, aluminium etc. have been 

explored for their enhanced biocidal activities(314). Especially silver nanoparticles have been 

utilised in various dressings, waste water treatment, and for certain antiseptics(315). Silver 

nanoparticles are known to have broad spectrum antibiotic activity against microbes at very 

low concentrations (1 ppm)(316). Furthermore, it can be used to kill drug-resistant forms of 

bacteria(312). Silver nanoparticles owing to their large surface area to volume ratio can 

interact with bacteria in a number of ways including binding to electron transport chain and 

disabling it, reacting to thiols, pore formation of the bacterial cell membrane and walls and 

DNA damage(316). Owing to their multiple mechanisms of killing, it is postulated that bacteria 

will find it difficult to develop resistance towards silver nanoparticles(317). However, there 

are reports that silver nanoparticles can also be cytotoxic towards mammalian cells(318).  

Selenium is present in humans as part of 25 selenoproteins with selenocysteine as their active 

site which has important antioxidant functions(319). In times of scarcity of selenium in the 

diet, synthesis of certain selenoproteins (e.g. as glutathione peroxidase (an essential 

antioxidant)) is prioritised over other enzyme systems(320). Genetic abnormalities in coding 

for various selenoproteins have been shown to lead to a variety of dysfunctions in humans 

and have been discussed thoroughly in the following review article(321). Dietary intake of 

selenium varies widely from 7 μg per day to 4990 μg per day, with mean values of 40 μg per 

day in Europe and 93 μg per day (in women) to 134 μg per day (in men) in the USA(321, 322). 

The differences are associated with the selenium content of the soil which in turn affects the 

selenium content in food(321). The average recommended dietary intake for female is 53 μg 

per day and 60 μg per day for male(323) with a maximum tolerable intake of 400 µg/day(324). 

Deficiency in selenium uptake can result in paralysis, nail and hair loss, poor skin and dental 

health, garlic breath and nervous system disorders(325). Serum selenium concentrations 

between 100-160 µg/L are associated with reduced mortality rates in humans(326). However, 

excess dietary supplementation of 41,749 μg/day has been known to cause selenium toxicity 

which typically manifests as diarrhea, fatigue, hair loss, joint pain, nail discoloration or 

brittleness, and nausea(324). Selenoproteins are known to have important functions in 

immune system(327, 328), fertility(329, 330), brain function(329, 331, 332), cardiovascular 

system(333, 334), and cancers(335-337). Nanoparticles of selenium have recently been 
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explored for its antimicrobial properties(338, 339). Various authors have reported a wide 

range of minimum inhibitory concentration (MIC) for selenium nanoparticles from 6 µg/ml to 

128 µg/ml(339-341). The MIC of the selenium nanoparticles is dependent on the nanoparticle 

size, the kind of stabilizer, as well as differences in microbes and is discussed in more detail in 

chapter 4. Due to its natural occurrence within the human body, it has been shown that 

selenium nanoparticles are better tolerated by mammalian cells(344-346). Due to their 

antimicrobial properties, nanoparticles of silver and selenium were selected as antimicrobials 

in our study. 

 

 

Figure 1.16: Alternative strategies to traditional antibiotics used to control microbial 

adhesion. Image reproduced from (295) 

1.6 Aims and Scope of thesis: 
The primary aims of the thesis were to 

(i) develop a method to fabricate porous scaffolds with mechanical, structural and 

chemical properties suitable for regeneration of skin 

(ii) immobilize non-drug antimicrobial nanoparticles onto the porous scaffolds for 

applications in wound healing  
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These scaffolds are envisioned to potentially be used in treating full thickness wounds or 

chronic wounds as depicted in Fig. 1.17

 

Figure 1.17: Flow chart showing the steps in treatment of full thickness wounds or chronic 

infected wounds utilising scaffolds generated in this thesis 

In chapter 2, we have utilised chitosan as the polymer of choice for scaffold fabrication.  TIPS 

was implemented as the fabrication technique to induce pores within the chitosan scaffolds. 

Freeze neutralisation gelation and freeze crosslinking gelation (cryogelation) were explored 

as alternative methods to freeze drying and the subsequent scaffolds were probed for pore 

size, mechanics, swelling and cytotoxicity. 

In chapter 3, foaming and TIPS were utilised to control pore structure of chitosan/polyvinyl 

alcohol (PVA) scaffolds. PVA was chosen as the polymer surfactant due to its water solubility, 

foamability, easy processability and biocompatibility(347-351). A mechanical impeller was 

designed and various physical parameters were manipulated and its effects towards foaming 

and pore sizes were correlated. Mechanical, swelling and cytotoxicity of these foamed 

scaffolds were also assessed. 
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In chapter 4, the foamed chitosan/PVA scaffolds were used as templates for silver and 

selenium nanospecies for fabrication of antimicrobial scaffolds. The loading and release 

kinetics of both silver and selenium nanospecies from chitosan/PVA scaffolds were probed. 

Extracts of silver and selenium from chitosan/PVA scaffolds were tested against mouse 

fibroblast cells for biocompatibility. Extracts were also tested against three strains of bacteria 

staphylococcus aureus (S.aureus), methicillin-resistant staphylococcus aureus (MRSA) and  

Escherichia coli (E.coli) to ascertain antimicrobial activity against the three test species of 

bacteria. 

In chapter 5, conclusions from the three results chapters were summarised and future 

directions recommended to build upon the studies undertaken within this thesis.  
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Chapter 2 Porous tuneable TIPS chitosan scaffolds for 
soft tissue engineering and wound healing 

2.1 Chapter perspective 
This chapter is concerned with the formulation of porous chitosan scaffolds via thermally 

induced phase separation (TIPS). Two different routes, freeze alkali-neutralization gelation 

and freeze glutaraldehyde-crosslinking gelation were utilised for porous TIPS chitosan 

scaffold fabrication. Several process parameters were controlled to study the physical 

properties of these porous chitosan scaffolds. In vitro cytotoxicity studies were carried out on 

these scaffolds and suggests that these scaffolds can be beneficial for soft tissue engineering 

or wound healing applications. 

2.2 Introduction 
One of the fundamental aims of tissue engineering is to be able to replicate the native 

environment of extracellular matrix (ECM) in order to provide a roadmap for cells and 

subsequently tissue to grow(1, 2) as discussed previously in Chapter 1. Porous hydrogels have 

emerged as an important class of materials routinely utilised in tissue engineering(3). In this 

chapter, chitosan's unique polymeric properties to mimic natural ECM polysaccharides 

(glycosaminoglycans) and reported wound healing properties have motivated us to develop 

a porous chitosan scaffold with controlled porous architecture and interconnectivity, which 

can be beneficial for soft tissue engineering applications. In literature, TIPS has been routinely 

utilised as a technique for constructing porous interconnected hydrogel scaffolds(4). TIPS has 

been used to construct microporous membranes that have found applications in 

haemodialysis(5), removal of bacteria and viruses(6), wastewater treatment(7), gas 

separation(8) and use in batteries(9).  

The underlying concept of TIPS was explained in detail in section 1.4.3. A large number of 

studies have utilised TIPS followed by freeze drying for the fabrication of porous hydrogel 

scaffolds (10-13). Freeze drying results in highly porous scaffolds, however, it is an energy and 

time intensive procedure with solvent removal taking anywhere between few days to a week 

(14). Thick crust or skin is often observed on freeze dried samples. Formation of surface skin 

is explained by a pore collapse phenomenon brought upon by large interfacial surface tension 

between the scaffold surface and air interface during solvent evaporation(15). This often 
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alters the morphology of the sample and can also impede in further freeze drying(14). Pore 

collapse and shrinkage of hydrogels during freeze drying can also be encountered due to the 

melting of the solvent phase and subsequent evaporation of the liquid.  

To circumvent freeze drying steps we have explored two routes for fabricating TIPS chitosan 

scaffolds. In the first route, we utilised an alkali induced freeze gelation technique whereby 

frozen (phase separated) chitosan solution was introduced into a refrigerated solution of 

sodium hydroxide/ethanol to gel the phase separated regions by neutralisation. In the second 

route, crosslinker induced freeze gelation was utilised whereby the chitosan solution was 

mixed with a dilute volume of glutaraldehyde (GA) and allowed to freeze in a water bath. This 

resulted in gradual cryoconcentration of the chitosan polymer and GA solution, where it is 

postulated that the majority of the crosslinking reaction proceeds towards completion (during 

a 24 h incubation period) (4).  The crosslinking results in the irreversible bonding of the 

polymer rich phase and prevent subsequent dissolution of the chitosan polymers into the 

solution phase once the temperature was elevated back to room temperature. The frozen 

water crystals (polymer poor phase) melts during this process resulting in soft porous 

scaffolds. Both these techniques resulted in highly macroporous chitosan scaffolds which are 

less time consuming, less energy intensive and more amenable to scale up compared to 

hydrogels made via freeze drying techniques. 

Here we investigate and report the utility of both these routes in porous chitosan scaffold 

fabrication. We have also investigated the effect of chitosan concentration, freezing rate and 

crosslinking on the porous properties of the scaffolds. The swelling, mechanical properties of 

the scaffolds were also investigated. Furthermore, chitosan scaffolds were tested for 

cytotoxicity against 3T3 mouse fibroblasts. 

 

2.3 Experimental 

2.3.1 Materials 
Chitosan (medium molecular weight 190-310 kDa, degree of deacetylation 85%), glycine, 

phosphate buffered saline (PBS) were purchased from Sigma-Aldrich Australia. Analytical 

grade sodium hydroxide (NaOH) and ethanol were purchased from Chem Supply, Australia. 
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Glutaraldehyde (GA) (25 w/w %) (Ajax Finechem, Australia) was used as a crosslinker. 

Ethylene glycol (Ajax Finechem, Australia) and water (50 v/v %) mixtures were used as a 

coolant for water baths. All solutions were made with ultrapure water (deionised) purified to 

a resistivity of 18.2 MΩ in a Millipore water filtration system (Millipore, Victoria, Australia). 

NIH 3T3 mouse fibroblasts (ATCC, VA, USA) (passage number: 7-12) were grown in Dulbecco's 

Modified Eagle's Medium (DMEM, Sigma-Aldrich, Australia) supplemented with 10% bovine 

calf serum (Scientifix Life, Victoria, Australia), 4mM glutamine and 100 U/mL penicillin-

streptomycin (Sigma-Aldrich, NSW, Australia). Cells were detached from culture plates using 

0.25% Trypsin (Gibco Life Technologies, Auckland New Zealand).   

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (16) was utilised according 

to manufacturer’s recommendations for initial extract based cytotoxicity testing. Later stages 

of cell cytotoxicity studies were carried out using Alamar blue assay. Resazurin (Sigma-Aldrich) 

dye was dissolved in PBS to make up 440 µM Alamar blue assay which was filtered through a 

0.22 µm (Millipore, Australia) syringe filter for sterilisation and used for further cell 

cytotoxicity testing. CellTracker™ Deep Red Dye (Life Technologies, Thermofisher, Australia) 

was utilised for staining and visualising cells loaded into scaffolds.  

2.3.2 Instrumentation 
Initial scaffold characterization was carried out with a Quanta FEG 200 scanning electron 

microscope(17), at the Advanced Microscopy Facility, Bio 21. A confocal laser scanning 

microscope (Leica DMIRE2) was utilised for swollen scaffold characterisation and visualisation 

of cells seeded on scaffolds.  Mechanical testing was conducted using an Instron Microtester 

5848 (Instron, Bayswater, Australia) and data acquisition was managed using Instron Blue Hill 

software. A Cary® 50 UV-Vis (Varian, US) spectrometer and UV-Vis Bio package software were 

used for measurement of initial MTS assay absorbance readings from cell extracts. Infinite 

200 Pro (Tecan, Switzerland) fluorescent plate reader was utilised to obtain fluorescent 

readings of Alamar Blue assay for cell cytotoxicity studies. 

2.3.3.1 Scaffold fabrication: alkali induced freeze gelation (route 1) 
Various weights of chitosan (0.125, 0.25, 0.5 g) were dissolved overnight in 5 ml of 0.88 M 

acetic acid, to make up 2.5, 5 and 10 w/v% chitosan solutions in 28 ml polypropylene vials 

(Labtek, Queensland, Australia). The solutions were sonicated for 30 minutes to dissolve any 
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residual chitosan flakes and centrifuged at 4500 rpm for further 5 min in an Allegra™ X-15R 

Centrifuge (Beckman Coulter, Melbourne, Australia) to remove any trapped air bubbles. A 

temperature controlled water bath (F-25 Me Julabo (John Morris Scientific, Australia) was 

filled with 4 litres of 50:50 ethylene glycol/ water coolant mixture. The temperature of the 

water bath was controlled via the water bath’s integrated temperature controller software 

Julabo Easy Temp professional.  

Three different freezing routes were used for scaffold fabrication: 1) Quick quenching (QQ) 

where chitosan solutions were introduced into the water bath at -20˚C; 2) Slow quench 1 

(SQ1) where the chitosan solutions were introduced to the water bath at 25˚C, and the water 

bath temperature slowly ramped down at a rate of 0.1˚C/min from 25˚C to -20˚C; and 3) Slow 

quench 2 (SQ2) where the chitosan solutions were introduced to the water bath at 25˚C, and 

the water bath’s temperature slowly ramped down at a rate of 0.05˚C/min from 25˚C to -

20˚C. All scaffolds were incubated at -20˚C for 24 hours following which, scaffolds were 

transferred to a refrigerated solution (-20˚C) of 3 M NaOH dissolved in 80:20 ethanol/RO 

water solution for a further 48 hours to induce alkali induced freeze gelation (18). Following 

freeze gelation, scaffolds were washed (with orbital shaking at 120 rpm (ZHICHENG, All Lab 

Scientific, Victoria, Australia) for 30 min) in excess water (3x) and PBS (3x) to remove any 

residual NaOH.  Scaffolds chosen for further crosslinking were then incubated in excess 0.2 

v/v% (GA) for a further 24 hours at 4°C to crosslink chitosan polymers. Scaffolds were then 

washed in excess 0.1 M glycine for 3 hours via the orbital shaker at 120 rpm to cap unreacted 

GA. 

2.3.3.2 Pore characterization of scaffolds fabricated via alkali induced 
freeze gelation (route 1) 
Initially to study the pore morphology of chitosan scaffolds scanning electron microscopy was 

utilised. Scaffolds were swollen in deionised water and snap frozen and fractured in liquid 

nitrogen (N2). Scaffolds were then freeze dried in a Dynavac FD5 freeze dryer (Boston, MA, 

US) to preserve the architecture of the scaffolds during electron microscopy. Scaffolds were 

mounted on aluminium stubs coated with carbon tape. For pore characterization, Image J 

(NIH, USA) was used. Appropriate image pixel and length calibration were done manually for 

each SEM image, using the SEM image’s embedded scale bar and Image J’s set measurement 

function. A horizontal grid plugin (Image J) with nine equally spaced horizontal lines were 
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overlayed on each SEM image(19).  Lines that intersected or contacted a pore were chosen 

for pore measurement using the line measure function in Image J. Since the pores were 

irregular in shape, the line tool (Image J) was used to draw vertical and horizontal lines 

between pore walls intersecting at the relative centre of the pore opening, and the pore sizes 

estimated by taking average measurements of both lines to estimate size of a pore.  At least 

100 pores were measured and compiled from separate SEM images for each scaffold 

condition and the average length of these pores and standard deviations were reported. 

2.3.3.3 Equilibrium Swelling ratio for scaffolds fabricated using route 1 
Chitosan scaffolds were cut into small pieces by a surgical blade and dried in an oven at 100°C 

for 24 hours. Dried samples were weighed and the mass of the samples in grams was 

recorded. The samples were introduced in PBS and incubated for 24 h at 37°C. After 

incubation, the mass of the samples were recorded again. Care was taken to remove surface 

water from the scaffolds by gently tapping the surface with tissue paper. The equation used 

for the calculation of the swelling ratio is given below (Eq. 1) where Ws is the weight of swollen 

scaffold after 24 hours of swelling in PBS, Wd is the dry weight of the scaffold after drying in 

an oven at 100°C for 24 hours. 

 % = ( )  × 100    ………………………………………………………………..equation 1 

Porosities were estimated using a simple technique based on the swelling of scaffolds(20) . 

After the measurement of the swollen weight of the scaffolds (Ws) as described above, 

scaffolds were manually compressed between tissue paper to remove liquid from the pores. 

These scaffolds were weighed again to measure the squeezed weight of the scaffolds (Wsq). 

The total volume of the macropores and therefore the porosities of the scaffolds were 

estimated using the following equation 2(21). Average swelling ratios and pososities and 

standard deviations were calculated from mean of at least 4 replicates.  

 % = ( )
( )

 × 100…………………………………..…………………………equation 2 

2.3.3.4 Mechanical characterisation for scaffolds fabricated  
Compression testing of chitosan scaffolds was carried out using Instron Microtester 5848. The 

height and diameter of the scaffolds were approximately 2 cm. Scaffolds were loaded onto 

the Instron Microtester, a small petri dish containing a fixed volume of PBS (5 ml) was placed 
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on the base. This was done to minimise the effects of liquid leaving from the pores and the 

wall of the scaffolds. A 5N load cell with a crosshead speed of 2 mm/min(22) and a 30% 

compression(23) was applied to each scaffold. After each compression, the crosshead was 

retracted from the surface of the scaffolds. Scaffolds were then allowed to reswell back to its 

original shape before any more replicate measurements were carried out. This was done to 

improve reproducibility.  Data acquisition was carried out using Instron Bluehill software. At 

least 3 replicates of individual scaffolds and 3 repeats on separate scaffolds per experimental 

condition were done to yield mean and standard deviations. Engineering stress-strain graphs 

were plotted and the compressive modulus was estimated from the approximately linear 

portion of the stress-strain curve generally between 10-20% strain. 

2.3.3.5 Standard curve generation for MTS assay 
NIH 3T3 mouse fibroblasts were cultured as described in section 2.3.1. CellTiter 96® AQueous 

MTS assay was utilised for cytotoxicity testing. Briefly, the dye is bioreduced to a colourimetric 

product by metabolically active cells(16). The absorbance of the reduced product can be 

useful towards estimating metabolically active cells(16). Fig. 2.1 shows the dye being reduced 

to formazan which is measured via a UV-vis spectrophotometer. 

 

Figure 2.1: Reduction of MTS dye to Formazan by metabolically active cells. Image adapted 

from (16)  

A standard curve of approximate MTS absorbance (at 490 nm) vs cell numbers was generated. 

This was done to estimate cell numbers (via curve fitting) for following extract based 

cytotoxicity testing.  Briefly, cells were trypsinized and removed from the T-25 flask into a 50 

ml centrifuge tube and centrifuged (for 5 mins at 2000 rpm) down to a pellet and the 
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supernatant was resuspended in 3 ml complete DMEM. Cells were diluted in DMEM and 

mixed with trypan blue to form (50:50) mixture. An aliquot of 10 µl of the Trypan blue (Sigma-

Aldrich, Australia) stained cells were transferred to a hemocytometer (Bright-Line™, Sigma-

Aldrich, Australia) and the average concentration of cells (cells/ml) was estimated. Serial 

dilution of cells was done from a starting concentration of 80,000 cells/100 µl diluted to 

40000, 20000, 10000, 5000, 2500 in a sterile 96 well plate (Costar, Sigma-Aldrich, Australia). 

Cells were incubated for 3 hours to allow attachment to the tissue culture plate following 

which, 20 µl aliquots of CellTiter 96® AQueous MTS assay solution was added to each well 

following manufacturer’s recommendation. The cells were incubated for a further 3 hours 

and the absorbance readings were taken using a UV-vis spectrophotometer at 490 nm. To 

account for background absorbance from DMEM, control wells were loaded with only 

supplemented DMEM (without cells) and incubated with MTS dye for the same length of time 

as mentioned above. All absorbance readings were subtracted from the DMEM only control. 

A total of 4 replicates per cell concentration were used to generate the standard curve. 

 

2.3.3.6 In vitro cytotoxicity testing via MTS assay 

Initial indirect cytotoxicity testing was carried out using MTS assay. Chitosan scaffolds (2.5, 5 

and 10 w/v %) (crosslinked and uncrosslinked) formulated via the quick quench route were 

tested. This was done to check whether GA crosslinking and glycine capping was sufficient to 

cap all GA residue. GA is highly reactive and is known to damage cells, therefore, it is 

imperative that any excess GA used to crosslink was completely capped off.  

Scaffolds were dried in a laboratory oven at 80°C for 24 h. The dry weights of the scaffolds 

were recorded and transferred into sterile 24 well plates and disinfected overnight with 80 

v/v% ethanol in a sterile biosafety cabinet. Following disinfection, scaffolds were transferred 

aseptically to sterile gauze and squeezed to extract out excess ethanol. Scaffolds were then 

transferred to separate sterile 24 well plates, where they were immersed for one hour in 

sterile PBS. This was done to remove excess ethanol that may be bound to the scaffold walls. 

The washing step was repeated 2 more times. Scaffolds were then transferred to sterile gauze 

and squeezed to remove excess PBS following which scaffolds were transferred to separate 

sterile 24 well plate. 
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To each scaffold, 1ml of supplemented DMEM was added per 0.1 g of the original dry weight 

of the scaffolds, measured after 24 h incubation in an oven at 80°C. Further 1 ml of DMEM 

was added to each scaffold to account for swelling and absorption of essential nutrients by 

porous sponge-like scaffolds(21). To account for effects of ageing and background absorption 

arising from MTS assay due to DMEM, control wells were set up containing supplemented 

DMEM and aged for the same time as the test extract scaffolds. Scaffolds with supplemented 

DMEM were incubated for 1 day for the extraction process. After 1 day of extraction, scaffolds 

were removed and the extracts + control DMEM were stored overnight at 4°C, separately. 

Test extracts and controls were warmed up to 37°C for 1 hour (aseptically) before they were 

used for cytotoxicity studies. For cytotoxicity testing, 3200 cells per 100 µl of supplemented 

DMEM were added to 96 well plates. Cells were incubated for 24 h (at 37°C, 5 % CO2) after 

which spent culture media was removed. Extract culture media (100 µl) was added to each 

well containing the 3T3 fibroblast cells. For controls, aged supplemented DMEM (100 µl) were 

added to the 3T3 fibroblast cells incubated for 24 h. Empty wells were also loaded with aged 

DMEM, in order to account for MTS based absorption from DMEM (background control).  

Following further 24 h incubation, all extracts and controls were removed and replenished 

with fresh DMEM. To each well, 20 µl of MTS dye was added and incubated for a further 3 

hours, after which UV-vis measurements were taken at 490 nm. Background absorption 

arising from DMEM and MTS dye were subtracted from all readings, post-UV-vis 

measurements.  

2.3.4.1 Scaffold fabrication freeze gelation via crosslinking (route 2) 
Alkali-induced freeze gelation (route 1) was time-consuming and the crosslinking was 

dependent on swelling and diffusion of the scaffolds in an excess solution of GA. Large 

volumes of hazardous GA waste were frequently created. Furthermore, it was difficult to 

maintain homogeneity in crosslinking throughout the scaffold, as one can expect the outer 

scaffold walls to be more crosslinked compared to the inner walls of the scaffolds, due to a 

significant barrier to diffusion in presence of the solid chitosan walls. Therefore, to better 

control crosslinking, reduce the time required for fabrication and to reduce toxic waste 

generation, we have explored the second route for scaffold fabrication. 

 To determine the range of GA concentrations that can be used for freeze crosslinking, 0.15 g 

of chitosan was dissolved in 4 ml of 5 v/v% acetic acid as described in section 2.3.3.1. Various 
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concentrations of GA (5 v/v %, 1 v/v%, 0.2 v/v% and 0.04 v/v%)   were made up in 2 ml 

Eppendorf tubes. 1 ml of GA from the various dilutions were added to the dissolved chitosan 

and mixed with a spatula and the required GA concentration range chosen based on visible 

gelation of the chitosan-GA solution.  

Chitosan scaffolds (3w/v%) were fabricated using various crosslinking concentration of GA (1 

v/v%, 0.2 v/v%, 0.04 v/v. Once the chitosan solution and GA were mixed, they were quickly 

transferred to a water bath (Alpha Ra 12 (Lauda, Melbourne, Australia)) set at either -12°C, -

16°C and -20°C. After 24 hours of incubation, scaffolds were transferred to plastic jars 

containing excess 3M NaOH (100 ml) and were incubated overnight on an orbital shaker (at 

180 rpm) to neutralise any residual acetic acid. Finally, scaffolds were washed three times in 

PBS with orbital mixing (180 rpm) and finally in water to remove any residual NaOH. Scaffolds 

were washed in excess (0.1 M) glycine (100 ml) for 3 hours on an orbital shaker (180 rpm) to 

cap any unreacted glutaraldehyde.  

To study the effect of chitosan concentration, the GA concentration was kept constant at 

0.04 v/v%, while the chitosan concentration was varied from 0.5 w/v % to 10 w/v%. The 

freezing temperature was also kept constant at -20°C while the rest of the post processing 

steps were the same as described earlier in this section.  

2.3.4.2 Pore characterization of scaffolds fabricated via freeze gelation 
crosslinking 
Due to shrinkage and collapse of pores during sample preparation for SEM, confocal 

microscopy was utilised for observation of swollen pore morphology. Briefly thin sections 

were cut from the surface and from the centre of the scaffolds. Samples were mounted on a 

Leica DMIRE2 confocal microscope via microscope glass slides and scaffolds were kept 

hydrated with PBS. A 10x objective lens was used for image acquisition, scaffolds were 

illuminated with an Argon laser (458 nm) and the emission spectra were observed between 

470-520 nm. Image analysis was done in a similar manner to section 2.3.3.2.A minimum of 

100 pores was measured for each scaffolds concentration as described previously.   

2.3.4.3 Mechanical characterisation of scaffolds fabricated via freeze 
gelation crosslinking (route 2) 
Mechanical characterisation followed the same method as described in section 3.3.3.4 
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2.3.4.4 Scaffold cytocompatibility testing 

2.3.4.4.1 Scaffold and cell preparation  
NIH 3T3 fibroblasts were used for all cytotoxicity and growth studies. Cells were grown in 

supplemented DMEM as mentioned above and trypsinised and used for experiments. 

Chitosan scaffolds comprising of 3 w/v% chitosan crosslinked with 0.04 v/v% GA were used 

for all cytocompatibility studies. Scaffolds were cut into 5 mm diameter circles (hole punch) 

from the middle of the scaffolds with a thickness of 1-2 mm (via a custom cutting guide). 

Scaffolds were disinfected by immersion in 80 v/v% ethanol. Scaffolds were then washed in 

sterile PBS 3 times (with orbital shaking at 180 rpm) and immersed into complete DMEM for 

at least 1 hour before any cell-based experiments. This allowed the pore walls to swell and 

absorb proteins and nutrients throughout the scaffold which can improve cell attachment and 

cell survival. 

2.3.4.4.2 Measuring direct cell growth on scaffolds 
Scaffolds were sterilised and swelled in DMEM as described in the previous section. Scaffolds 

were then blotted and squeezed on sterile gauze to remove excess DMEM, followed by their 

transfer to 96 well plates. 5000 cells per 100 µl of DMEM were gently pipetted onto the 

blotted scaffolds and allowed to swell (for cell infiltration). For negative control, 100 µl of 

complete DMEM (without any cells) was transferred separately to sterile DMEM swelled 

scaffolds. All scaffolds were incubated for 2 hours in a humidified temperature controlled 

incubator at 37°C, 5% CO2. This allowed cell attachment to the scaffold walls. Concurrently 

two more controls (without scaffolds) were set up: for positive control; wells were loaded 

with 5000 cells per 100 µl of complete DMEM each and for negative control; wells were 

loaded with 100 µl of complete DMEM (without any cells) and allowed to incubate for 2 hours. 

Finally, all the wells were topped up with 100 µl of complete DMEM each and left to incubate 

for 24 h.  

After 24 h incubation, cell proliferation was measured using an Alamar blue assay. Alamar 

blue is a nontoxic dye that can be used to measure the proliferation of cells. Briefly Alamar 

Blue contains a Resazurin dye which can be reduced to a fluorogenic compound called 

resofurin by metabolically active cells (24). To each well, 20 µl of Alamar blue dye was added 

and left to incubate for 4 hours to allow the dye to be reduced by metabolically active cells. 
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From each well, 100 µl of the dye + DMEM mixture were transferred to wells of an opaque 96 

well plate with a transparent bottom. The spent dye and DMEM mixture was transferred out 

and 200 µl of fresh supplemented DMEM was added and the 96 well plate incubated for 

another 24 hours. Fluorescent readings were measured using an infinite 200 Pro (Tecan, 

Switzerland) fluorescent plate reader with excitation and an emission wavelength of 545 nm 

and 590 nm, respectively. This process was repeated at 48 and 72 hours.  

2.3.4.4.3 Staining and observing cells attached to chitosan scaffolds 
To observe cell attachment and survival on chitosan scaffolds, 100,000 cells per 100 µl of 

complete DMEM were loaded onto sterile scaffolds (as described in section 3.3.4.4.2) and 

incubated for 2 hours, following which scaffolds were topped up with further 100 µl of 

complete DMEM. This was done to allow cells to attach to the scaffold walls. Scaffolds loaded 

with cells were incubated and the culture media was changed every 24 hours. After 1 and 7 

days of incubation, all the spent culture media was removed and the scaffolds were sectioned 

with a sterile scalpel. A live-dead assay (CellTracker™ Deep Red Dye), was diluted 100 times 

from stock in PBS and 100 µl of this dye solution was added to each well containing the 

sectioned scaffolds and incubated at 37°C for one hour. Scaffolds were then washed with 

sterile PBS to remove excess dye; 100 µl of DAPI dye diluted 1000 times in PBS was added to 

each well for 30 minutes incubation at 37°C. Scaffolds were washed in PBS and imaged using 

a confocal microscope (Leica DMIRE2). To visualise CellTracker™ red dye labelled cells, 

scaffolds were excited with a 633 nm laser and the emission spectrum was captured via a PMT 

between wavelengths of 650-700 nm. DAPI labelled cells were visualised using a 405 nm laser 

with the resultant fluorescent signals captured at 420-480 nm. The scaffold itself exhibited 

intrinsic fluorescence and was excited with a 458 nm laser and the resultant signals were 

captured at 470-520 nm. Composite images of the scaffolds and cells labelled with DAPI and 

CellTracker™ Deep red were constructed using Image J software. 

2.3.4.4.4 Indirect extract based cytotoxicity measurement 
For extract based indirect cytotoxicity tests, scaffolds were dried in an oven at 80°C for 24 

hours. The dry weights of the scaffolds were recorded. Scaffolds were transferred into 50 ml 

centrifuge tubes and steam sterilised for 30 minutes. After sterilisation scaffolds were 

transferred to 24 well plates and to each scaffold supplemented DMEM was added 

according to their dry weight using the formula: 1 ml + 1 ml per 0.1 g of dry scaffold(25).  
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Scaffolds were incubated for 24 h, for comparable controls, complete culture media was 

also incubated for 24 hours. NIH 3T3 fibroblasts (2500 cells per 200 µl of complete DMEM) 

were added to a 96 well plate. For negative control, 200 µl of complete DMEM was loaded 

onto the 96 well plate and incubated for 24h. After 24 h incubation, the spent media was 

removed and replaced with 200 µl of extract media. Control wells were replaced with 

supplemented media incubated for the same length of time as the extract and incubated for 

another 24 hours. Cell proliferation was measured using Alamar blue assay as mentioned in 

section 2.3.4.4.2.  

2.3.5 Statistical analysis 
Results were reported as the mean ± standard deviation of at least three replicates unless 

stated otherwise. Statistical analyses were carried out using one-way analysis of variance 

(ANOVA) with a post-hoc Tukey test, using Minitab 16 software (Pennsylvania, US). Data 

were reported as statistically significant if their p values were <0.05. 

2.4 Results and discussion 

2.4.1 Chitosan scaffold fabrication via alkali induced freeze gelation 
Chitosan is water insoluble,  however, in presence of weak acid such as acetic acid, the amine 

groups of the chitosan become charged due to the protonation of the amine group and 

therefore leading to increased solubility of chitosan(26) as shown in Fig. 2.2 equation (1). We 

have utilised a cheap chitosan polymer with a high degree of deacetylation(>85%) and a 

molecular weight (MW) between (190-310 kDa). This was done so that the chitosan solution 

would be easy to dissolve in weak acid and provide adequate functional groups (amine 

groups) for further crosslinking. Also, the MW of the chitosan allowed it to be dissolved in 

weak acids to form solutions with reasonable viscosities that were easy to handle. Solutions 

of chitosan prepared in polypropylene vials were submerged in a Julabo water bath with 

various freezing conditions quick quench (QQ), slow quench 1 (SQ1) and slow quench 2 (SQ2). 

Cooling of the chitosan solution led to a decrease in solubility of chitosan polymers in the 

solvent which eventually resulted in thermally induced phase separation once the 

temperature fell below the binodal and spinodal curves(27, 28). After phase separation freeze 

drying is usually used to extract out the polymer poor phase, however, this is a time 

consuming and energy intensive process(14). Formation of surface skin or crust as a direct 
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consequence of freeze drying can lead to incomplete sublimation of the solvent crystals, 

which can re-dissolve the polymer once it is brought back to room temperature(14). Freeze 

dried samples still require additional neutralisation and crosslinking step to produce robust 

scaffolds that could be used for further testing.  
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3

+
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  + CH

3
COO-
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Figure 2.2: Reaction schematics of (1) chitosan dissolved in acetic acid (2) charged chitosan 

neutralised by sodium hydroxide during freeze gelation (3) chitosan crosslinked by GA. Image 

modified from (30) 

Therefore, to bypass these problems we used a freeze gelation technique. After TIPS the 

frozen chitosan scaffolds were quickly transferred to a 3M NaOH in 80% ethanol solution 

which was incubated at -20°C. The temperature was controlled at -20°C so that solvent crystal 

(or the polymer poor phase) within the phase separated system do not remelt. Over the 

incubation period, due to diffusion, sodium hydroxide and ethanol mixture penetrate 

throughout the frozen chitosan scaffold(18). Sodium hydroxide reacts with the charged 

chitosan chains resulting in neutralisation of the polymer and residual acetic acid within the 

system(18). Once the chitosan chains are neutralised, they form strong physical 

entanglements which do not remelt in room temperature. The ethanol also helps to leach out 

the polymer poor phase, and upon elevating to room temperature soft chitosan scaffolds 

were obtained. The role of sodium hydroxide is shown in Fig. 2.2 equation (2).  
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To improve the mechanical integrity of the scaffolds, porous scaffolds were washed in PBS 

and squeezed to eject excess liquid within the pores. Scaffolds were then swollen in excess 

0.2 v/v% GA solution, stored at 4°C and left for a further 24 hours for crosslinking. Following 

crosslinking, scaffolds were capped with excess 0.1 M glycine (3 h) to neutralise any unreacted 

GA. The appearance of a yellowish orange colour indicated the formation of immine bonds (-

C=N-) (31) (Fig. 2.2 equation (3)). GA has been frequently used to crosslink chitosan and 

collagen. It is a small crosslinker that can react with quickly with functional groups such as 

amines, hydroxyls and in a variety of pH conditions. However, there are concerns about GA 

being cytotoxic compound since its reactivity with amines and hydroxyls can react with 

membrane proteins and cause disruption to cells(32-34). It has been shown that simple 

washing steps and capping with glycine can effectively mitigate the cytotoxic effects of GA(35-

37). In Fig. 2.3 the appearance of chitosan scaffolds formed via freeze gelation is shown.  

 

 

Figure 2.3: Chitosan scaffolds formed via alkali induced freeze gelation (QQ) GA crosslinked 

and glycine washed (A) 2.5 w/v%, (B) 5 w/v%, and (C) 10 w/v% chitosan scaffolds. Orange 

yellowish colour indicates of GA crosslinking 

A B C 
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Figure 2.4: Schematic representation of TIPS and alkali induced freeze gelation 

A schematic representation of the formation of chitosan scaffolds via alkali induced freeze 

gelation is shown in Fig. 2.4. Following TIPS, freeze gelation is induced by incubation in cold 

alkali/ethanol mixture (Fig. 2.4). After freeze gelation, further crosslinking could be achieved 

via GA crosslinking. 

2.4.2 Controlling porous architecture of chitosan scaffolds fabricated via 
alkali induced freeze gelation 
Control of porous architecture is of utmost importance in the fabrication of tissue engineering 

scaffolds as it controls parameters such as cell infiltration, vascularisation, mass transport of 

nutrients, oxygen and metabolic waste(38). Fig. 2.5 (A-I) shows the electron micrographs of 

the cross-section of chitosan scaffolds. The electron micrographs revealed a highly porous 

and interconnected architecture. Pores were irregular in shape and resembled the typical TIPS 

induced morphology due to ice crystal growth(18). The voids present in the scaffolds were 

formed via the (temperature induced) crystallisation of the solvent and concurrent phase 

separation of the polymer phase resulting in the walls of the pores(28, 39).  

Fig. 2.5 (A-C) revealed that porous un-crosslinked scaffolds can be formed via (alkali) NaOH 

induced gelation mechanism and can maintain their architecture without the introduction of 

any covalent crosslinker(18). Since these SEM images were taken from the centre of the 

scaffolds, the typical TIPS shaped pore morphology tells us that the freeze gelation step was 
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successful in penetrating within the centre of the scaffold which would take the longest time 

for the NaOH/ethanol mixture to reach via diffusion.  

 

Figure 2.5: Scanning electron micrographs of the porous internal architecture of various 

concentrations, crosslinking and cooling rates of chitosan scaffolds. (A-C) chitosan 

concentration 2.5, 5, 10 w/v % cooling route QQ un-crosslinked; (D-F) chitosan concentration 

B A C 

D E F 

G H I 

J K L 
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2.5, 5, 10 w/v % cooling route QQ crosslinked; (G-I) chitosan concentration 2.5, 5, 10 w/v % 

cooling route SQ1 crosslinked; (J-L) chitosan concentration 2.5, 5, 10 w/v % cooling route SQ2 

crosslinked. Scale Bar 200 µm 

GA crosslinking did not result in any significant change in pore sizes (Fig. 2.5 D, E, F) 

compared to uncrosslinked chitosan scaffolds fabricated under the same QQ conditions. At 

QQ conditions, increasing chitosan concentration led to a decrease in average pore sizes. As 

shown in Fig. 2.6 A, there is a steady decline in average pore sizes as chitosan concentration 

was increased. However, the pore size distributions for each chitosan concentration as 

indicated by the error bars in Fig. 2.6 A, remained fairly constant even with decreasing pore 

sizes. This suggests that the pores remained non-uniform, a direct consequence of the 

stochastic nature of ice crystal formation. There is a significant difference between 2.5 and 

10 w/v% chitosan scaffolds. With increasing chitosan concentration, the number of 

potential sites for heterogeneous nucleation increases. The fast freezing conditions in QQ 

results in rapid heat transfer throughout the chitosan solution. This also leads to a rapid 

decrease of local temperatures below the equilibrium freezing point leading to fast 

nucleation and rapid crystal growth(40, 41). As a result, smaller pores were formed in 10 

w/v% chitosan compared to 2.5 w/v% chitosan. Our results are in agreement with similar 

studies utilising TIPS for porous membrane or hydrogel fabrication(27, 42, 43).

 

Figure 2.6: The effect of cooling rates on the average pore sizes (n≥100) of 2.5 w/v%, 5w/v%, 

and 10 w/v% chitosan scaffolds prepared via neutralisation induced freeze gelation. (A) Quick 

quenching (QQ) at -20°C and GA crosslinked; (B) Slow quenching 1 (SQ 1) at 0.1°C/min down 

to -20°C and GA crosslinked; (C) Slow quenching 2 (SQ 2) 0.05°C/min down to -20°C and GA 
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crosslinked. Data: N≥100, ±S.D. * indicates significant difference with p<0.05 using ANOVA 

and post-hoc Tukey’s test 

With slower freezing rates (SQ 1 and SQ 2), pore sizes increased significantly for all chitosan 

concentrations (13%, 44% and 90% increase in pore sizes for 2.5, 5 and 10 w/v% between SQ 

1 and SQ 2). Due to the slow freezing rates, there is slower heat transfer resulting in a longer 

time required to reach temperatures that promote nucleation(44, 45). Slower heat transfer 

allows more time for diffusion of solvents to the growing crystal phase, resulting in larger 

crystals and hence larger pores(44, 45). This is evident from Fig. 2.6 (B & C) and Fig. 2.5 (G-L). 

Interestingly, at slower freezing rates, due to slower and inhomogeneous heat transfer (due 

to the presence of chitosan polymer and other solutes) much larger pores formed for higher 

chitosan concentrations (5, 10 w/v%) compared to 2.5 w/v% chitosan. As mentioned earlier, 

slower freezing rates lead to the slower transfer of heat(43). This phenomenon is magnified 

in the presence of larger concentrations of chitosan leading to even larger pores. However, 

the pores formed appeared less interconnected (Fig. 2.5 L) compared to the ones formed in 

QQ conditions (Fig. 2.5 C & F). This suggested that the phase separated chitosan polymers 

surrounding the larger crystals may have resulted in a local increase in solution viscosities 

which may have further impeded the formation of interconnected ice dendrites(41). Overall 

the data suggest that there is a balance between ice crystal nucleation and crystal growth 

which is affected by cooling rate and the concentration of the polymer. 

2.4.3 Evaluation of swelling and porosities of chitosan scaffolds 
The ability of a porous hydrogel to swell under physiological conditions to mimic the natural 

environment of ECM is essential for the implementation of the gel especially for wound 

healing applications(46). During swelling the solvent ingresses into the hydrogel via capillary 

action and diffusion, the polymer network swells, which in turn exerts an elastic stress on the 

network junctions (physical entanglements or crosslinking points)(47). At some point, the 

polymer network reaches an equilibrium beyond which the polymer entanglements or the 

crosslinked network resists further uptake of the solvent(47). Swelling of a hydrogel is also 

dependent on the compatibility of the solvent it is swelled under, the hydrophilicity of the 

polymer network, pore sizes, porosity and crosslinking and physical entanglements of the 

polymer network(47). Swelling ratios of GA crosslinked chitosan and physically gelled chitosan 

fabricated via QQ step is shown in Fig. 2.7 A. As expected, once the chitosan polymer 
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concentration was increased from 2.5 up to 10 w/v%, the swelling % decreased significantly 

from approximately 1300 to 800% (for uncrosslinked chitosan scaffolds). The presence of a 

higher polymer concentration results in denser walls and smaller pore sizes(40). Denser walls 

result in larger number of physical entanglements which in turn would allow less solvent to 

infiltrate as the entanglements exert a greater resistive force towards swelling. GA 

crosslinking of chitosan scaffolds, led to further decrease in swelling (from 1130 to 400%) as 

shown in Fig 2.7 A. 

 

Figure 2.7: Effect of polymer concentration and crosslinking on (A) the swelling properties 

and (B) porosities of chitosan scaffolds. Scaffolds were fabricated via QQ. n=4, ±s.d.* indicates 

significant difference with p<0.05 using ANOVA and post hoc Tukey’s test. 

The presence of the covalent crosslinking along with physical entanglements will generally 

result in a greater resistive force towards swelling and this is observed in Fig. 2.7 A. The 

swelling studies shows that crosslinking and physical entanglements can be used to tune the 

swelling properties of the scaffolds.  

The porosities of both uncrosslinked and crosslinked chitosan scaffolds are shown in Fig. 2.7 

B. Increased chitosan concentration led to a decrease in pore sizes as shown in Fig. 2.6 A. Due 

to the decrease in pore sizes and a physical increase in the amount of chitosan polymer, 

porosities decreased significantly from 78% to 65% with an increase in chitosan concentration 

(2.5 to 10 w/v% for uncrosslinked chitosan scaffolds) (Fig 2.7 B). Similar decreases in porosities 

were also observed for crosslinked chitosan scaffolds (73% to 63%) as shown in Fig. 2.7 B. The 

tuneability aspect of the swelling ratios and porosities has considerable importance for 

controlled release applications such as delivery of growth factors, drugs and 

nanoparticles(48). 
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2.4.4 Evaluation of mechanical properties of TIPS freeze gelation chitosan 
scaffolds 
Cells can react to their local and bulk environment. The native tissue has a host of mechanical 

properties which are both viscoelastic, age-dependent, tissue-dependent and can vary due to 

any underlying comorbidities. Modulation of scaffold mechanical properties has been known 

to direct stem cell fate switching(49, 50). In this project, we used a simplistic compression 

based technique to determine the elastic (Young's) modulus of scaffolds. 

 

Figure 2.8: Effect of polymer concentration and crosslinking on Young's modulus of chitosan 

scaffolds. Scaffolds fabricated via QQ and freeze gelation. n=4,±s.d. .* indicates significant 

difference with p<0.05 using ANOVA and post hoc Tukey’s test. 

An increase in chitosan concentration resulted in significant increase in the compressive 

modulus of both uncrosslinked and crosslinked chitosan scaffolds as shown in Fig. 2.8. The 

presence of a larger concentration of chitosan polymer resulted in smaller denser pore walls 

as well as less porosity which in turn resulted in the cylindrical chitosan scaffolds being able 

to take larger stresses for which an increase in compressive modulus was observed. GA 

crosslinking resulted in approximately a 4-10 fold increase in compressive modulus compared 

to uncrosslinked chitosan scaffolds. The in vivo mechanical properties of human skin probed 

via an indentation method similar to our compressive modulus testing revealed compressive 
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modulus of skin between 40-65 kPa with a standard deviation between 10-14(51). 

Uncrosslinked chitosan scaffolds with 2.5 and 5 w/v% showed compressive modulus of 13±1.7 

and 27±4 kPa. Crosslinked 2.5 w/v% chitosan had a compressive modulus of 49±5 kPa. These 

compressive modulus values are within the range of the compressive modulus of human skin 

measured in vivo.  These compressive results of the chitosan scaffolds show the mechanical 

tunability and its suitability towards soft tissue engineering applications(52).  

The mechanical study used here is simplistic in nature and does not take into account the 

viscoelasticity or the poroelastic components (for e.g. water leaving the pores during 

compression) which could have an impact on the overall bulk mechanics of the scaffolds. 

Furthermore, the local pore mechanics which could be felt by cells were not measured and 

should be explored further in future studies to build a more comprehensive picture of the 

overall mechanics of the soft chitosan scaffolds. 

2.4.5 Indirect cytotoxicity test of chitosan scaffolds fabricated via freeze 
gelation neutralisation 
The MTS assay was utilised to measure possible cytotoxicity of chitosan scaffolds fabricated 

via freeze gelation TIPS. Chitosan extracts of various amounts (2.5-10) w/v% and crosslinking 

conditions (uncrosslinked vs crosslinked) were tested. From Fig. 2.9 (A & B) it is clear that the 

extracts had no significant cytotoxic effects on 3T3 cells compared with the control.   

 

Figure 2.9: (A) In vitro cytotoxicity results of 2.5, 5 and 10 w/v% chitosan scaffolds crosslinked 

and capped with glycine fabricated via QQ at -20°C. (B) In vitro cytotoxicity results of 2.5, 5 

and 10 w/v% chitosan scaffolds uncrosslinked fabricated via QQ at -20°C. n=4,±s.d. 
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The extract based studies showed that the crosslinking process did not alter the 

cytocompatibility of the scaffolds even at very high chitosan concentration. This indicates that 

the washing steps and glycine capping were sufficient to cap any unreacted GA residues. The 

lack of any cytotoxic response for both crosslinked and uncrosslinked chitosan scaffolds 

indicates that these scaffolds can be useful for soft tissue engineering applications. 

2.5.1 Selection of initial glutaraldehyde concentration for freeze gelation 
via crosslinking 
To determine the range of crosslinker concentration that would not lead to fast crosslinking 

and gelation of chitosan polymers, 1 ml of GA (concentrations: 0.008 v/v% - 5 v/v%) was 

introduced to 0.15 g of chitosan dissolved in 4 ml of acetic acid (5 v/v%). The solutions were 

mixed rapidly with a spatula and the presence of any gelling observed. Ideally, GA 

concentrations that do not result in quick gelation of chitosan polymer would be beneficial, 

as it would allow the polymer solution to phase separate during TIPS, resulting in highly 

macroporous cryogel. GA concentrations between (0.008 v/v% - 1 v/v%) did not show any 

gelling as can be seen in Fig. 2.10 (A-D).  However, with the introduction of 5% GA,  the 

chitosan solution gelled within a few seconds forming a thick inhomogeneous gel as shown in 

Fig. 2.10 (E). Therefore this concentration was deemed not appropriate for further 

experimentation involving freeze gelation via crosslinking. 

 

Figure 2.10: Effect of various GA concentration (A) 0.008 v/v %; (B) 0.04% v/v%; (C) 0.2% v/v%; 

(D) 1% v/v%; (E) 5 v/v%; on the gelation of 3 w/v% chitosan. 
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2.5.2 Effect of GA concentration on the morphology, pore sizes, and 
mechanical properties of chitosan scaffolds 
In the previous section, we have demonstrated that low concentrations of GA (0.008%-1%) 

did not lead to fast gelling of the chitosan solution. To study the effect of GA on the 

morphology, pore sizes and mechanics of chitosan scaffolds, 3 w/v% of chitosan solution were 

mixed with various concentrations of GA (0.008%, 0.04%, 0.2% & 1%) and the resulting 

solutions introduced into a water bath for 24 h at -20°C. Soft chitosan hydrogels were 

fabricated following steps mentioned in section 2.3.4.1. Thin sections of the scaffolds were 

viewed under confocal microscopy. It was possible to fabricate hydrogel scaffolds for all the 

concentrations of GA tested as shown in Fig. 2.11. The colour of the 3 w/v% scaffolds changed 

from a white colour at 0.008% GA (Fig. 2.11 A) to increasingly stronger shades of yellow  at 

0.04% and 0.2% (Fig. 2.11 B & C) and finally to an orange colour for 1% GA (Fig. 2.11 D). The 

colour change was indicative of the increasing GA concentration in the chitosan scaffolds. 

Scaffolds were approximately 22 mm in diameter and 20 mm in height. 

 

 

Figure 2.11: Chitosan scaffolds (3w/v%) fabricated with increasing glutaraldehyde 

concentration (A) 0.008 v/v %; (B) 0.04 v/v %; (C) 0.2 v/v %; (D) 1 v/v %.  

 

Investigation of the pore morphologies, pore sizes and mechanical properties revealed 

significant differences as GA concentration was increased from 0.008% to 1%. At 0.008% GA 

concentration, the pores formed during the freezing process had collapsed/melted 

morphology Fig. 2.12 (A & B). This was most likely caused when the temperature of the 

scaffolds was rapidly brought up to room temperature during the caustic washing step. It is 

possible that upon elevation of the scaffold temperature during the caustic washing step, the 
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chitosan polymers may have redissolved in the yet unneutralised acetic acid, due to initial 

time-dependent diffusion limitations of the NaOH solution. The heat of neutralisation 

originating from the acid-base reaction may also have played a role in the collapsed pore 

morphology. This gives us an indication that the concentration of GA used was too low to 

crosslink sufficient quantity of chitosan polymers to provide structural rigidity to the pores, 

which could withstand the washing steps in NaOH.  

Figure 2.12: Confocal micrographs of (A) surface and (B) cross-section showing the effect of 

low GA concentration (0.008%) on the pore architecture of 3 w/v% chitosan scaffold. Scaffolds 

fabricated via freeze gelation crosslinking at -20°C. Scale bar: 200 µm 

An increase in GA concentration from 0.008% to 0.04% led to highly porous chitosan 

scaffolds with irregularly shaped pores as shown in Fig. 2.13 A. Scaffolds crosslinked with 

0.2% showed a similar pore morphology (Fig. 2.13 B) albeit the pore sizes were slightly 

larger 55±29 µm compared to 43±22 µm for 0.04% GA crosslinked chitosan as shown in Fig. 

2.15, however, no statistical significance was detected between these two crosslinking 

concentrations. With further increases in GA concentration (1%), a large increase in pore 

size to 140±82 µm was observed (Fig. 2.13 C and 2.14). In scaffolds crosslinked with 1% GA, 

the pore morphology was typical of TIPS pores with the irregular polygonal shape. The 

increase in pore sizes can be explained by the fact that with increasing GA concentration, 

the chitosan polymers would become more crosslinked therefore more rigid(53). This would 

lead to an increase in local viscosity(53) and decrease in the mobility of the chitosan 

A B 
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polymers. Increased viscosity would restrict ice crystal growth and lead to slower growth of 

crystals(43), therefore accounting for the larger pores observed inFig. 2.13 C and Fig. 2.14. 

 

Figure 2.13: Confocal micrographs showing cross-sections of 3 w/v% chitosan scaffolds 

crosslinked with (0.04% GA) A, (0.2% GA) B and ( 1% GA) C. Scaffolds fabricated via freeze 

gelation crosslinking at -20°C. Scale bar: 200 µm 

 

 

Figure 2.14: Effect of GA concentration on pore sizes of 3 w/v% chitosan scaffolds.Scaffolds 

were fabricated at -20°C via freeze gelation crosslinking. n≥100, ±s.d. * indicates significant 

difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test. 

The effect of increasing the concentration of GA on the compressive modulus of 3w/v% 

chitosan (-20°C TIPS) was also investigated. Fig 2.15 shows the average compressive modulus 

of increasing concentration of GA (0.008-1%). The relatively large compressive modulus at 

0.008% GA 77±22 kPa is counterintuitive to the expected effect of increasing crosslinker 

A B C 
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concentration. However, as already discussed before, at 0.008% GA concentration the pores 

have a collapsed morphology as observed in Fig. 2.12. This, in turn, would result in a less 

porous structure compared to the higher concentrations of GA as seen in Fig. 2.13. These 

melted pores and the resulting lack of porosity inferred from the confocal micrographs in Fig 

2.12 would result in greater resistance to strain therefore result in a larger compressive 

modulus (as seen in Fig 2.15) relative to chitosan crosslinked with higher GA concentrations. 

Chitosan scaffolds showed increasing compressive modulus as concentrations were increased 

from 0.04 to 1% (Fig. 2.15). This suggests higher crosslinker concentrations lead to a larger 

number of crosslinks between chitosan chains, therefore improving the overall mechanical 

integrity of the scaffolds. However, the scaffolds crosslinked by 1% GA were brittle in nature 

with the scaffolds fracturing towards the end of the 30% compression. The compressive 

modulus observed here were similar or close to the mechanical properties of soft tissues such 

as muscle, adipose tissue and skin(51, 54, 55). For further studies 0.04% GA was used. A low 

concentration of GA reduces the possibility of any cytotoxic effects on mammalian cells. 

 

Figure 2.15: Effect of GA concentration of 3w/v% chitosan scaffolds. Scaffolds fabricated via 

freeze gelation crosslinking at -20°C. n=3, ±s.d. * indicates significant difference with p<0.05 

using ANOVA analysis with post hoc Tukey’s test 

2.5.3 Effect of chitosan concentration on the pore sizes and mechanical 
properties of chitosan scaffolds 
The effect of modulating chitosan concentration on the pore sizes and mechanical properties 

of chitosan scaffolds was also investigated. Scaffolds were crosslinked via 0.04% GA and 

frozen at -20°C for TIPS. Although lower concentrations were also studied, however due to 
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their fragility, it was not possible to measure the pore sizes of chitosan scaffolds below 3 w/v% 

chitosan as the sectioning process resulted in the collapse of the pore walls. There was a 

significant decrease in pore sizes of chitosan scaffolds from 43±22 µm at 3 w/v% to 19±12 µm 

at 10 w/v% as shown in Fig. 2.16. This was expected as larger concentrations of chitosan, 

resulting in denser scaffolds, leaving less space for the TIPS crystals to grow especially in quick 

freezing conditions as the ones used here. With larger concentrations of chitosan polymer, 

the number sites for heterogeneous nucleation increases, therefore leading to the formation 

of smaller crystals, hence smaller pores(40, 43). Measurement of compressive moduli of these 

scaffolds also showed a trend that is consistent with the pore sizes. With increasing chitosan 

concentration, the compressive modulus could be manipulated from 1.2±0.25 kPa for 1 w/v% 

chitosan up to 444±101 kPa for 10 w/v% chitosan scaffolds as shown in Fig. 2.17. Further 

increase in chitosan concentration led to insoluble chitosan residues. These results show that 

pore sizes and mechanical properties of chitosan scaffolds can be readily tuned via changing 

its concentration. 

 

Figure 2.16: Effect of chitosan concentration on the pore sizes of chitosan scaffolds. Scaffolds 

fabricated with 0.04% GA and TIPS temperature of -20°C. n≥100, ± s.d. * indicates significant 

difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test 
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Figure 2.17: Effect of chitosan concentration on the compressive moduli chitosan scaffolds. 

Scaffolds fabricated with 0.04% GA and -20°C TIPS temperature. n=3, ±s.d. * indicates 

significant difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test 

 

2.5.4 Effect of set freezing temperature on pore sizes and mechanical 
properties of chitosan scaffolds 
The effect of changing the set freezing temperature (TIPS temperature) on the pore sizes and 

mechanical properties of chitosan scaffolds (3 w/v%, 0.04 v/v % GA) was also investigated. A 

higher set freezing temperature (-12°C) led to larger pores 61±29 µm as shown in Fig. 2.18 A. 

Further decreases in set freezing temperature (-16°C) led to significant decrease in pore sizes 

44±20 µm. There was no significant difference between pores fabricated at -20°C and -16°C. 

As discussed earlier in section 2.4.2 a higher set freezing temperature (-12°C) leads to slower 

cooling of the chitosan solution(40, 43). Slower heat transfer would lead to delay in a 

nucleation as well as slower crystal growth(40, 43). This would result in larger ice crystals and 

larger pores for scaffolds fabricated at -12°C. Although a higher set freezing temperature 

resulted in significantly larger pores (22% increase), this did not ultimately affect the 

mechanical properties of the 3 w/v% (0..04 % GA) chitosan scaffolds as shown in Fig. 2.18 B. 

The concentration of chitosan and crosslinking did not change, and in this case, it may likely 

dominate the bulk mechanics of the scaffolds. However, it is possible that the local 

mechanical properties may have altered with response to the pore size changes and the 

compressive testing method applied here were insensitive towards the subtle changes in local 

pore mechanics. Therefore, these results show that pore sizes can be manipulated by 
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changing freezing temperature, crosslinker concentration and chitosan concentration. 

Mechanical properties were affected by crosslinker and chitosan concentration. 

 
Figure 2.18: Effect of set freezing temperature on (A) pore sizes & (B) Compressive moduli of 

3 w/v% chitosan scaffolds crosslinked with 0.04 v/v % GA. (A)n≥100 ± s.d; (B) n=3 ± s.d. * 

indicates significant difference with p<0.05 using ANOVA analysis with post hoc Tukey’s test 

2.5.5 in vitro experiments on chitosan scaffolds fabricated via freeze 
crosslinking gelation 
Cytocompatibility and cell proliferation on 3 w/v% chitosan scaffolds (0.04% GA crosslinked) 

were assessed with Alamar blue assay. Scaffold extracts tested on 3T3 fibroblasts did not 

reveal any significant difference compared to control cells (Fig. 2.19 A). This suggests that 

there were no harmful leachable chemicals such as GA present that could have affected cell 

proliferation. Direct cell proliferation results show that 3T3 cells were able to proliferate in 

chitosan scaffolds over 3 days as indicated by the increase in fluorescent intensity in Fig. 2.19 

B.  Both the results together points that chitosan scaffolds crosslinked via GA (and washed in 

glycine and soaked in complete DMEM) were suitable for the culture of 3T3 fibroblasts.  
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Figure 2.19: (A) Effect of 3 w/v% (0.04% GA crosslinked) chitosan scaffold extract on 3T3 

fibroblast proliferation, t.test: p=0.61; (B) Three day proliferation of 3T3 fibroblasts grown on 

3 w/v% (0.04% GA crosslinked) chitosan scaffolds. n=4±s.d. * indicates significant difference 

with p<0.05 using ANOVA analysis with post hoc Tukey’s test 

We have also qualitatively observed whether 3T3 fibroblasts can attach and survive on and 

inside the chitosan scaffolds. A live dead deep red dye was used to stain cytoplasm of 

metabolically active cells. DAPI nuclear staining was done to visualise the nucleus of the cells. 

Scaffolds imaged after day 1 and day 7 of incubation are shown below in Fig. 2.20 

From Fig. 2.20 it is evident that 3T3 cells were alive both on the surface and within the scaffold 

cross-section at day 1 and day 7 due to the presence of red cytoplasmic staining. The presence 

of 3T3 cells within the scaffold cross-section also tells us that the scaffolds have good 

interconnectivity, allowing the cells to ingress through the interconnected pores through 

migration during the swelling of the scaffolds. This also indicates that there was sufficient 

nutrient and oxygen diffusion within the cross-section of the scaffold (scaffold thickness 2 

mm). 

 

 

Figure 2.20: Confocal micrographs imaged with 60x objective of (A) 3T3 fibroblasts growing 

on the scaffold surface at day 1, chitosan scaffold (green), 3T3 cytoplasm and nucleus (blue); 

(B) 3T3 fibroblasts growing inside the scaffolds at day 7. Nucleus (blue), cytoplasm (red) and 
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chitosan scaffold (blue). Scaffold synthesis conditions 3w/v% chitosan, 0.04% GA and -20°C 

TIPS. 

2.6 Conclusions: 
In this chapter, TIPS along with freeze neutralisation gelation and freeze crosslinking gelation 

were utilised for chitosan scaffold fabrication. The effect of changing various physical 

parameters e.g. cooling rate, crosslinking, set freezing temperature, chitosan concentration 

on the porous architecture of chitosan scaffolds were explored. Important physical and 

biological properties of the scaffolds e.g. swelling, mechanical and biocompatibility of the 

scaffolds was assessed. Both methods utilised showed that they are suitable for fabricating 

highly porous and interconnected and biocompatible chitosan scaffolds. Scaffold mechanical, 

pore sizes and swelling properties can be readily tuned via changing various process 

parameters and have been shown to be similar to that of several soft tissues including skin. 

This chapter showed that porous TIPS chitosan scaffolds could be fabricated with properties 

that would be favourable towards mammalian cells and should be explored further (in in vivo 

settings) towards development and application for soft tissue engineering and wound healing. 
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Chapter 3: Combining mechanical foaming and thermally 
induced phase separation to generate chitosan scaffolds for 
soft tissue engineering 
 

3.0 Chapter perspective: In the previous chapter we have explored two different 

gelation mechanisms and TIPS for the fabrication of macroporous chitosan scaffolds. 

However, pore sizes were largely limited between 40-80 µm. As discussed in chapter 1, large 

pore sizes between 150-300 µm with good interconnectivity is importance for in vivo 

vascularisation. In this chapter, a novel mechanical foaming was combined with 

glutaraldehyde TIPS crosslinking developed in chapter 2 towards the control of macropores 

in chitosan/PVA scaffolds. Various process parameters were manipulated and their physical 

effect on the macropores characterised and correlated. Mechanical, swelling and porosities 

of these novel hydrogels were studied and the utility of these scaffolds for culture of 

mammalian 3T3 fibroblast culture was also explored. The following chapter published in 

Journal of Biomaterials Science Polymer edition, describes the development, fabrication and 

application of these novel combined foamed-TIPS chitosan/PVA hydrogels in in vitro 

settings. 
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Chapter 4: Comparative study of novel in situ decorated 
porous chitosan-selenium scaffolds and porous chitosan-
silver scaffolds towards antimicrobial wound dressing 
application 
 

4.0 Chapter perspective: In the previous chapter (3), the development of a 

mechanically soft chitosan/PVA hydrogel via combined foaming and TIPS process was 

described. In this chapter, these novel foamed-TIPS hydrogels were furthered developed with 

regards to their antimicrobial properties via in situ formation of selenium and silver 

nanostructures. The formation, characterisation and annotation of these hybrid 

(chitosan/PVA-selenium or chitosan/PVA-silver) hydrogels were described in details in this 

chapter. Particular emphasis was placed upon the release and comparison of selenium and 

silver extracts within various in vitro culture media (deionised water, mammalian media and 

bacterial media) to understand their possible fate in more complex physiological setting. 

Extracts from these scaffolds were further tested upon mammalian 3T3 fibroblasts to 

ascertain their cytocompatibility. Both selenium (Se) and silver (Ag) are known for their 

antimicrobial properties therefore, extracts were tested against S. aureus – (a Gram-positive 

bacterium), E. coli – (a Gram-negative bacterium) and Methicillin Resistant S. aureus (MRSA) 

– (a multi-drug resistant bacterium) and conclusions drawn from flowcytometry and colony 

forming unit (CFU) assays. 

4.1 Introduction:  
Bacteria have been able to develop antibiotic resistance faster than the introduction of new 

antibiotics(1). Due to diminishing economic returns for a new antibiotic drugs, long drug 

development times and strict regulatory guidelines, very few new antibiotic drugs are being 

introduced into the market(2). Worryingly, no new classes of antibiotics have been introduced 

since 2003(3). Hence drug-resistant bacterial infections are becoming more prevalent and can 

once again pose the same threat as infections before the advent of modern antibiotics(4). 

Currently, obesity-related diseases, such as diabetes and vascular diseases, are resulting in 

increasing incidences of debilitating medical conditions, including chronic wounds(5). 

Treatment of chronic wounds is time intensive and results in a significant economic burden 
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of approximately 31 billion USD worldwide(6). Some studies have estimated that microbial 

biofilms can be present in more than 70% of chronic wounds(7). The exopolysaccharides in 

biofilms provide significant barrier towards antibiotics and can, in turn, be breeding grounds 

for the development or exchange of antibiotic resistance genes in microbes, such as 

Staphylococcus aureus and Escherichia coli(8). Thus, there is a current and pressing need for 

the introduction of new antimicrobials that can tackle microbial infection without causing 

significant cytotoxicity to the surrounding host tissue(9). 

Ag nanoparticles have gained significant acclaim in the past two decades for their 

antimicrobial properties (10). Ag-based nanoparticles and composites have been shown in a 

large number of studies to display broad spectrum antibiotic properties towards a large 

number of known pathogenic bacteria, including drug-resistant forms(11, 12). The exact 

mechanism of Ag’s antibiotic properties is still debated; however, it is generally accepted that 

Ag ions from Ag nanoparticles can bind to thiol proteins present ubiquitously on membrane 

proteins and respiratory enzymes, resulting in reactive oxygen species (ROS) generation, 

which is toxic towards cells(9, 13). Furthermore, they are also known to bind to DNA, most 

likely via binding to various heat shock proteins, which results in irreversible coiling of DNA, 

inhibiting its replication(14).  

Significantly, the mechanisms of Ag’s effects on bacteria can also impact mammalian cells 

(15). A number of studies have shown that Ag nanoparticles can result in cytotoxicity and 

genotoxicity towards mammalian cells(16). However, the widespread use of Ag nanoparticles 

in applications including dressings(17), medical implants(18), fabrics(19), and water 

treatment(20) indicates a focus on the antimicrobial properties of Ag, with perhaps less 

regard for its potentially negative effects on human cells. Several meta-analyses of clinical 

trials involving comparison of Ag-containing dressings to other dressings have failed to come 

to any conclusion regarding enhanced wound healing with Ag based dressings(21). This may 

be in part due to the presence of co-morbidities in the patients. These studies also 

demonstrate a lack of emphasis towards the potential fate of Ag nanoparticles (embedded 

within various substrates such as dressings and medical devices) in in vivo conditions. To 

improve understanding of Ag nanoparticles released from substrates similar to Ag dressings, 

we have fabricated in situ and loaded Ag nanoparticles into chitosan/PVA scaffolds and 

studied their release in various complex media in an attempt to better model their potential 
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fate under physiological conditions. Furthermore, we have also probed the cytotoxicity 

(towards fibroblasts) and antimicrobial effect (on Gram-negative and Gram-positive bacteria) 

of Ag species released from chitosan/PVA scaffolds in vitro to provide better insights into how 

Ag (nanoparticles and ions) may behave under various controlled in vitro conditions. 

Ultimately, such controlled tests could help guide clinicians, researchers and regulatory 

bodies in better understanding effects of Ag-coated medical devices and dressings on 

mammalian cells and pathogenic bacteria.   

Recently, Se nanoparticles have been gaining more attention as potential antimicrobial(22) 

and anticancer(23) agents. Se is an essential nutrient present as a trace element in humans 

and forms a group of selenoproteins which have important antioxidant properties(24). 

Interestingly, Se nanoparticles have shown selective toxicity towards bacteria, leaving 

mammalian cells unharmed in a dose-dependent manner (25). The exact mechanism of 

selenium induced toxicity is still a field of active research, but it has been shown that selenium 

nanoparticles can lead to the generation of toxic ROS (25, 26). Given that selenium is present 

as part of antioxidant enzymes called glutathione peroxidases, it is possible for selenium to 

locally bind to these important antioxidant scavengers situated in mitochondria, leading to 

leakage of ROS which would otherwise have been sequestered or rendered harmless by the 

antioxidant enzymes(25, 26). However, the exact mechanism of how this potentiates is still 

unknown and given that selenium metabolism is a complicated process and varies between 

eukaryotes and prokaryotes(27, 28), it may be a while before the exact route of antimicrobial 

activity is deciphered. Given that Se is already present as a trace element in humans, Se-based 

nanoparticles may be better tolerated by human cells, while providing the beneficial 

antimicrobial properties that are currently needed for tackling resistant pathogenic 

bacteria(22).  

In chronic wounds, while control of infection and biofilm is crucial, healing of the underlying 

damaged dermis is also equally important(29). Due to the severe lack of donor tissue, there 

is a current need to introduce artificial substitutes that can aid in fibroblast infiltration and 

vascularization, which would result in improved wound healing(30). Previously we have 

developed a chitosan/PVA hydrogel via mechanical foaming and thermally induced phase 

separation (TIPS) (31), which can potentially be utilised in chronic wound healing. Chitosan 
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was chosen due to its structural similarities towards native glycosaminoglycans and its 

reported ability as a wound healing agent(32). 

Understanding the release and fate of any nanoparticles to be used in wound treatment is 

important. In this study, we have investigated the in situ formation and loading of Ag and Se 

nanostructures into foamed TIPS chitosan/PVA scaffolds. The resultant scaffolds were 

assessed in vitro under various culture conditions to study the release of the nanoparticles. 

We also studied whether they had cytotoxic effects towards fibroblast cells, essential 

components of the dermis(33). The mechanisms of the effect of extracts from the scaffolds 

on two Gram positive bacteria (Staphylococcus aureus (S. aureus) and Methicillin-resistant 

Staphylococcus aureus (MRSA)) and one Gram-negative bacterium (Escherichia coli)(34) were 

then investigated. These three bacterial species were chosen as they frequently contaminate 

chronic wounds and are implicated in device related and hospital acquired infections(35).  

4.2. Materials & Methods: 

4.2.1 Materials:  
Medium molecular weight chitosan (180-310 kDa, degree of deacetylation 85%) and polyvinyl 

alcohol (PVA) (10,000 Da, 80% hydrolysed) (Sigma-Aldrich, Australia) were used for foamed 

hydrogel formulation. All solutions were made with ultrapure water, purified to a resistivity 

of 18.2 MΩ in a Millipore water filtration system (Millipore, Victoria, Australia). Chitosan and 

PVA were dissolved in 0.88 M acetic acid (Chem supply, Victoria, Australia). Glutaraldehyde 

(Thermo Fisher Scientific, Australia), sodium hydroxide (Chem Supply, Victoria, Australia) and 

glycine (Sigma-Aldrich, NSW, Australia) were used as received.  

Sodium selenite (Na2Se2O3), reduced glutathione (GSH), nitric acid (HNO3), Ag and Se 

standards (for inductively coupled atomic absorption spectroscopy (ICP-AAS)) were 

purchased from Sigma-Aldrich, Australia. Silver nitrate (AgNO3) was purchased from Ajax 

Finechem, Australia. 

Lysogeny broth (LB) medium was prepared by dissolving 10 g tryptone, 5 g yeast extract and 

10 g sodium chloride (all from Sigma-Aldrich, Australia) in 1 litre of water and steam sterilised 

at 121°C for 20 min. LB agar plates for bacterial culture were purchased from The Peter 

Doherty Institute for Infection and Immunity, Media Preparation Unit (Melbourne, Australia). 

Escherichia coli (E.coli) ATCC 25922, Staphylococcus aureus (S.aureus) ATCC 29213 and 



112 
 

Methicillin-resistant staphylococcus aureus (MRSA) ATCC 43300 were kindly provided by the 

Oral Health CRC at the Melbourne Dental School. Propidium Iodide (PI) and Syto 9 (Invitrogen, 

Australia) were used as received.  

Mouse 3T3 fibroblasts (CCL-92, ATCC, VA, USA) (cell passage number 7-10) were utilised for 

cytotoxicity testing.  Dulbecco's Modified Eagle Medium (Sigma-Aldrich, Australia) (DMEM) 

was supplemented with 10% fetal bovine serum (FBS) (Gibco Life Technologies, Auckland, 

New Zealand), 1% Penicillin-Streptomycin (Sigma-Aldrich, Australia), and 1% L-Glutamine 

(Sigma-Aldrich, Australia); and termed complete DMEM unless stated otherwise. Trypsin was 

purchased from Gibco Life Technologies, Auckland, New Zealand. Sodium resazurin salt 

(Sigma-Aldrich) was dissolved in phosphate buffered saline (PBS) (Sigma-Aldrich) to make up 

440 µm Alamar blue assay. The Alamar blue assay was sterile filtered with 0.22 µm (Millipore, 

Australia) syringe filter and utilised for measuring cell viability. 

4.2.2 Methods: 

4.2.2.1 Scaffold fabrication:  
Chitosan-PVA scaffolds were fabricated using a foaming and thermally induced phase 

separation (TIPS) technique described previously(31). Briefly, 0.15 g chitosan was dissolved in 

3.858 ml acetic acid (0.88 M) in a 28-ml polypropylene vial (Labtek, Australia). PVA was 

dissolved in 0.88 M acetic acid to make 100 mg/ml PVA solution. To the chitosan solution, 1 

ml of PVA solution was added and the resulting solution was mixed at 1500 rpm for 5 min 

using a mixer (IKA 20) (Thermo Fisher Scientific, Australia) and a custom-made impeller. To 

this foamed solution, 142 µl of 2.5 w/w% glutaraldehyde (GA) was introduced and mixed for 

further 1 min to promote crosslinking. The foamed solutions were transferred to an ethylene 

glycol/water (50 v/v%) water bath (Alpha Ra 12, Lauda, Victoria, Australia) set at -20°C to 

arrest bubble coalescence and allow the TIPS process to occur. After 24 h of incubation, the 

frozen scaffolds (L: 25 mm; D: 25 mm) were sliced into 1 mm sections using a custom cutting 

guide and a scalpel. Sectioned scaffolds were washed with excess 3M sodium hydroxide 

(NaOH) on an orbital shaker at 120 rpm for 1 hour. Scaffolds were then gently washed in 

water for 5 min. on an orbital shaker at 120 rpm to remove excess NaOH. The washing step 

was repeated five times with a fresh change of water between each wash. Washed scaffolds 

were immersed in excess 0.1 M glycine solution (in water) on an orbital shaker at 120 rpm for 
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1 hour to cap any residual GA. Scaffolds were finally washed in water and stored in their 

swollen state at 4°C for later use. 

4.2.2.2 In situ formation and loading of Se nanostructures into scaffolds:  
Sectioned scaffolds were dehydrated at 37°C for 6 hours to remove excess liquid in the pores. 

The partially dried scaffolds were then transferred into 12 well plates (Costar, Sigma-Aldrich, 

Australia). To regulate the in situ formation and loading of Se nanoparticles, 2 ml solutions of 

Na2Se2O3 (0 mM, 0.195 mM, 0.5 mM, 0.78 mM, 3.125 mM, 5 mM, 12.5 mM and 50 mM) were 

added to the dried scaffolds (n=3 for each concentration). Scaffolds were allowed to swell for 

2 h at 37°C on an orbital shaker at 120 rpm then transferred individually to a new 12 well-

plate. GSH (0.1 M) was utilised to reduce the sodium selenite absorbed into the chitosan 

scaffolds (36). To each swelled scaffold, 1.5 ml of GSH and a further 20 µl of 3M NaOH were 

added to bring the reaction mixture into the alkaline regime. The reduction reaction was 

carried out at 37°C on an orbital shaker at 120 rpm for 1 h. After the reaction, the scaffolds 

were washed in water for 1 min. The washing step was repeated 5 times with fresh water 

used for each washing step. Scaffolds were then stored in their swollen state at 4°C. 

4.2.2.3 In situ formation and loading of Ag nanoparticles into scaffolds:  
Dehydrated sectioned scaffolds prepared as above were transferred into 12-well plates. 

Nanoparticles of Ag were formed in situ using 2 ml solutions of AgNO3 at various 

concentrations (0 mM, 0.195 mM, 0.5 mM, 0.78 mM, 3.125 mM, 5 mM, 12.5 mM and 50 mM) 

as reported previously (37). The plates were wrapped in aluminium foil to prevent ambient 

light reducing the AgNO3. Scaffolds (n=3 for each concentration) were incubated in the AgNO3 

solutions at 37°C for 24 hours on an orbital shaker at 120 rpm. After 24 h scaffolds were 

washed in water for 1 min. The washing step was repeated 5 times with fresh water used for 

each step. Scaffolds were then stored at 4°C in their swollen state for later use.  

4.2.2.4 Scaffold characterisation:  
Scaffolds loaded with Ag and Se were characterized via scanning electron microscopy (SEM) 

(Quanta, FEI, USA) and elemental microanalysis carried out by energy dispersive spectroscopy 

(EDS; INCA, Oxford Instruments). Swollen scaffolds were cut into small pieces, dehydrated in 

ethanol serial dilution on an orbital shaker at 120 rpm (20, 40, 60, 80, 90, 100 v/v%), with 10 

min incubation between each step in ethanol concentration. After scaffolds were incubated 
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in 100 v/v% ethanol, scaffolds were submerged in excess hexadimethylsilazane (Sigma-

Aldrich, Australia) and left to air dry in a fumehood overnight. Scaffold pieces were 

transferred to aluminium stubs and gold coated with a sputter coater (Dynavac mini Sputter 

coater) (80 mA for 1 min) and imaged. AztecEnergy software (Oxford Instruments) was 

utilized for automated EDS spectral analysis and elemental annotation of scaffolds.  

4.2.2.5 Determination of Ag and Se loadings into chitosan/PVA scaffolds:  
Scaffolds loaded with Se or Ag were assessed via ICP-AAS (ICP Varian 720-ES, Agilent 

Technologies) to determine the total amounts of Se and Ag species loaded onto the chitosan 

scaffolds. Scaffolds containing Se or Ag fabricated using a range of initial precursor 

concentrations (0mM, 0.195 mM, 0.78 mM, 3.125 mM, 12.5 mM, and 50 mM of Na2Se2O3 or 

AgNo3) were dried in an oven at 100°C for 24 h to remove excess liquids from pores and walls 

of the scaffolds. Dry weights of the scaffolds were measured and scaffolds were digested for 

analysis in 2 ml of 70 w/w% nitric acid for 24 h in separate 28 ml polypropylene vials (Labtek, 

Australia) at ambient temperature. After digestion was complete for each scaffold 

concentration, 500 µl of each solution was added to 9.5 ml of 2 w/w% nitric acid separately. 

Se and Ag standards were diluted in 2 w/w% nitric acid to conduct elemental calibration using 

ICP-AAS. Total Se and Ag content (nanoparticles and ions) at each loading concentration was 

estimated by running three replicates for each scaffold variant in ICP-AAS and comparing the 

individual spectral absorptions to the Se and Ag standard curves. 

4.2.2.6 Ag and Se release studies:  
Scaffolds of both Se and Ag (50mM initial precursor concentration) were dried for 24 hours 

at 100°C. Scaffolds were weighed and transferred to individual 24 well-plates. Scaffold 

extraction was done in three different extraction media: deionised water, complete DMEM 

and LB media. To each scaffold, 1 ml of the various extraction media per 0.1g of the scaffold 

was added. A further 1 ml of the extraction media was added to each of the scaffolds to allow 

for uptake through swelling. The extraction was done at 37°C, under 5% CO2 for 24 h. After 

24 h incubation, the extract media were quickly removed and stored in separate 2 ml 

Eppendorf tubes. To assess the total content (both ionic and particulate) of Se and Ag species 

in various extraction media, 100 µl of the extracted medium was added to 9.9 ml of (2 w/w%) 

nitric acid. ICP-AAS was carried out on each extract media dilution in triplicate, as described 
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previously, and compared against Se and Ag standards to yield total content of Ag and Se 

present in the different extraction media. 

4.2.2.7 Scaffold extracts studies on mouse 3T3 fibroblasts:  
Chitosan/PVA scaffolds were swelled with various concentrations of Na2Se2O3 and AgNO3 

(50mM, 12.5mM, 3.125mM, 0.78mM, 0mM) and reduced to Se and Ag nanoparticles as 

described in sections 2.2.2 and 2.2.3. Scaffolds of both Se and Ag were dried for 24 hours at 

100°C and weighed. Dried scaffolds were then steam sterilized at 121°C for 30 minutes. 

Scaffolds were dried overnight in a sterile biosafety cabinet. Scaffolds were aseptically 

transferred to sterile 24 well-plates. A loading dose of 1 ml complete DMEM was added to 

pre-wet each scaffold. This was done as our previous data (supplementary data, Figure S 4.1) 

have shown that this pre-wetting step is essential for maximal cell growth in the presence of 

our porous absorbent scaffolds. After incubation for 1 h, excess DMEM was removed and 

fresh DMEM was added (1ml + 1ml/0.1g of dried scaffold) to each well according to the 

volume/weight ratio recommended in ISO10993 (38). The plates were incubated for 24 h at 

37°C under 5% CO2 after which the scaffolds were removed aseptically and the extracts stored 

in sterile Eppendorf tubes at 4°C for later use.  

In separate sterile 96 well-plates, 2500 cells (3T3 mouse fibroblasts) in 100 µl complete DMEM 

were added to each well. The plates were incubated for 24 h at 37°C and 5% CO2. After 24 h 

incubation, spent DMEM was carefully removed (without disturbing the attached cells) from 

all the cell culture wells. Gently, 100 µl of the scaffold extract media (pre-warmed to 37°C) 

were added to the cells. For each scaffold loading condition, 4 replicates were tested for 

cytotoxicity. Appropriate controls were in place to test for cells grown under complete DMEM 

aged at the same conditions and for the same time as the extracts. Wells without cells were 

also topped up with complete DMEM in order to account for the background fluorescence 

signal in the Alamar blue assay. All the plates were incubated for a further 24 h at 37°C, 5% 

CO2. After the incubation, 20 µl of Alamar blue (resazurin dye) (pre-warmed to 37°C) were 

added to each cell culture well and incubated for 4 h at 37°C, 5% CO2. Alamar blue contains a 

resazurin dye which is converted to resofurin (fluorescent product) by metabolically active 

cells(31). The fluorescent intensities are directly proportional to the number of metabolically 

active cells; therefore, it provides a quantitative measure of cells which may be under stress 

from various levels of cytotoxic entities.  Next, 100 µl of the dye plus DMEM mixture were 
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aseptically transferred to white 96 well-plates (Costar, Sigma-Aldrich, Australia) (with a 

transparent bottom and opaque walls to reduce background fluorescence). A fluorescence 

plate reader (infinite 200 Pro, Tecan, Switzerland) was used to measure fluorescence (ex 

545nm, em 590nm) from each well. Background fluorescence from DMEM was subtracted 

from all the test wells and controls and the data are presented as the mean and standard 

deviation of four replicates. All fluorescence readings were normalised to the positive control 

and expressed as % cell viability of the control. The experiments were repeated three times 

to assess their repeatability. 

4.2.2.8 Scaffold extracts studies on three bacterial species:  
Chitosan/PVA scaffolds were swelled with 50 mM of Na2Se2O3 and 50 mM AgNO3 separately 

and reduced in situ to Se and Ag nanostructures, as described above. Scaffolds were then 

dried at 100°C for 24 h, weighed and steam sterilised, as above. Scaffolds without 

nanoparticles (as a control) and scaffolds loaded with nanoparticles of Se and Ag were 

aseptically incubated in LB media (1ml LB media + 1ml LB media/0.1g of dried scaffold) for 24 

h for the extraction of Ag or Se species (ionic and particulate form) into the LB media at 37°C, 

5% CO2. After the extraction procedure, the scaffolds were removed and the extract media 

stored aseptically in Eppendorf tubes at 4°C for later use. 

E.coli ATCC 25922, S.aureus ATCC 29213 and MRSA ATCC 43300 were grown on LB agar plates 

from freeze-dried samples. Single colonies of these three bacterial species were transferred 

aseptically to 15 ml LB media via a sterile loop and allowed to grow overnight in an aerobic 

orbital shaker incubator at 37°C and 200 rpm. On the day of the experiment, a 1:200 dilution 

of the overnight culture was carried out in sterile LB media (test culture) and the individual 

bacterial species allowed to grow to late log phase (optical density approximately 1, at 650 

nm). Bacterial growth was then arrested by transferring the test cultures to an ice box. The 

test bacterial cultures were diluted 1:1000 in 0.9 w/v% sterile sodium chloride and 1 µl of Syto 

9 and 1 µl of PI were added to the diluted bacterial culture according to manufacturer’s 

recommendation (LIVE/DEAD BacLight Bacterial Viability and Counting Kit for flow cytometry; 

Invitrogen)(22). Bacterial cells were diluted to a concentration of 2.5×106 cells/ml and 100 µl 

aliquots of the bacterial suspension were transferred to a sterile 96 well tissue culture 

plate(22). To these defined aliquots of bacteria, 100 µl test extracts (pre-warmed at 37°C) 

from: chitosan/PVA (CS) scaffolds (with no nanoparticles), chitosan/PVA selenium (CS-Se) 



117 
 

scaffolds, chitosan/PVA-silver (CS-Ag) scaffolds, 100 µl of LB media (positive control) and 100 

µl of 6 mg/ml Kanamycin in LB media (Kana; negative control) were added in triplicate and 

the plates incubated at 37°C for 90 minutes. Towards the last 10 minutes of incubation, Syto 

9 and PI were added to a saline solution (0.9 w/v%) at 1:1000 dilution. Gently, 100 µl aliquouts 

of the Syto 9/PI saline solution were transferred to a fresh 96 well-plate and covered in 

aluminium foil. Once the 90-min incubation of the bacteria and test extracts was complete, 

50 µl aliquots of the bacterial suspensions were added to the plate with the Syto 9/PI saline 

solution and flow cytometric measurements were carried out using a Quanta Cell Lab 

(Beckman Coulter, USA) flow cytometer. Flow cytometric data were generated by the Flow 

cytometer software (Cell Lab Quanta SC MPL, Beckman Coulter, USA). Data were recorded in 

triplicates and the concentration of dead cells reported for each test treatment. The 

experiments were repeated three times to assess for repeatability. 

To complement results of flow cytometric live/dead assay, standard colony forming unit (CFU) 

counts were measured for all bacteria incubated with the test extracts and controls following 

routine protocols described elsewhere(39). Briefly, all three bacterial species were incubated 

with test extracts and controls (96 well plates) for 90 minutes as described above. Following 

90 minutes incubation, bacteria from the test wells (25 µl aliquots) were serially diluted up to 

105 times in presence of their respective test extracts and controls in 96 well plates. Diluted 

bacteria were then plated on LB agar plates and incubated overnight in aerobic conditions at 

37°C. CFU counts were recorded in triplicates for each test extract and control and the data 

reported as mean CFU/ml. Three independent repeats were carried out to assess 

repeatability of CFU counts assay. 

4.2.2.9 Surface morphology of bacteria cultured onto scaffolds: 
Small scaffold (diameter: 6 mm, height: 1 mm) specimens were punched from the original 

frozen chitosan/PVA scaffold; described in section 2.2.1. Se or Ag nanoparticles (using 50 mM 

precursor concentration) were formed in situ in the presence of these scaffolds as described 

in sections 2.2.2 and 2.2.3 to create scaffolds loaded with Se or Ag. Unloaded chitosan/PVA 

scaffolds were used as the control. Scaffolds were sterilized in 80 v/v% ethanol overnight, 

followed by gentle blotting of scaffolds on sterile gauze to remove excess ethanol. Scaffolds 

were swelled in 1 ml sterile LB media for 5 minutes and the blotting procedure repeated. This 
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was repeated three times to remove residual ethanol. Scaffolds were then swelled in LB 

media and stored at 4°C overnight for bacterial studies.  

Prior to bacterial experiments, disinfected scaffolds were transferred to 96 well plates and 

incubated at 37°C in a humidified box for 1 hr. All bacterial species were grown to late log 

phase (optical density 1 at 650 nm) and enumerated using Syto9/PI staining with a flow 

cytometer, as described before. To each scaffold, 100 µl of 2.5 ×106cells/ml were aliquoted. 

Bacteria were cultured on the scaffolds for 90 min at 37°C. Excess LB media was removed and 

the scaffolds were crosslinked for 30 minutes with sterile 2.5 w/w% GA in PBS. Following 

crosslinking, scaffolds were washed 3 times with sterile PBS. Scaffolds were serially diluted in 

ethanol followed by emersion in hexadimethyl silazane and dried overnight, as described in 

section 2.2.4. Dried scaffolds were sputter coated with gold and imaged using SEM. 

4.2.2.10 Statistical analysis: 
Results were reported as mean ± standard deviation of three replicates, unless stated 

otherwise. Three independent experiments were performed for all cell and bacterial studies 

to assess the reproducibility of the experiments. Statistical analyses were carried out using 

one-way analysis of variance (ANOVA) with a post-hoc Tukey test, using Minitab 16 software 

(Pennsylvania, US). Data were reported as statistically significant if their p values were <0.05. 

4.3 Results and discussion:  

4.3.1 Synthesis of scaffolds:  
In this study, we utilised wet syntheses methods for in situ fabrication of Se chitosan/PVA and 

Ag chitosan/PVA scaffolds. Chitosan/PVA scaffolds were decorated in situ post-fabrication 

with Se nanostructures via GSH-mediated reduction of absorbed sodium selenite solution.  

The proposed mechanism of reduction is shown in equation 1(36):  

 

Na2SeO3(aq) +GSH(aq) ⇋ GS-Se-SG(aq) ⇋ GSSG(aq) + Se(s)……………….equation 1 

Where: GS-Se-SG represents the intermediate species and GSSG the oxidised glutathione. 

With increasing sodium selenite precursor concentration, the chitosan/PVA scaffolds were 

loaded with increasing concentrations of Se nanostructures. The deposition of Se 

alkaline pH 



119 
 

nanostructures led to a vivid colour change of the chitosan/PVA scaffolds from a faint yellow 

(at 0 and 0.5 mM), through to orange (at 5 mM) and finally to a dark red colour (at 50 mM), 

as shown in Fig. 4.1 A.  

Ag-loaded scaffolds were formed in situ by the polyol-mediated reduction of AgNO3 by 

chitosan/PVA. Ag ions (Ag+) can be reduced by the donation of lone pairs of electrons present 

on hydroxyl and amine groups in chitosan-PVA(40) and the possible reaction mechanism is 

shown in equation 2.  

OH-Chitosan-NH3+ + Ag+  Ag + -Chitosan-NH2- + H2O…..………..equation 2 

 

The formation of Ag nanoparticles in the chitosan-PVA scaffolds was observed by the change 

in colour of the chitosan/PVA composites from a faint (at 0 and 0.5 mM) to darker yellow (at 

5 mM) and finally to black (at 50 mM), as shown in Fig. 4.1 B. The colour change of the Ag 

scaffolds was due to the size and concentration of Ag nanoparticles, via surface plasmon 

resonance (41). While AgNO3 can be reduced by chitosan, due to the oxidation state of Ag 

ions (+1), Selenite ions in sodium selenite has an oxidation state of (+4). This required a much 

stronger reducing agent in the form of glutathione. 
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Figure 4.1: Effect of various precursor concentrations of (A) Na2SeO3and (B) AgNO3 reduced 
within chitosan/PVA foamed scaffolds. Scale bars: 20 mm. 

 

 

4.3.2 Morphology of scaffolds and nanoparticles:  

4.3.2.1 Chitosan/ PVA scaffolds 
The morphology of a pristine chitosan/PVA foamed scaffold is shown in Fig. 4.2. The large 

pores present (Fig. 4.2 A & C) were a direct result of foaming and were introduced in an effort 

to promote cell infiltration and vascularization for future in vivo studies(31). The surface 

topography of the pore walls of the chitosan/PVA scaffolds was generally smooth, as shown 

in Fig. 4.2 B & D.  
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Figure 4.2: Scanning electron micrographs of a porous chitosan/PVA scaffold produced by the 

TIPS/foaming method showing (A) morphology of pores on the scaffold surface; (B) higher 

magnification view showing the topography of the scaffold surface; (C) morphology of pores 

from a scaffold cross-section; (D) higher magnification view showing the topography of 

scaffold cross-section. (A) & (C) scale bar: 500 µm; (B) & (D) scale bar: 20 µm 

4.3.2.2 Selenium-loaded Chitosan/PVA scaffolds  
When chitosan-PVA composites were decorated with Se nanostructures, there was a change 

in colour, as was shown in Fig. 4.1 A. Scanning electron microscopy of the surface and cross-

section of these Se-chitosan/PVA (CS-Se) scaffolds revealed deposits of rod-shaped Se 

particles (a few microns in length), interspersed with small spherical Se nanoparticles (in the 

nm range), as seen on the surface (Fig. 4.3) and inside the scaffolds (Fig. 4.4). These nanorods 
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and spherical nanoparticles were evident at all loading concentrations of Na2SeO3 (0.5, 5 and 

50 mM), however, the rod-shaped Se was less abundant for 0.5 mM. The presence of Se was 

detected and characterised by EDS, as shown in Fig. 4.8 A & B. The small gold (Au) peak was 

a result of sputter coating to enhance the conductance of the samples for SEM. It was difficult 

to pick up signals for Se for lower concentrations via EDS; therefore, further quantification of 

Se was carried out using ICP-AAS, discussed later. The scaffold architecture largely remained 

unchanged for the (CS-Se) scaffolds compared to the original chitosan/PVA scaffold (Fig. 4.2). 

This suggests that the precursor and reducing environment had minimal effects on the overall 

architecture of the pores. 

 

Figure 4.3: Scanning electron micrographs of the surface morphology of Se chitosan/PVA 

scaffolds. Initial precursor concentration of Na2SeO3 A, D, G: 50mM; B, E, H: 5mM; C, F, I: 

0.5mM; A, B, C: 500 µm scale bar, D, E, F: 10 µm scale bar, G, H, I: 1 µm scale bar 
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Figure 4.4: Electron micrographs of the cross-section morphology of Se-chitosan/PVA 

scaffolds. Initial precursor concentration of Na2SeO3: 50 mM. Scale bar: (A) 500 µm, (B) 10 µm 

and (C) 1 µm 

It is interesting that similar synthesis conditions to those used here in a study by Tran et al.(36) 

led to spherically shaped Se nanoparticles on silicone, polyurethane, and polyvinyl chloride 

polymer substrates, whereas in our experiments large Se nanorods resulted with lengths in 

the micron range. Zhang et al. studied the effect of various polysaccharides (chitosan, 

carboxymethyl cellulose, konjac glucomannan and acacia gum) on the wet chemical synthesis 

of Se nanoparticles(42). They showed that the presence of polysaccharides influenced the 

shape of the Se nanoparticles resulting in various nanorods and fractal-shaped nanoparticles. 

They have postulated that the presence of amine/carboxyl groups promotes the possible 

formation of hydrogen bonds between the precursor selenite ions. This may help in the initial 

alignment of selenite ions along the polysaccharide backbone. Further reduction of the 

selenite ions then results in nucleation and growth of the Se nanoparticles along the complex 

polysaccharide backbone(42). A schematic representation of the alignment of selenite ions 

aided by hydrogen bonding between amine/hydroxyl groups and subsequent reduction to Se 

nanorods via GSH is shown in Fig. 4.5. 
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Figure 4.5: Schematic representation of our hypothesis for Se nanorod formation: Selenite 

ions align along the chitosan polymer backbone via hydrogen bonding and subsequently form 

Se nanorods via GSH-mediated reduction. 

In another study, spherical nanoparticles were synthesised in the presence of low (3kDa) and 

high molecular weight (MW) (200 kDa) chitosan by Zhang et al.(43). While spherical Se 

nanoparticles were formed in the presence of low MW chitosan (1 w/w %), the higher MW (1 

w/w%) chitosan tended to form long chains of spherical aggregates, tending towards the 

formation of nanorods, suggesting that both the concentration and molecular weight of 

chitosan could be utilized to direct the shape of Se nanoparticles.  Yu et al. also showed that 

the concentration of chitosan (60 kDa) influenced the formation of Se nanorods. Whereas a 
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similar concentration of polyvinylpyrrolidone (PVP) (30 kDa) resulted in roughly spherical 

shaped Se nanoparticles (44).  Therefore, the reported studies in the literature, along with 

our SEM morphological observation of Se nanorods on chitosan/PVA scaffolds, provide 

further evidence that chitosan can interact and control the morphology of the Se 

nanoparticles.  

4.3.2.3 Silver-loaded Chitosan/PVA scaffolds  
The morphology of Ag-chitosan/PVA (CS-Ag) scaffolds is shown in Fig. 4.6 & 4.7. The 

morphology of the Ag chitosan/PVA scaffolds at each loading concentration (0.5-50mM) was 

different from those of the Se-loaded scaffolds in Fig. 4.3 & 4.4 and that of the pristine 

chitosan/PVA scaffold in Fig. 4.2. The porosity of the scaffolds was still present within the 

cross-section of the scaffolds (Fig. 4.7 A) yet the lack of pores on the surface (Fig. 4.6 A, B & 

C) indicates that possibly the acidic conditions that were present due to prolonged incubation 

in AgNO3 solution (pH~4.5) (24 h) may have led to the localised dissolution of the chitosan 

polymer chains on the surface. Moreover, the generation of hydrogen peroxide during the 

oxidation of Ag has been suggested previously and may have played a part in the dissolution 

of chitosan near the surface (45, 46). Further optimisation of the synthesis conditions could 

avoid the closed pores on the surface of these scaffolds. However, given that the porosity was 

largely intact below the scaffold closed pore surface and Ag nanoparticles were also well 

present, porous scaffolds could still be cut from the interior and be applicable for tissue 

engineering. 
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Figure 4.6: Electron micrographs of the surface morphology of Ag-chitosan/PVA scaffolds. 

Initial precursor AgNO3 concentration A, D: 50 mM; B,E: 5 mM; C,F: 0.5 mM; Scale bars: A, B, 

C: 1 mm; D, E, F: 10 µm 

 

Figure 4.7: Electron micrographs of the cross-section morphology of Ag-chitosan/PVA 

scaffold. Initial precursor AgNO3 concentration 50 mM. Scale bars: (A) 500 µm; (B) 10 µm 

From Fig. 4.6 D and 4.7 B it is evident that the surface and cross-section of the chitosan/PVA 

scaffolds were decorated with a large number of spherical Ag nanoparticles. The presence of 

Ag was detected by EDS as shown in Fig. 4.8 C & D. The gold signal was an artefact from the 

sputter coating required for SEM. For lower AgNO3 concentrations (Fig. 4.6 E and F) (5 and 0.5 
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mM) small particles were present on the surface of the scaffolds which were well dispersed 

and much smaller compared to Fig. 4.6 D. The colour change detected in Fig. 4.1 B (0.5-50 

mM) indicated that Ag nanoparticles were formed within the chitosan/PVA scaffolds, 

however, at the low AgNO3 (5-0.5 mM) concentrations they were likely very small and thus 

difficult to observe with SEM. 

 

Figure 4.8: (A) SEM micrograph of Se-chitosan/PVA scaffold (50 mM), scale bar 2 µm and 

representative EDS spectrum (B); (C) SEM micrograph of Ag chitosan/PVA scaffold (50 mM), 

scale bar 2 µm and representative EDS spectrum (D) 

4.3.3 Determination of Se and Ag loadings on chitosan/PVA scaffolds:  
Controlling the loading of nanoparticles on the chitosan/PVA scaffolds can directly affect the 

release of nanoparticle species in vitro and in vivo(47). This, in turn, can affect the 

cytocompatibility and antimicrobial properties of the nanoparticles (47).  We have already 

observed gradual colour changes by increasing the initial precursor concentration of Na2SeO3 

or AgNO3 (Fig. 4.1), which strongly indicates a gradual increase in loading of Se or Ag in the 

scaffolds. ICP-AAS studies confirmed this for Se (Fig. 4.9 A). A similar trend was also detected 

for Ag (Fig. 4.9 B), albeit with much larger concentrations (mg/g) of Ag per gram of 

chitosan/PVA scaffolds loaded for all concentrations tested.  



128 
 

 

Figure 4.9: (A) Se loading in chitosan/PVA scaffolds; (B) Ag loading in chitosan/PVA scaffolds. 

Data=mean ± S.D., n=3 

4.3.4 Se and Ag release studies in different media:  
Visual observation (Fig. 4.1), SEM and EDS studies (Fig. 4.3-4.8) and Se, Ag loading studies (Fig. 

4.9) indicated good control of Se and Ag loadings into the chitosan/PVA scaffolds. Whether 

bioactive Se and Ag can be released into the surrounding environment, especially in a wound 

bed, will determine its antimicrobial efficacy against bacteria and any potential detrimental 

effects on cells present in the wound tissue. Since nanostructures of both Ag and Se were 

embedded into the chitosan/PVA scaffolds, their complex interactions with the chitosan/PVA 

polymers can affect their passive release kinetics (48). Controlling the release kinetics of 

nanoparticles is essential as large doses of nanoparticles released into the wound bed could 

be detrimental to the wound tissue as well (48). Since bacteria and mammalian cell culture 

assays are often implemented in different culture media, it is important to evaluate the 

release kinetics of Ag and Se in these media — DMEM (supplemented with FBS and P/S, 

mammalian cell media) and LB media (bacteria cell media) — in order to establish meaningful 

correlations with antimicrobial activities and cytotoxicity. Deionised water was also selected 

to compare, as it has been extensively used to report on Ag release studies in the literature 

(49, 50).   
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From Fig. 4.10 it is evident that in deionised water a large concentration of released Ag was 

detected (11.2 ± 4.5 mg/g of scaffold). As mentioned above, Ag is oxidised in aerobic 

conditions to produce Ag+ ions. It is likely that along with passive diffusion of Ag nanoparticles 

from the scaffold surface, the release of Ag could also be attributed to the enhanced oxidation 

by dissolved oxygen(51). The release of Ag in water has actually been used in several Ag-based 

water treatment technologies(52). Significantly lower concentrations of Se were detected in 

deionised water. This could be due to the lower Se content (3.7 w/w %) compared to Ag (17.8 

w/w %) loaded into the scaffolds. The rod shaped Se particles would also have a lower specific 

surface area than the more spherical Ag nanoparticles, which can lead to slower release of 

Se. Furthermore, elemental Se is not thought to be oxidised directly in aerobic conditions(53) 

and has negligible solubility in water(54).  

In contrast, in LB media, 0.13 ± 0.005 mg/g of scaffold of Ag was detected. This is probably 

due to the presence of a large concentration of chloride ions in LB (0.17 M) which would react 

with the Ag ions to form AgCl precipitate, most likely precipitating out majority of the Ag ions 

or nanoparticles released, leading to relatively smaller release of Ag ions and nanoparticles 

compared to release in deionised water (55, 56). It has been shown that Ag needs to be in its 

ionic form to confer antimicrobial properties(51). Other researchers have also come to similar 

conclusions and have stated that in most environments, such as biological fluids, most Ag 

nanoparticles would be coated with a AgCl layer preventing further release of Ag ions (56). 

However, higher chloride concentrations can lead to the formation of soluble complex Ag-Cl 

ions which can still have antimicrobial activities (56). Furthermore, the presence of various 

inorganic and organic ligands could affect the release of the Ag ions as well (55, 57). In the 

presence of DMEM, 0.64 ± 0.07 mg/g Ag was detected with ICP-AAS. It has been shown 

elsewhere that Ag nanoparticles incubated in complete DMEM can  release Ag ions(58). 

Hansen et al. have postulated that the various biological entities such as glucose, amino acids 

and especially cysteine residues from proteins could help solubilize complex AgCl ions and Ag 

nanoparticles, resulting in the larger release of Ag ions (58). The differences in amino acids, 

protein content and glucose content could explain the difference in Ag released in DMEM and 

LB media even though both culture media have similar concentrations of chloride (0.18 M). 

The release of Ag from CS-Ag scaffolds in various media under aerobic conditions is shown 

schematically in Fig. 4.11. For Se scaffolds (Fig. 4.10), around 1.2 mg of Se per Gram of scaffold 
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was detected in both media, more than the amount released into pure water, indicating that 

the release of Se may not be affected by the complex organics and salts present in complete 

DMEM and LB media. 

 

Figure 4.10: Ag and Se released in various media (DMEM, LB media and deionised water) from 

Ag chitosan/PVA scaffolds (17.8 w/w % Ag) and Se chitosan/PVA scaffolds (3.7 w/w % Se) after 

24 h incubation at 37°C. Data=mean ± S.D, n=3. * p < 0.05, ANOVA) 
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Figure 4.11: Schematic depicting the release of Ag ions in various media from Ag-

chitosan/PVA scaffolds under aerobic conditions: Deionised, LB media and DMEM. Porous 

architecture not shown here for clarity 

4.3.5 Scaffold extract cell viability studies on mouse fibroblasts:  
The cytotoxicity of the Ag and Se loaded scaffolds was tested using a procedure adapted from 

ISO 10993-5 for 3D porous scaffolds [64]. Scaffolds loaded with various amounts of Ag and Se 

were incubated in supplemented DMEM for 24 h and the resulting extracts tested on mouse 

3T3 fibroblasts for 24 h. Cell viability was tested using an Alamar blue assay and expressed as 

a percent (%) of viable cell numbers as compared to control (which used extracts from 

scaffolds without Ag or Se). From Fig. 4.12 A, it is evident that all Se scaffold extracts tested 

did not lead to any decrease in cell viability compared to the control which is in agreement 

with our previous study of Se nanoparticle toxicity on the cells(22).  

Various reports in the literature have also shown that Se (discrete) nanoparticle 

concentrations of up to 500 µg/ml (25) and 128 µg/ml (22) did not show significant cytotoxic 

effects on mouse fibroblasts. It has been reported that cancer cells have much larger 
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intracellular concentrations of ROS and GSH compared to normal cells (59). This elevated GSH 

concentration and Se interaction have been exploited for novel anticancer therapeutics (59). 

This may explain the reason why fibroblast cells were unharmed at higher levels of Se 

nanoparticles in our studies and in other studies (22, 25) compared to a cancer cell line (60). 

 

 

Figure 12: (A) Effect of Se scaffold extracts on cell viability of 3T3 fibroblasts; (B) Effect of Ag 

scaffold extracts on cell viability of 3T3 fibroblasts. Data: mean ± S.D., n=4. * (p < 0.05, ANOVA) 

All loadings of Ag scaffolds tested elicited a cytotoxic response as seen by low cell viability 

(less than 30%) compared to the control (Fig. 4.12 B). Madhumati et al. tested the release of 

(0.003, 0.004, 0.005 w/w%) Ag from chitin scaffolds on L929 mouse fibroblasts and showed 

that all three concentrations elicited a significant cytotoxic effect on the fibroblasts(61). In 

another study, Madhavan et al. showed that Ag released from polycaprolactone (PCL) (0.6 

w/w% Ag) scaffolds elicited cytotoxic response against human umbilical vein endothelial 

cells(62). Significantly lower cytotoxicity was observed for 0.2 w/w% Ag-PCL, whereas, 0.1 

w/w% Ag-PCL scaffold did not show any cytotoxic response towards endothelial cells(62). 

These studies suggest that the cytotoxicity of the silver in scaffolds is not only dependant on 

the loading concentration but also the matrix it is encased in. The ways Ag is toxic to cells 

have been extensively studied. It is known that Ag ions have a high affinity for thiol groups 

and can bind to various proteins in the cell nucleus such as histone proteins and disable DNA 

replication (63, 64). Furthermore, they can bind to various proteins and enzymes in 

mitochondria leading to loss of antioxidant activity and a resultant increase of ROS and ROS-

mediated damage (65-67). Ag nanoparticles are also known to compromise membrane 

integrity, enhance production of inflammatory cytokines and increase genotoxicity (68).  
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4.3.6 Scaffold extract studies on antibiotic sensitive and resistant bacteria:  
Se scaffolds (3.7 w/w %) and Ag scaffolds (17.8 w/w %) were chosen for the extract-based 

bacterial culture studies. The scaffolds were incubated in LB media for 24 h and then the test 

bacterial species (S. aureus, MRSA and E. coli) cultured with the extracts and cell viability 

determined by flow cytometry as we have previously described using Syto 9 and propidium 

iodide (PI)(69). Syto 9 is a cell permeant dye and binds to DNA of both live and dead cells, PI 

dye is membrane impermeant, and can only bind to DNA and fluoresce when the cell 

membrane is compromised (as in the case of dead or dying cells or membrane damaged cells) 

(70). A schematic diagram of the Syto9/PI staining and flow cytometry is shown in Fig. 4.13.  

For the three bacterial species tested, Se scaffold extracts (Fig. 4.14 A, B & C) caused 

significant cell death, possibly via rupture of the bacterial cell membrane and cell wall, 

indicated by the large PI signal. For E.coli, this finding is in contrast to our previous study, in 

which it did not show sensitivity to Se nanoparticles at particle concentration of up to 128 

µg/ml(22). These nanoparticles were spherical and of c.a. 90 nm in size stabilised with PVA, 

which are believed to contribute to the different activity against E. coli. The concentration of 

Se released in LB media was approximately 62.3 µg/ml in the current study which is similar to 

a study by Zonaro et al. where significant toxicity was observed for E.coli at concentration as 

low as 62.5 µg/ml (26). Increase in ROS was suggested as the primary mechanism of killing for 

bacteria in this study (26). In another study, Khiralla et al. biogenically synthesized Se 

nanoparticles (10-50 nm particle size)(71). Significant inhibition of S.aureus and E.coli with a 

MIC (90% killing) of around 25 µg/ml was reported in the study(71). Therefore, the efficacy of 

Se nanoparticles is deeply rooted in the size of the nanoparticles and the nature of the capping 

agents. In fact, Huang et al. investigated the effects of quercetin (Qu), acetylcholine (Ach) and 

Qu-Ach as stabilizer for Se nanoparticles and reported the MIC values for Qu-Se against E.coli 

of 32 µg/ml, Ach-Se 6 µg/ml. The study also investigated membrane permeability via the 

uptake of propidium iodide and showed that the membranes of both the bacteria became 

more permeable with increasing incubation time with the Se nanoparticles (22). 

As discussed in the previous section, the interaction between GSH and Se leads to inactivation 

of GSH (60, 72). Without GSH to scavenge ROS, normal cellular respiration results in a toxic 

build-up of ROS. Highly reactive oxygen species can react with various biological molecules, 

such as membrane fatty acids, resulting in lipid peroxidation and permanent changes in their  
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conformation(73, 74). The enhanced PI signal for Se scaffolds in our studies fits well with the 

suggested mechanism of toxicity for Se (22, 25, 26, 75, 76).  In the previous section, we have 

shown that Se scaffolds (3.7 w/w %) had no cytotoxic effect on mouse fibroblasts in the 

concentration range tested. The bacterial cellular respiration factory is located on its cell 

membrane, unlike mitochondria in eukaryotic cells (77) and antioxidant enzymes like GSH are 

located close to the electron transport chain to scavenge ROS, which could be major factors 

contributing to the selective toxicity of Se extracts observed in the current study.  

Interestingly, for the selenium extracts the CFU counts in Fig. 4.15 show that all three bacterial 

strains were able to grow in presence of the selenium extracts and this was significantly larger 

than the negative control of Kanamycin. In fact, in Fig. 4.15 B and C, the CFU counts/ml for 

the selenium extracts were the same as the positive control (LB media). For all three bacterial 

species, Kanamycin (6 mg/ml) completely halted bacterial growth. This indicates that the 

dosage of selenium utilised in this study, can clearly damage bacterial cells however bacteria 

can still recover and grow in presence of the tested dosage of selenium extracts. We have 

already shown that selenium extracts had no significant cytotoxicity against mammalian 

fibroblasts, and given that selenium extracts can cause membrane damage, it is possible to 

incorporate antibiotics to either selenium nanoparticles or to chitosan to enhance the 

antimicrobial activity of the antibiotic. The membrane damage caused by selenium can 

enhance the permeability of antibiotics across drug resistant bacteria. This can potentially 

make drug resistant bacteria sensitive again to the normal arsenal of antibiotics present. 

Increase in selenium nanoparticle dosage could also be another solution to enhance 

antimicrobial activity of selenium.  
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Figure 4.13: Schematic representation of selective bacterial staining: Syto9 is membrane 

permeant and binds to DNA of live bacterial cells; PI can only enter bacterial cells whose cell 

walls and membrane have been damaged and binds DNA, displacing Syto9. The labelled cells 

pass through a flow cytometer to generate 2D fluorescence intensity plots (Syto9/PI) of the 

labelled cell population.  
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Figure 4.14: Live/dead assay results as determined using flow cytometry for (A) 

Staphylococcus aureus; (B) Methicillin-resistant staphylococcus aureus (MRSA) and (C) 

Escherichia coli cultures, treated with various extract treatments: LB: LB media, CS: 

chitosan/PVA control extract, CS-Ag: Ag chitosan/PVA (17.8 w/w % Ag), CS-Se: Se 

chitosan/PVA (3.7 w/w % Se), Kana: Kanamycin (6 mgml-1). Top graphs (A, B and C): Number 

of dead bacterial cells/ml enumerated from Syto9/PI fluorescence intensity plots. Bottom 

graphs: Representative 2D plots showing Syto9/PI fluorescence intensities for the three 

bacterial species with various extract treatments. The relative % of dead cells is indicated at 

the top right corner and the relative % of live cells is indicated at the bottom left corner for 

the 2D intensity plots. Data: mean ± S.D, n=3. * (p < 0.05, ANOVA) 

Ag scaffold extracts did not result in any noticeable dead cells (PI positive cells) in all three 

bacterial species (Fig. 4.14 A, B, & C). This may be due to the formation of AgCl in LB media as 

discussed before, which may have limited the release and efficacy of the Ag extracts. 

Kanamycin was used as a control and was used in large excess for all bacterial species. 

Kanamycin did not show any PI associated signals as kanamycin kill bacteria by blocking 

protein translation and synthesis(78)  rather than damaging the integrity of cell 

membrane(79). However, CFU counts for Fig. 4.15 clearly shows that Ag extracts reduced CFU 
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counts for all three bacterial species. In fact, for Fig. 4.15 B & C, there were no CFU counts 

detected in presence of Ag, which was similar to kanamycin control. This is in agreement with 

the fact that Ag is bactericidal, however we have shown (Fig. 4.12 B) that silver at the same 

dose (17.8 w/w % Ag) has a similar ability to induce cell death in mammalian cells as bacteria. 

Thus, incorporating Ag nanoparticles as antimicrobials must be done with a degree of caution. 

 

Figure 4.15: Colony forming unit counts (CFU/ml) for (A) Staphylococcus aureus; (B) 

Methicillin-resistant staphylococcus aureus (MRSA) and (C) Escherichia coli cultures, treated 

with various extract treatments: LB: LB media, CS: chitosan/PVA control extract, CS-Ag: Ag 

chitosan/PVA (17.8 w/w % Ag), CS-Se: Se chitosan/PVA (3.7 w/w % Se), Kana: Kanamycin (6 

mgml-1). Data: mean ± S.D, n=3. Means that do not share lower case letters are significantly 

different (p < 0.05, ANOVA) 

4.3.7 Surface morphology of bacteria cultured on scaffolds: 
Flow cytometric results indicated that Se extracts were damaging bacterial cell walls and 

membranes (hence PI entered and bound to their DNA). We also investigated the morphology 

of three bacteria species cultured onto the three different scaffold types (chitosan/PVA 

(control), (CS-Ag) scaffold (17.7 w/w %) and (CS-Se) scaffold (3.7 w/w %). All three bacterial 

species appeared to have their normal morphology on chitosan scaffolds (Fig. 4.16 A, D, G), 

S.aureus and MRSA being spherical and E.coli rod-like. On Ag scaffolds (Fig. 4.16 B, E, H), 

S.aureus and MRSA maintained their usual spherical morphology, however, it was difficult to 

detect all three bacterial species on the CS-Ag scaffolds (during SEM) which complements the 

CFU counts data in Fig. 4.15. The morphology of E.coli was starkly different (Fig. 4.16 H) from 

the normal morphology of E.coli (Fig. 4.16 G). It is possible due to the thinner peptidoglycan 

layer of E.coli being Gram-negative, the change in surface morphology of CS-Ag scaffold 

affected the morphology of E.coli.  Interestingly for the (CS-Se) scaffolds (Fig. 4.16 C, F, I), all 

the bacterial cells showed irregular surface characteristics. Both S.aureus and MRSA (Fig. 4.16 

C, F) showed cells with shrivelled aggregated structures and bleb-like protrusions on their 
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surface. This was more evident in E.coli cells, with a large number of cellular aggregates with 

circular bleb-like protrusions on their surface. Such irregular surface structure, cellular 

clumping, and bleb formation are often reported associated with membrane damage (80) and 

cells undergoing possible necrotic death or membrane damage, most likely due to the effects 

of Se on ROS levels. 

Figure 4.16: Electron micrograph showing the surface morphology of various species of 

bacteria cultured onto different scaffolds. Chitosan/PVA scaffolds: (A, D, G); Ag scaffolds (17.7 

w/w %): (B, E, H); Se scaffolds (3.7 w/w %): (C, F, I). S.aureus (A, B, C); MRSA (D, E, F); E.coli (G, 

H, I). Arrows indicate blebbing due to membrane damage. Scale bar: 5 µm  
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4.4. Conclusions:  
In this study, we have demonstrated the in situ solution-based formation and loading of Se 

and Ag nanostructures into chitosan/PVA scaffolds at room temperature. Needle-shaped Se 

nanorods and spherical nanoparticles were observed while Ag nanoparticles were more 

spherical in shape. All Ag-loaded scaffolds showed a strong dependence of Ag release on the 

extracting media and showed strong bactericidal activity towards all three bacterial species 

yet also highly cytotoxic for mammalian cells tested. On the other hand, Se loaded scaffolds 

were non-toxic towards mouse embryo fibroblasts whilst being membranolytic towards three 

bacterial species: S.aureus, MRSA, and E.coli. Flow cytometry and surface morphological 

studies strongly suggest that the effects of Se on these bacteria occurred via cell membrane 

damage mechanisms. CFU counts did not show a drastic reduction compared to chitosan or 

LB media control suggesting that future strategies in using Selenium should investigate using 

Se as a method to increase the sensitivity of bacteria to other agents such as antibiotics and 

Ag to reduce the toxicity of the latter. It is also important to note the limitations of the flow 

cytometry assay as it can only pick up membrane based disruption mechanism therefore it 

did not show any dead cells in presence of Ag extracts or kanamycin. A more rigorous method 

of studying the bactericidal effects need to be developed or introduced which can measure 

the bactericidal effects on the scaffolds itself. Applying a standardised concentration of 

scaffolds with the weight of scaffold, shape and amount nanoparticles standardised to a lawn 

of bacterial cultures on agar plates may provide useful information (in presence of 

appropriate controls) regarding the bactericidal or bacteriostatic effects of these scaffolds. 

Mammalian cell lines should also be seeded onto these antimicrobial scaffolds and their 

viability assessed qualitatively via various fluorescent staining methodologies. This can 

provide insights into the surface related effects on 3T3 fibroblast cells which was otherwise 

missing from extract based assays. 
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Chapter 5 conclusions and future directions 
 

5.1 Conclusions: 
The primary aim of this thesis was to develop a macroporous hydrogel that can be applicable 

towards soft tissue engineering. This study is focused on applications in wound healing as there 

is a significant need for skin tissue substitutes that promote wound healing and prevent 

infections. Therefore, the other goal was to incorporate non-pharmaceutical antimicrobial 

nanoparticles that could tackle potential infection in a wound healing setting.  The first results 

chapter (2) was dedicated towards developing porous chitosan scaffolds utilising thermally 

induced phase separation (TIPS).  

Two different mechanisms of gelation (freeze neutralisation vs freeze crosslinking) were utilised 

and studied for the fabrication of porous chitosan scaffolds. Pore size was varied from 50-150 

µm for scaffolds fabricated via freeze neutralisation. The swelling properties can also be 

manipulated from (1130-400) % and the porosities were also shown to be tunable between 78-

65 %. We have also demonstrated readily tunable mechanical properties, which can range from 

10-900 kPa. The scaffolds showed minimal cytotoxicity towards mouse fibroblast cell line. 

Similarly, we have also demonstrated that freeze crosslinking can also be utilised and can 

circumvent prolonged incubation times and can be a more useful tool for controlling crosslinking 

of chitosan scaffolds. Pore size tunability was also demonstrated using this technique showing 

size ranging from 43 to 19 µm. Mechanical properties could also be readily tunable between 

(1.2- 444) kPa. In vitro cytotoxicity, cell proliferation, migration and attachment on these 

scaffolds suggests that they can be useful towards soft tissue engineering applications. This 

chapter demonstrated the utility of TIPS for generating macroporous chitosan scaffolds with 

favourable properties that could be fabricated without time consuming freeze drying, and could 

be applicaple towards wound healing. However, larger pores were desired (300 µm) especially 

for future implantation studies for in vivo vascularisation. 

This led to inception, implementation and design of a novel gas foaming and TIPS technique in 

chapter 3 that could potentially improve pore sizes of chitosan scaffolds. Various physical 

parameters that affect the foaming process were studied and we established the range where 

foaming would we conceivable in our chitosan system bearing in mind the end goal towards a 

soft tissue engineering scaffold. We have demonstrated that various physical parameters such 
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as chitosan concentration, surfactant (PVA) concentration and mixing speed could be utilised to 

control the pore sizes of the scaffolds ((160 -80) µm). Swelling and porosities could also be 

manipulated and the mechanical properties were tunable between (2.5-25) kPa which is the 

range for soft tissues. Direct and indirect cytotoxicity revealed that these scaffolds were 

biocompatible towards mouse 3T3 fibroblasts. Visual observation of the cells cultured on the 

scaffolds showed that the cells were alive after 3 days of incubation. These all point towards a 

scaffold that can be applicable for soft-tissue engineering scaffolds. 

In chapter 4 we have utilised these foamed TIPS chitosan/PVA scaffolds as substrates for in situ 

formations of Ag and Se nanospecies. We have demonstrated that the nanoparticles formed 

were of roughly spherical shape for Ag. For Se, large nanorods, as well as spherical shaped Se 

nanoparticles, were formed which we have attributed to the hydrogen bonding between 

selenite ions and template providing chitosan backbone. Varying amount of nanoparticle 

loading was achieved and the respective release of the nanospecies/ions were studied in various 

relevant media (complete DMEM, LB media and deionised water). For Ag, large release was 

observed in deionised water, followed by an almost negligible release in complete DMEM and 

no detectable release in LB media. Whereas Se released from CS-Se scaffolds was largely 

unaffected in complete DMEM and LB media, with a slightly lower release observed in deionised 

water. The role of chloride ions, O2 and various complex organics were discussed as factors that 

affected Ag ion release adversely in various culture media. Interestingly, Se ion release from 

chitosan/PVA scaffolds showed no considerable cytotoxicity towards mouse 3T3 fibroblasts, 

however, all Ag-loaded chitosan scaffolds showed significant cytotoxicity towards mouse 3T3 

fibroblasts.  

Flow cytometric measurements carried out to follow bacterial cell death via Syto9/PI staining 

indicated that Se released from CS-Se scaffolds, showed significant cell death for S.aureus, MRSA 

and E.coli via a membrane disruption mechanism. However, this was not observed for Ag 

released from CS-Ag scaffolds.  We attributed this to binding of Ag ions to chloride ions disabling 

the Ag ions. Nonetheless, this requires further investigation as SEM micrographs of E.coli 

cultured on CS-Ag scaffolds showed a stark change in E.coli morphology which may indicate 

some antimicrobial activity. All three bacterial species cultured on CS-Se scaffolds showed a 

marked change in morphology with blebs on the surface which points towards membrane 

damage, which we postulated were brought upon by ROS damage. 
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Overall, the three chapters demonstrated the development and fabrication of macroporus 

chitosan scaffolds with tuneable pore sizes and controllable mechanical properties. Cytotoxicity 

studies showed that these scaffolds should be tested further in vivo  for potential applications 

in wound healing. Loading of Se and Ag nanoparticles into chitosan/PVA scaffolds showed 

improvement in antimicrobial properties although some questions remain regarding 

cytotoxicity of Ag scaffolds. Furthermore, more detailed contact based assays need to be 

conducted in order fully understand the cytotoxicity of these scaffolds towards relevant cell 

lines.  

5.2 Future directions:  
While we have demonstrated fabrication of soft porous chitosan scaffolds that can be beneficial 

for soft tissue engineering, there is potential for further development 

1. In vivo studies on mice with a skin wound model will be highly beneficial to assess the 

applicability of the CS-Se scaffolds for antimicrobial wound healing and in vivo 

vascularisation. Particular emphasis should be placed on assessing the effects of these 

composite CS-Se scaffolds in full-thickness skin wound model in mice and possibly on 

higher animals before they are deemed safe towards testing in humans. This is crucial 

for developing the scaffolds further towards clinical application. 

2. The degradability of the CS-Se or CS-Ag scaffolds were not studied and initial in vitro 

degradability studies should be undertaken to study how it might perform in simulated 

physiological conditions. In a wound healing setting it would be ideal for the scaffold to 

support the ingress of vascular tissue and cells at the same time breakdown in presence 

of endogenous enzyme systems. Therefore, whether these scaffolds could be broken 

down by enzymes present at the wound site would provide further insights into how 

these scaffolds may perform at a wound site. 

3. The effects of CS-Se and CS-Ag scaffolds should be studied on other bacterial lines and 

fungal lines to study its broad spectrum properties. Given that in compromised wound 

settings there are multiple communities of microbes dwelling in any given wound, it 

would be beneficial to study the effects of these antimicrobial scaffolds on more complex 

biofilm related wound models along with presence of more complex communities of 

microbes so as to simulate in vivo conditions of chronic and infected wounds. Vast 

majority of bacteria reside in biofilms unlike planktonic bacteria as discussed in chapter 
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1. Given that biofilms are one of the primary drivers of bacterial resistance, it is 

important to understand how these nanospecies would interact with biofilms (e.g. 

whether they would inhibit biofilms or become neutralised by the protective biofilms). 

4. The dose dependent cytotoxicity of the composite CS-Se scaffolds should be studied 

further. As seen in our studies in Chapter 4, Se coated scaffolds led to large Propidium 

Iodide (PI) signal  due to cell permeabilization in all three bacterial species. There was no 

discernible inhibition of growth for bacteria as well as fibroblast cells. Although various 

other studies have already indicated the antimicrobial properties of Se, such inhibitory 

effects were not observed in our studies. There possibly lies a dose dependent toxicity 

of Se which was not observed in our studies and should be probed further especially for 

Se nanospecies loaded onto scaffolds, as the presence of various size and shape of Se 

nanoparticles could possibly alter the release kinetics as well as the overall toxicity of the 

element.  

5. Various antibiotics that are currently rendered obsolete in the fight against drug 

resistant bacteria, should be again tested for their antimicrobial properties in presence 

of Se as an adjuvant against drug resistant bacteria. The presence of a compound that 

could enhance cell permeabilisation in bacteria can be beneficial for current antibitotics. 

The enhanced permeabilization could allow larger concentration of antibiotics to enter 

a bacteria therefore overwhelming its resistance mechanism. Antibiotics should be 

tested using standard antimicrobial assays in presence of selenium against drug resistant 

bacteria.  
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Appendix 
 

Chapter 2  

 

Figure S 2.1 : Standard curve generated for NIH 3T3 fibroblasts via MTS assay. n=3±s.d 

 

Figure S 2.2: A sample compressive stress (mPa) vs. compressive strain(mm/mm) graph of 5 

w/v% chitosan (crosslinked) showing 3 replicates. Young’s modulus was calculated between 

10-20% strain as indicated by the vertical lines between 0.10 and 0.20 compressive strain 

mm/mm.  



150 
 

Chapter 4 
 

 

Figure S 4.1: Effect of (1 ml) loading dose of complete DMEM on 2.5 w/v% GA crosslinked 

chitosan scaffolds on their extract based (indirect) cytotoxicity towards 3T3 mouse fibroblasts; 

data=mean ± s.d, n=8.  

Method: Sterilised (steam sterilised) (chitosan) CS scaffolds crosslinked in GA were incubated in 

complete DMEM at 37°C, 5% CO2. The first group was incubated for 24 h in (1 ml + 1ml/0.1 g dry 

weight of CS scaffold) of complete DMEM. The second group was provided with a 1 ml loading 

dose of complete DMEM and incubated for 1 hr. Following 1 hr incubation, the DMEM was 

removed from the wells and fresh complete DMEM was added according to the equation 

described in section 2.2.7 (1ml + 1ml/0.1g dry weight of CS scaffold). Mouse 3T3 fibroblasts 

(5000 cells/100 µl) were added to 96 well plates (topped up with a further 100 µl of DMEM) and 
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incubated for 24 h at 37°C, 5% CO2. The spent culture media was removed and test extracts (200 

µl) added to each well. For control, fresh complete (200 µl) DMEM was added to the control 

group. After 24 h incubation, 20 µl of Alamar blue assay was added to each well and incubated 

for 4 h. The reduced (100 µl) resazurin dye DMEM was transferred to separate 96 well plates 

(with opaque walls) and the excitation and emission recorded via a plate reader (with 

appropriate background controls) as described in section 2.2.7. Cell numbers were correlated to 

a calibration curve generated for 3T3 fibroblasts with Alamar blue assay. 

Results and discussion: The results indicate that without the loading dose, the scaffolds can 

result in lower 3T3 fibroblast proliferation compared to control. However, literature suggests 

that chitosan scaffolds are non-toxic and do not lead to in vitro cytotoxicity for a large number 

of cell types(1, 2). Furthermore, chitosan is known to have chelating and sequestration 

properties for which it is used in water filtration applications. Our, direct growth studies also 

showed that 3T3 cells could survive well on chitosan scaffolds as previously published(3). 

Therefore, taking all these evidence into account, we have postulated that sequestration of 

nutrients could be affecting cell growth. This experiment shows that with the added loading 

dose, cell proliferation was unaffected compared to the control. Even though the incubation 

times for both sets of extracts (24 h) remain unchanged. This led us to conclude that the loading 

dose was essential for extract based studies especially  
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