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Abstract 

Wound healing is typically defined by a cascade of events which include haemostasis, 

inflammation, proliferation, and remodelling. Several factors can influence these 

stages of wound healing, potentially prolonging them and causing the wound to 

become a chronic wound. Inflammation can be prolonged by the presence of 

microbial pathogens. Silk is a versatile biomaterial that has been used in healthcare 

in various formats such as sutures and meshes but has recently gained FDA approval 

for the first regenerated silk material for use as an injectable medical therapy. 

Therefore, the aim of this thesis was to investigate the potential further uses of silk 

fibroin in a wound care setting in the format of hydrogels, aqueous solution, and 

films. First, silk hydrogels were made by two methods to tune the crystallinity and 

the subsequent release in PBS was monitored over 72 hours. Significantly more silk 

fibroin leached from hydrogels with an amorphous silk fibroin structure than with a 

beta sheet–rich silk fibroin structure, although all hydrogels leached silk fibroin. The 

leached silk was biologically active, as it induced vitro chemokinesis and faster scratch 

assay wound healing by activating receptor tyrosine kinases (Chapter 2). Next, the 

antimicrobial activity of silk fibroin was investigated with two wound pathogens. Silk 

fibroin solutions containing ³ 4% w/v silk fibroin did not support the growth of two 

common wound pathogens, Staphylococcus aureus (S. aureus) and Pseudomonas 

aeruginosa (P. aeruginosa). When liquid silk was added to a wound pad and placed 

on inoculated culture plates mimicking wound fluid, silk was bacteriostatic. Viability 

tests of the bacterial cells in the presence of liquid silk showed that cells remained 

intact within the silk but could not be cultured (Chapter 3). Finally, the ability of silk 
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films to be used as a versatile sensor was investigated. Silk films and hydrogels could 

adapt a micropatterned surface after casting on PDMS and this was retained after 

crystallisation of the films. Films could also be loaded with natural dyes, folded into 

origami canoes and were able to sense and react to a change in the environmental 

pH and contaminants in water (Chapter 4). Overall, this thesis explores the impact 

silk fibroin could have on the key elements of wound healing and the future work 

needed to validate this further (Chapter 5). 
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1. Introduction 

 

This chapter introduces the topic of wound healing by introducing the current 

paradigm within the field and identifying opportunities for engineered solutions. The 

issues that interfere with and prolong wound healing are discussed such as 

inflammation and infection. Silk is introduced as a biomaterial with a wide-reaching 

potential for the application of improving wound care by overcoming prolonged 

inflammatory stages through its unique properties. The current uses of silk in 

healthcare are discussed and the future potential of this biomaterial is explored. 

Finally, the overall hypothesis of this thesis is introduced with the aims and objectives 

set out.  
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1.1 Introduction 

The process of wound healing is a highly complex process with a defined sequence of 

events, that is sensitive to disruption. Sometimes, this means that the healing process 

requires managing and intervention to prevent regression of healing and infection of 

the wound. Some wounds are difficult to heal, and in vulnerable patients such as 

diabetics, immune-compromised or babies, can progress into chronic wounds which 

have a high risk of infection and lead to more serious complications if left untreated. 

Therefore, it is important to develop mechanisms to help progress wound healing 

and prevent and treat infections early if they are present. Silk fibroin is a versatile 

biomaterial that has been used for health care applications, such as sutures and 

dressings. In this chapter the pathways of wound healing, the background of silk and 

the uses in healthcare are explored in the context of the use of silk in wound healing 

applications. 

 

1.2 Wounds 

1.2.1 Skin wounding 

The skin is the largest organ in the body, covering humans from head to toe. There 

are three layers of the skin; the epidermis, the dermis, and the hypodermis. The 

structure of the skin protects the body internal organs from UV light, chemicals, 

injury, and pathogens, serving as the first line of defence. As such, it is most 

vulnerable to wounding, and quick healing is vital to maintaining the health of the 

body. Within wound healing, there are cellular and molecular responses which 

elucidate the repair of the skin (Takeo, et al., 2015, Yousef, et al., 2022). The three 
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layers of skin can be further subdivided, with each layer having a role in the 

protection and regulation of the body.  

 

Figure 1-1. Layers of the skin. Image from Freepik.com available at 

https://www.freepik.com/premium-vector/human-skin-layers-anatomy-dermis-

epidermis-hypodermis-tissue-skin-structure-veins-sweat-pores-hair-follicles-vector-

infographic_23859333.htm 

 

Wounding occurs when the skin is damaged, and an assortment of wound types can 

be formed depending on the mechanism of damage. Wounds can be broadly 

categorised into two groups; acute and chronic, which are classified according to the 

time frame in which they heal. Surgical wounds, bites, burns, abrasions, lacerations, 
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crush, and gunshot wounds can all be classified as acute wounds (Bowler, et al., 

2001). Acute wounds will follow a series of pathways of healing, resulting in a shorter 

time frame until the skin regains integrity, whilst chronic wounds tend to get stuck in 

the cycle of healing and can take far longer to heal, reoccur or may never heal 

(Raziyeva, et al., 2021). In general, four phases of wound healing can be identified in 

the acute wound healing pathway. These phases overlap and can be described as 

haemostasis, inflammation, proliferation, and remodelling. It does not matter how 

an injury occurs or the type of wound caused, acute wounds are expected to heal 

within a predictable timeframe, with the treatment varied according to the type of 

wound, site of the wound and depth of the wound (Bowler, et al., 2001).  

The skin is regenerative, with the epidermis being replaced approximately every 4 

weeks via differentiation, proliferation, and migration of cells within the epidermis. 

This process ensures a continuous barrier is maintained, protecting the dermis where 

important blood vessels and nerves lie. As the outermost layer, the epidermis is 

subjected to various forms of injury. In the event of failure to repair the epithelial 

layer of skin, the body is open to dehydration and infection (Takeo, et al., 2015). 

Alongside re-epithelialisation, restoration of the dermis relies on the proliferation 

and migration of fibroblasts. Fibroblasts release growth factors that lead to further 

fibroblast migration and proliferation when wounding occurs, and they help 

instrument the immune response by releasing inflammatory cytokines (Takeo, et al., 

2015). Another key role of fibroblasts in wound healing is the creation of new 

extracellular matrix (ECM). Fibroblasts can differentiate into myofibroblasts which 
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can contract and produce ECM proteins to induce wound closure (Li & Wang, 2011, 

Bainbridge, 2013, Cialdai, et al., 2022).  

There are many different factors that contribute to the mechanisms behind wound 

healing which can greatly affect the outcome for the patient. When damage occurs 

to the epidermal layer in healthy individuals, the repair mechanisms are efficient, and 

the wound will heal quickly without leaving any lasting mark or scar. If the dermal 

layer is damaged more deeply, it may result in scar formation which will cause the 

original function and structure to be lost. When this repair mechanism does not work 

as intended, there are two main outcomes. This can result in an ulcerative skin defect, 

also known as a chronic wound, or excessive scar tissue being formed, such as a 

hypertrophic scar or keloid. (Frykberg & Banks, 2015) 

1.2.2 Cell biology of wound repair 

Wound healing occurs through four phases: haemostasis, inflammation, 

proliferation, and remodelling (Eming, et al., 2014, Sun, et al., 2014). 
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Figure 1-2. Cutaneous wound repair process. The 4 stages of wound healing are 
described by haemostasis, inflammation, proliferation, and remodelling. Image from 
(Andrade, et al., 2022) 

 

Once an injury occurs, haemostasis commences quickly to stop blood loss and is 

characterised by vasoconstriction and blood clotting. This provides the matrix for cell 

migration to occur. The platelets within the blood will recruit endothelial cells, 

fibroblasts, and cells of the immune system by secreting cytokines and growth 

factors. The inflammatory phase can last for a week, with phagocytic cells producing 

reactive oxygen species that with help to remove cellular debris and ward off 

bacterial contamination. The tissue macrophages are formed from blood monocytes, 

and the purpose of these are to remove any bacterial contamination and non-viable 

tissues by phagocytosis. The other function of these cells is to secrete growth factors 

and cytokines that will attract fibroblasts, keratinocytes, and endothelial cells to help 

to repair the damaged blood vessels. The immune cells will undergo apoptosis, 
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signalling the end of the inflammatory phase, and allowing the proliferation phase to 

commence.  

The proliferation phase includes granulosis, angiogenesis and epithelialisation. When 

the epithelium becomes broken, the body will begin to repair from both edges of the 

wound and from sweat glands. In a mouse model it has been seen that there are 

several gene upregulations that will occur from the wound edge epithelium as far 

back as 70 rows of cells (Canadian Agency for Drugs and Technologies in Health, 2013, 

Rice, et al., 2014, Shankaran, et al., 2013). The intermediary genes Ap1, Fos, Jun and 

krox zinc finger transcription factors are the first gene upregulations seen. This is 

thought to perform as the transcriptional activation machinery for more genes to be 

upregulated as the body begins to heal which will cause an increase in cell 

proliferation and the associated epidermal migration of keratinocytes at the interface 

between a scab and the healthy wound granulation tissue. The late activated genes 

are silenced by histone methylation marks deposited by the polycomb family of 

epigenetic regulators. These polycombs are downregulated and the marks are 

removed soon after wounding so the silenced genes can be activated by 

transcription. As the keratinocytes migrate forward, they change the cell-to-cell 

matrix adhesion. This changes from bonded basal epidermal cells to the basement 

membrane to being able to migrate over a new fibrin rich matrix, which is formed 

depending on the wound type. In order to do this, several integrins are turned off so 

that the cells can detach from the basement membrane and other integrins will 

facilitate the movement of the cell. It has been shown that in keratinocyte-specific 

knockout beta-1 integrins in mice will result in poor re-epithelialisation of the wound. 



8 
 

The desmosomal junctions that link the keratinocytes will become weaker and 

calcium dependent. This change is thought to be triggered by protein kinase C alpha 

dependent, as PKCalpha1-1 mice will not show this change and therefore will have 

slower wound healing. (Demidova-Rice, et al., 2007) The key factor are proteases 

such as matrix metalloproteases (MMPs) as they will remove the bond between 

integrins and collagen as the epidermis grows over the wound substratum (Edmonds, 

2012).  

Fibroblasts migrate into the wound, and in the wound site they are active. When they 

migrate into the wound site, they change their morphology and produce and secrete 

proteases to aid their movement from the ECM to the wound site (Shultz, et al., 

2011). Fibroblasts move by attaching to fibronectin, vitronectin or fibrin via integrin 

receptors, binding to specific arginine-glycine-aspartic acid (RGD) or binding sites. 

The cell uses a cytoskeleton network of actin fibres to pull itself along (Shultz, et al., 

2011). The directional element of fibroblast movement can be influenced by 

chemotactic growth factors, cytokines, chemokines, and the alignment of fibrils, 

along which the fibroblasts will travel. Fibroblasts will also secrete enzymes such as 

MMPs (Shultz, et al., 2011).  

Granulation tissue, composed of collagen and proteoglycans, is deposited by 

fibroblasts. The activity of fibroblasts is controlled by growth factors, namely platelet-

derived growth factor (PDGF) and transforming growth factor-beta (TGF-ß). 

Proliferation, chemotaxis, and collagenase expression is stimulated by PDGF, whilst 

ECM deposition is regulated by TGF-ß. Both growth factors are expressed from 

platelets and macrophages (Shultz, et al., 2011).  
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The re-epithelialisation of the wound is triggered by growth factors. These include 

hepatocyte growth factor (HGF) and at least one fibroblast growth factor (FGF) and 

epidermal growth factor (EGF) families. During wounding the epidermal cells are lost 

and as such they must be replaced. This is done by proliferation which occurs back 

from the migrating epidermis. (Shultz, et al., 2003) 

Angiogenesis involves the replacement of damaged vasculature to maintain and re-

establish a blood supply within the tissue. There are many angiogenic signals which 

trigger endothelial cells to extend and link vessels, which are released by the other 

cells involved in the proliferative stages of wound healing such as fibroblasts, vascular 

endothelial cells, epidermal cells, and macrophages. Oxygen levels in the tissue also 

regulates the level of angiogenesis required; with an increase in oxygen saturation of 

the tissue the decrease of the angiogenic factors through activation of hypoxia-

inducing factor (HIF) which binds to oxygen is seen (Shultz, et al., 2011, Semenza, 

2002).  

Granulation tissue is granular in appearance, in part due to the formation of capillary 

tufts, and is a transitional tissue for the normal dermis. The tissue has a strong 

network of capillaries and blood vessels. This tissue matures into a scar during the 

remodelling phase of wound healing.  

The proliferation phase can last for a year to 2 years, or even longer. Throughout this 

phase, the provisional matrix is remodelled into more organised and structured 

collagen bundles (Shultz, et al., 2003, Falanga, 2005). 
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1.2.3 Chronic wounds 

The classifications of chronic wounds include vascular ulcers which will be venous or 

arterial ulcers, diabetic ulcers, and pressure ulcers. If a wound fails to heal within 3 

months, it can be considered chronic. These wounds can possess excessive 

inflammation over a prolonged period, a persistent infection, drug resistant 

antimicrobial films and the inability of the dermal or epidermal cells to respond to 

reparative stimuli. These features together create a wound that fails to heal properly.  

Chronic wounds do not follow the usual progression of healing. Histological studies 

of chronic venous leg ulcers display a hyperproliferative epidermal edge, and the 

ulcer base is covered with exudate that contains necrotic debris. There are vessels 

with a fibrin cuff surrounding them in response to the venous hypertension, and little 

wound granulation tissue. There is also limited vessel sprouting and a lack of 

myofibroblasts. An increased inflammatory response is usually triggered which is 

indicated by the presence of neutrophils, and the phenotype of these cells can be 

different to those found in a normal healing acute wound. (Herrick, et al., 1992) 

Hyperpigmentation can be seen at the wound site, even past the wound healing, 

which is caused by melanocytes being used at the wound site. At the edge of the 

wound site keratinocytes will express a gene signature which reflects partial 

proliferative activation with several cell cycle genes. Cyclins are upregulated and 

checkpoint regulators such as p53 are suppressed, and this leads to the epidermal 

hyperproliferation at the ulcer edge. The fibroblasts present are senescent and have 

a reduced migratory capacity, as well as being unresponsive to growth factor signals. 

This is reflected in the drastically reduced tgf beta receptors and signalling cascade 



11 
 

components (Pastar, et al., 2010). The reduced growth factor signals could also be a 

symptom of the increased level of MMPs which are present in chronic wounds in 

greater numbers than in acute wounds. As the number of MMPs is larger than the 

inhibitors, this leads to the destruction of the extracellular matrix and the 

degradation of growth factors and the receptors. This will restrict the proliferative 

phase and attract more inflammatory cells (McCarty & Percival, 2013). 

The most recognisable symptom of chronic wounds is persistent inflammation due 

to the increased recruitment of the inflammatory cells. This could be caused by the 

open wound being continually exposed to microbes. The immune response can be 

beneficial in some cases, such as with a diabetic foot ulcer, increased numbers of 

Langerhans cells in the epidermis can be associated with a more favourable healing 

result (Stojadinovic, et al., 2013). In most cases, however, the large numbers of 

immune cells from the innate system can restrict and inhibit some repair processes. 

It has been shown that the bactericidal and phagocytic functions of the immune cells 

may be compromised (Naghibi, et al., 1987). As the immune cells produce reactive 

oxygen species, in low concentrations this will inhibit bacterial growth, but in the 

large concentrations present in chronic wounds, it will damage the extracellular 

matrix proteins and cause cell damage. 

Due to the reduced phagocytic function of the cells one key drawback found is the 

accumulation of necrotic debris at the edge of the wound site, and the usual 

treatment of this is debridement of the wound which creates a new wound surface, 

so the body can restart the epithelialisation once again.  
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Diabetic wounds often contain similar microbial flora to venous leg ulcers and 

pressure ulcers have the most variability in the microbial activity present. Some of 

the pathogens that can be present will affect the healing process by interfering with 

keratinocytes or wound fibroblasts, or indirectly by modulating the immune 

response. 

The senescence of cells present in chronic wounds is another factor which will impair 

the healing process. This leads to a cell population with impaired proliferation and 

secretions which will make them unresponsive to healing signals (Shultz, et al., 2003). 

Pressure and venous ulcers studies have shown that the fibroblasts are senescent 

and will not proliferate as productively, which will lead to a failure of the wound to 

heal correctly. Other senescent cell types are keratinocytes, endothelial cells, 

fibroblasts, and macrophages (Bourguignon, 2014, Wall, et al., 2008). Cellular 

senescence is thought to arise from oxidative stress leading to DNA becoming 

damaged which will ultimately interrupt the cell cycle, or in diabetic patients will lead 

to metabolic changes, affecting the intracellular biochemical pathways such as GSK-

3beta/Fyn/Nrf2 (Telgenhoff & Shroot, 2005, Biltar, 2012). 

Mesenchymal stem cells have also been attributed to the wound healing process 

(Ennis, et al., 2013), as they are recruited into the circulation and will graft themselves 

into the remodelling microvasculature. In animals or patients with chronic wounds or 

diabetes, they have also been shown to be deficient and defective (Ennis, et al., 2013, 

Rodriguez-Menocal, et al., 2012). As such, these should be considered when treating 

chronic wounds as some patients may require a donor of healthy MSCs. 



13 
 

The balance of cytokines, growth factors and proteases which can facilitate the 

healing of a chronic wound should be restored to help the patient recover. The 

wound will not undergo complete reepithelialisation and therefore not heal 

correctly. 

Chronic wounds affected around 3.8 million patients in the UK in 2017-18, with 49 % 

of chronic wounds healing in this timeframe. In the presence of infection, 45 % of 

wounds healed. The annual cost of wound management to the NHS is around £8.3 

billion, with £5.6 billion being attributed to managing unhealed wounds (Guest, et al., 

2020). The risk factors of developing a chronic wound are poor circulation, diabetes 

(Velickovic, et al., 2023), aging, and poor nutrition (Raeder, et al., 2020), and the rates 

of infection are around 45 % (Simel & Rennie, 2009).   

1.2.4 Skin microbiome 

The skin is host to millions of bacteria, which can be referred to as the skin 

microbiome (Byrd, et al., 2018). The bacteria present vary depending on the 

conditions for which they live in, such as moisture, pH, and nutrient availability. Many 

of these bacteria are of benefit to the body (symbiotic) or are of no benefit to the 

body but cause no harm (commensal). The skin microbiome can play a protective role 

for the host body, reducing the colonisation of pathogenic organisms, but 

occasionally these organisms can become pathogenic in a state of dysbiosis. The skin 

microbiome has natural antimicrobial properties and microorganisms may act 

competitively or synergistically with mutual benefits on the surface of the skin. Many 

common skin diseases are thought to be due to a dysbiosis in the commensal bacteria 
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on the surface of the skin, and chronic wounds are thought to be affected by the skin 

microbiome (Byrd, et al., 2018, Eming, et al., 2014).  

1.2.5 Infection of a wound 

All wounds are colonised to some degree, and the role of the inflammatory phase of 

wound healing is to control the level of colonisation, bringing it to a level that the 

body can tolerate (Eming, et al., 2014). Infection of a wound occurs when the 

virulence factors by microorganisms in a wound outcompete with the hosts natural 

immune system. The invasion of these microorganisms results in local and systemic 

host responses which can be characterised by purulent discharge, swelling, pain and 

fever or spreading redness at the wound site, with cellulitis developing if the infection 

progresses to the deeper layers of the skin (Peel, 1992). The infection of a wound can 

be influenced by the site and size of the wound, the depth of the wound, the exposure 

to contaminants, the levels of blood perfusion to the wound site, the microbial load 

and the general health and immune system strength of the host (Bowler, et al., 2001). 

In polymicrobial wound infections, some species of bacteria can increase their 

virulence factor and their number through formation of biofilms. The healing of 

wounds can be greatly delayed by the colonisation of harmful bacteria. The most 

common genera in chronic wounds are Staphylococcus, Pseudomonas and 

Corynebacterium, whilst the diversity of the microbiome is reduced compared to 

healthy skin around the wound (Gontcharova, et al., 2010) 

1.2.6 Treatment and Management 

Wounds should be assessed to determine the best route of treatment. There are 

lifestyle and health factors that can affect the wound healing process and help dictate 
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appropriate wound management. These factors vary from age, to smoking habits and 

comorbidities and medications. The wound assessment must look at the type of 

wound, location, and the stage of healing (Dealey, 2012). 

Epidermal cells travel across the wound surface through well-defined ECM, but in 

devitalised tissue, these conduits are lost due to degradation or disruption. To 

improve the movement of cells, this devitalised tissue must be removed. 

Debridement of a wound is the removal of such tissue and can be performed through 

several methods, each with advantages and disadvantages (Manna, et al., 2022). 

Surgical debridement is the quickest method and can allow a non-healing chronic 

wound to adopt an acute wound environment and help the healing process (Shultz, 

et al., 2003). This method of debridement is commonly used on large areas and where 

there is a risk of infection, but this method requires skill as knowledge of the area 

around the wound is required and not too much tissue should be removed. Autolytic 

debridement employs the use of macrophage and endogenous proteolytic enzymes 

that can digest necrotic tissue and eschar, separating it from healthy tissues (Shultz, 

et al., 2003). Enzymatic degradation is the use of exogenous enzymes which combine 

with endogenous enzymes in the wound and break down devitalised tissues. This 

technique is useful for removing hard necrotic eschar if surgical debridement is not 

able to be used (Shultz, et al., 2005). Larval debridement is performed using sterile 

larvae which secrete digestive enzymes to break down devitalised tissues and leave 

healthy tissue behind (Gray, 2008). This method can also reduce bacterial infection 

as the larvae are bactericidal and can breakdown biofilms. They also increase the pH 

of the wound which can make the environment more inhospitable for bacteria 
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(Manna, et al., 2022). Mechanical debridement covers the use of wound irrigation 

and wet to dry dressings. This method is usually more painful than others, and can 

remove healthy tissues alongside necrotic tissue, impeding healing further (Manna, 

et al., 2022).  

Wound bed preparation is often said to be the key to wound management, 

particularly those which have difficulty healing. The concept of wound bed 

preparation focuses on removing barriers to healing to encourage the normal wound 

healing pattern. The aim of the preparation of the wound bed is to remove devitalised 

tissues, reduce bacterial loads and inflammation, lower the volume of exudate, and 

encourage healthy granulation tissue to form (Halim, et al., 2012). The concept of 

wound bed preparation was first brought about by Dr Vincent Falanga and Dr Gary 

Sibbald in 2000 and has been developed in the following years (Falanga, 2000, 

Falanga, 2002, Sibbald, et al., 2000, Sibbald, et al., 2003).  

 

One method of wound assessment is the TIME framework, which stands for Tissue, 

Infection/Inflammation, Moisture and Edge. The TIME framework can be used to help 

wound assessment at the point of each dressing change, with chronic wounds 

assessed every 4 weeks. This is to improve the wound bed preparation to aid the 

healing of chronic wounds (Halim, et al., 2012, Dowsett & Newton).  

Tissue management looks at the type of tissue in the wound bed. There are different 

types of tissue formed through the healing process such as granular or 

epithelialisation tissues, sloughy and necrotic tissue, or eschar. Clinicians’ asses the 

wound bed for cell debris that could be impairing wound healing. The treatment is 
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usually debridement of the affected tissue either mechanically or through enzymatic 

or biological methods. This is hoped to restore the wound base and encourage the 

deposit of ECM proteins to encourage wound closure (Dowsett & Newton, Halim, et 

al., 2012).  

Infection can be identified through odour and confirmed through identifying the 

organisms present by microbiological culturing. Prolonged inflammation and high 

bacterial counts are indicators of infection. Pain is also monitored, with the 

frequency, location and severity all being important measures. When infection is 

present, there will be an increase in inflammatory cytokines and protease activity, 

and growth factor activity will be reduced. The treatment of infection is commonly 

through the use of antimicrobial agents and anti-inflammatories. As proteases can 

break down ECM proteins and foreign material to encourage new tissue to grow, if 

there is an increase in protease activity, it can alter the balance between new tissue 

growth and tissue breakdown prolonging the healing process. As such, it is also 

important to control the proteases in the wound bed (Wounds International, 2011, 

Dowsett & Newton, 2005). The treatment should reduce the number of bacteria in 

the wound bed and control the inflammation by lowering the inflammatory 

chemokines and proteases.  

Moisture in the wound can be judged through the colour of the skin surrounding the 

wound, as excess fluid can turn the skin a lighter shade. The volume of exudate can 

be assessed by the number of dressings exudate can seep through. Excessive fluid 

can cause maceration of the wound margins which can prolong healing. To control 

the moisture in the wound bed, dressings which have moisture balancing properties 
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can be applied, such as occlusive dressings which can protect the wound from 

bacterial infection and external moisture by creating an airtight and watertight 

covering. If the wound is too moist Hydrofiber dressings can be used which will 

absorb the excess moisture in the wound bed (Barnea, et al., 2010). These dressings 

could also incorporate Cadexomer iodine which can provide antimicrobial effects and 

absorb exudate (Sibbald & Elliott, 2017). Compression or negative pressure therapies 

could also be applied to remove excess moisture from the wound bed (Dowsett & 

Newton, 2005). 

Finally, the edge of the wound must be monitored. The dimensions of the wound and 

the margins of the wound are important factors to assess. Maceration, oedema, and 

erythema on the wound border are indications that the healing could be delayed 

(Black Country Partnership NHS Foundation Trust, 2016). If the edge of the wound is 

non advancing or undermining, then this could be due to imbalanced protease 

activity or abnormalities in the ECM. The treatment for these issues on the edge of 

the wound are debridement or skin grafting, or the use of biological agents to restore 

the protease activity balance. Once the wound edge is seen to be advancing then the 

therapies can be considered successful (Dowsett & Newton, 2005).  

The application of a dressing onto a chronic wound can help protect the wound from 

contamination, infection, and further damage, and new advances in wound dressings 

can help target specific problems in the chronic wound healing pathways as identified 

through the TIME method (Britto, et al., 2022). 

Traditional dressings such as gauze, cotton pads and bandages are commonly used 

to cover wounds. These are a low-cost option and can provide a quick solution to 
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protecting wounds, but they have many drawbacks. One drawback is that these 

dressings make it difficult to control the wound bed and can absorb all of the exudate 

from a wound, making the wound too dry. This can also cause adherence of the 

dressing to the wound surface, disturbing the wound bed when the dressing is 

removed, prolonging wound healing. Modern dressings have attempted to redress 

this balance with improved biocompatibility, degradability, and moisture retention. 

Common types of modern dressings include hydrogels, hydrocolloids, alginates, 

foams, and films. Hydrogels are useful for retaining moisture in a wound bed and 

removing necrotic tissues, so are commonly used in pressure ulcers, surgical wounds, 

and burns. They can be made of many materials but are commonly a network of 

hydrophilic polymer chains. Hydrogels can also be loaded with agents to improve 

their properties, such as silver nanoparticles or zinc nanoparticles which can maintain 

antibacterial effects over longer periods of time (Li, et al., 2018). More recently, 

zwitterionic hydrogels have been developed to act as an optical sensor to monitor 

the pH and glucose level of the wound. Zwitterionic groups can bind water molecules 

and can have effective antifouling properties (Zhu, et al., 2019).  

Hydrocolloid dressings are a hybrid of a hydrogel mixed with rubber and sticky 

materials which are suited to absorbing exudate in a wound bed. They are formed of 

two layers, with the inner layer providing the absorbent properties whilst the outer 

layer protects the wound from contamination (Barnes, 1993). Alginate is a material 

formed from seaweed which can also absorb exudate and maintain haemostasis. 

These dressings are suited to infected wounds with lots of exudate (Lee & Mooney, 

2012). Foams can be made of polyurethane or silicone and have the advantage of 
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being semi-permeable. They can offer antimicrobial activity and thermal insulation 

and so are suited to infected wounds. Finally, films are usually made of polyurethane 

and are thin, transparent, porous, and adhesive. The purpose of these films is to 

protect the wound from contamination as they are impermeable to bacteria and 

liquid but can offer autolytic debridement. Due to the thin nature of the films, they 

are best suited to aid the reepithelialisation of wounds with little exudate. (Shi, et al., 

2020) 

Dressings loaded with silver are often cited as providing improved wound healing and 

reduced infection, and zinc oxide can also improve the rate of wound healing with 

greater tissue regeneration (Ongarora, 2022).  

Due to the nature of chronic wound healing, ideal dressings and treatment would 

include biocompatible materials that can reduce inflammation, prevent infection, 

and increase tissue regeneration to close the wound faster and improve the patient 

outcomes. A summary of moisture retentive dressings can be found in the table 

below. 

Table 1. Moisture retentive dressings. Table adapted from (Powers, et al., 2013) 

Dressing Type Advantages Disadvantages Examples 

Films (polyurethane) Adherent, 

transparent, 

bacterial 

barrier 

Fluid collection, 

removal can 

disturb healing 

• Tegaderm 

(3M 

Healthcare) 

• Polyskin II 

(Kendall 

Healthcare) 
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• Bioinclusive 

(Johnson & 

Johnson 

medical) 

• Blisterfilm 

(The Kendall 

Co.) 

Foams (bilaminate 

sheets containing 

polyeurethane and 

silicone) 

Absorbent, 

Moist 

environment, 

conforms to 

contours 

Adherance to 

wounds if 

exudate dries 

• Polymem 

(Ferris Corp.) 

• Allevyn 

(Smith and 

Nephew 

United) 

• Biopatch 

(Johnson & 

Johnson 

Medical) 

• Curafoam 

(the Kendall 

co.) 

• Flexzan (Dow 

B. Hickam, 

Inc.) 
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• Hydrasorb 

(Tyco/Kendall 

Co.) 

• Lyofoam 

(ConvaTec) 

Hydrogels (96 % water, 

cross linked hydrophilic 

polymer) 

Comfortable, 

Absorbent, 

Promotes 

autolytic 

debridement 

Non-adherent 

Macerations of 

skin around 

wound 

• Vigilon (CR 

Bard) 

• Nu-gel 

(Johnson & 

Johnson 

Medical) 

• Tegagel (3M) 

• FlexiGel 

(Smith & 

nephew) 

• Curagel (The 

Kendall Co.) 

• Clearsite 

(Conmed 

corp.) 

• Curafil (the 

Kendall co.) 
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• Elasto-gel 

(SW 

Technologies) 

• 2nd Skin 

(Spenco 

Medical Ltd.) 

• Transigel 

(Smith & 

Nephew) 

Hydrocolloids 

(carboxymethylcellulose 

on adhesive base) 

Improved 

healing, 

Waterproof, 

promote 

granulation 

Unpleasant 

odor, 

overstimulation 

of granulation, 

fluid drainage 

can be gel-like 

• Duoderm 

(ConvaTec) 

• NuDerm 

(Johnson & 

Johnson 

Medical) 

• Comfeel 

(Coloplast 

Sween, Inc.) 

• Hydrocol 

(Dow 

Hickman) 

• Cutinova 

(Smith & 

Nephew) 
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• Replicare 

(Smith & 

Nephew 

United) 

• Tegasorb 

(3M) 

Alginates (Natural 

polysaccharides from 

kelp and algae) 

Absorbent, 

hemostatic 

properties 

Not useful for 

dry wounds, 

frequent 

changes may be 

required 

• Algiderm 

(Bard) 

• Algisite 

(Smith & 

Nephew) 

• Algisorb 

(Calgon-

Vestal) 

• Curasorb 

(The Kendall 

co.) 

• SeaSorb 

(coloplast) 

• Kalginate 

(DeRoyal) 

 

Antimicrobial agents can be used in the management of wounds. Systemic agents 

such as ciprofloxacin can be used topically to increase the rate of wound healing. 



25 
 

Other topical agents such as benzoyl peroxide, silver zinc allantoinate cream and 

povidone iodine ointment can be applied to wounds and show improved healing and 

wound closure (O'Meara, et al., 2000).  

1.3 Silk 

1.3.1 Background of Silk 

Silk has been used for two millennia as a suture material and it possesses unique 

mechanical properties that can be utilised in modern medicine. One advantage of silk 

is that it can be processed into many different material formats. These include fibres, 

fabrics, films, scaffolds, particles, and hydrogels. The silk used in these formats is 

typically everyday silk from the common Bombyx mori silkworm. These silkworms 

have been selectively bred and the characteristics have been chosen which help to 

obtain silk fibres with key properties such as improved toughness, easy reeling from 

the cocoon and a higher yield of silk (Seib, 2018). 

1.3.2 Bombyx mori Silk 

The domesticated silkworm, Bombyx mori, is typically used for commercial 

sericulture, or silk farming. It is the most common silk used in biomedical applications 

due to its excellent mechanical properties and the availability of the fibres (Seib, 

2018). 

The lifecycle of the silkworm consists of four main stages; the egg laid by the female 

moth which hatches and develops into a larva, moulting four times before it spins the 

cocoon around itself and becomes a pupa which would then develop into a moth 

which would emerge from the cocoon. The silkworm will consume vast quantities of 

mulberry leaves from the moment it hatches until it spins the cocoon. Once the 
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silkworm reaches the 5th and final instar of its life, it will consume mulberry leaves 

continuously for around one week to produce the volume of liquid silk it will need to 

produce the protective cocoon. The liquid silk is stored in the exocrine gland during 

this process and can reach a concentration of around 25% w/v. This silk solution does 

not aggregate unlike other solutions of high protein concentrations. This is interesting 

as silkworms are poikilothermic and as such the internal temperature can vary 

between 25° and 30°, and the silk does not aggregate with the movement of the 

silkworm either. This demonstrates how the silk has evolved to overcome these 

challenges as these factors can cause aggregation out-with the silk gland (Kronqvist, 

et al., 2017, Li, et al., 2016). 

Once enough silk has been produced within the silk gland, the silkworm will begin to 

build the cocoon over a period of three days. The silk cocoon is constructed from a 

single thread of silk which can be up to 1500m in length. The thread is 10-25 µm thick, 

although this can vary over the length of the strand (Seib, 2018). 

The silk thread is composed of two filaments (i.e., bifilar) and each filament is 

produced independently arising from the paired silk glands. The silk solution is 

triggered to assemble into a silk fibre in response to cues for example by a reduction 

in the pH within the silk gland (Domigan, et al., 2015). The fibre is coated in sericin, 

another protein produced by the silkworm, as it leaves the gland to bind the silk fibres 

together to produce a single thread. This thread is then spun from the spinneret at 

the head of the silkworm. This thread builds the cocoon as the silkworm winds it in a 

figure of 8 motion. 



27 
 

 

Figure 1-3. Silk thread composition. Image from (Wu, et al., 2022) 

Sericin is involved in the process of spinning a cocoon and coats the fibroin which 

protects the silkworm from enemies and infections. Sericin can prevent the 

premature conversion of soluble silk into beta sheets (Kwak, et al., 2017). The role of 

sericin has been debated, for example sericin may provide an anti-bacterial effect 

that would help the silkworm remain protected once inside the cocoon. However, 

conflicting evidence has been reported. Akiyama (1993) and Seves (1998) both 

conducted studies and concluded that sericin does not contribute to any antibacterial 

properties of the fibre and that micrococcus bacteria would grow or were even aided 

by the presence of sericin. In contrast to this Sarovart (2003) and Khalifa et al. (2012) 

both concluded that sericin was an antibacterial substance. 

There are environmental factors that can also affect the silk fibres produced by the 

silkworm, such as humidity and temperature, which can affect the morphology, 

mechanical properties, colour, and stiffness of the silk being spun by the silkworm 

(Offord, et al., 2016).  

Silk has a high tensile strength and is very ductile. The fibre can withstand high forces 

before deformation will occur, which is comparable to Kevlar on a weight-weight 

basis. Therefore, silk has been used in load bearing applications such as bulletproof 

vests, parachute cords and in aerospace technology (Seib, 2018). Silk has also found 
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use in many biomedical applications. This includes wound closures (such as sutures) 

and Sofregen have the patents for a surgical mesh to use in reconstructive surgery 

and for vocal fold reconstruction with injectable regenerated silk protein (Sofregen 

Medical Inc).  

The unique properties possessed by silk can be attributed to the structure of the silk 

fibre. The molecular size of the silk will vary between the different strains of Bombyx 

mori silkworm.  

 

1.3.3 The structure of silk  

 

The silk is composed of a heavy chain (~390 kDa, 5263 amino acids), a light chain 

(26kDa, 262 amino acids) and glycoproteins (30kDa, 220 amino acids). A thread of silk 

is mainly constituted by glycine (43%), alanine (30%) and serine (12%), which are 

joined to make a large protein chain (200-400kDA) (Kaplan, 1998).  The ratio of these 

components is around 6:6:1 with heavy chains, light chains, and glycoprotein 

respectively. The heavy chain and light chain are connected by a single disulphide 

bond at the twentieth residue from the carboxyl terminus of the heavy chain (cys-

c20) and cys-172 of the light chain. An intramolecular disulphide bond is formed at 

the cys-c4 and cys-c1 of the heavy chain. (Tanaka, et al., 1999) 

 The 5263-residue polypeptide chain of the heavy chain consists of 12 low complexity 

crystalline domains, which are constituted by Gly-X repeats which covers 94% of the 

sequence. These blocks are hydrophobic. The X can either by Alanine (65%), Serine 
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(23%) or Tyrosine (9%) for the repeats. The rest of the chain consists of a non-

repetitive header sequence (151 residues), 11 copies of an identical spacer sequence 

(43 residues) and a C-terminal sequence (58 residues). The header sequence is 

homologous to other fibroins N-terminal sequence with the differences between 

them found in the crystalline regions. Within the crystalline regions of Bombyx mori 

silk fibroin, sub domains of around 70 residues are found which each begin with 

repeats of the GAGAGS hexapeptide and the GAAS tetrapeptide can be found at the 

end. Within the semi-crystalline region’s sequences such as GAGAGY, GAGAGV and 

GAGAGVGY containing aromatic residues are found. These are not so repetitive. The 

hydrophobic sections of the chain have a different composition depending on their 

position within the chain. In support of the Pauling-Corey model, the Gly-X alternance 

is uniform in these sub domains, as beta sheets align in layers of Gly-Gly and X-X 

contact. Zhou et al. (2000) suggests that the subdomains form beta strands with each 

crystalline domain composed of a 2 layered beta ‘sandwich’, where these sheets lie 

parallel as opposed to lying anti-parallel as suggested in other papers.  

In the silk gland, the silk is believed to exist as spherical micelles in solution around 

100-200 nm in diameter. The micelles consist of a hydrophobic core made of the 

crystalline and amorphous regions, covered in the hydrophilic exterior formed by C- 

and N- terminal domains. The self-assembly of the silk is triggered by the pH in the 

silk gland and orchestrated by the n-terminal. When the pH drops to create an acidic 

environment, the acidic side chains of the silk heavy chain protonate and form 

hydrogen bonds. This mechanism helps to stabilise the silk gel-like state by causing 

the spherical micelles to aggregate. The resulting shear forces in the silk gland cause 
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the aggregated micelles to elongate and this forms the silk fibre. There is conflicting 

evidence that suggests the silk matures after being spun by the silkworm. These types 

of study are difficult to conduct because silk will mature with time (Hu, et al., 2020, 

Jin & Kaplan, 2003).  

Much of the secondary silk fibre structure can be characterised as beta sheets, but 

other structures are present. These can be described as helices, turns and unordered 

secondary conformation. The distribution of these structures varies depending upon 

the conformation of the silk. The silk within the posterior silk gland adopts a silk I 

conformation, which consists of random coils, helices, and hydrated Beta sheets. The 

silk within the anterior silk gland, however, adopts a silk II conformation, which 

consists of beta- sheets, due to the low pH. Within the silk fibre the beta sheets are 

aligned parallel to the fibre axis, and within the amorphous matrix these 

nanocrystalline units are dispersed. To produce interlocking nanofibrils, the 

crystallinity, size and distribution of these crystallites dictate how this will occur. 

Nanofibrils are the components that twist together to produce the interconnected 

segments which make up a silk fibre. This structure contributes to the mechanical 

properties that silk possesses (Asakura, 2021). There is a third silk structure, silk III, 

which has three-fold polyglycine II-like helices (Vidya & Rajagopal, 2021, Lefevre, et 

al., 2007, Wilson, et al., 2000). 

 

1.3.4 Formats of silk  

Silk can be processed into many different formats with tuned properties that can be 

used in many diverse applications. Silk can be processed into silk nanoparticles, silk 
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films, silk fibres, silk coatings and silk hydrogels (Li & Sun, 2022). Silk hydrogels are a 

promising format of biomaterial due to the ability of the hydrogel to trap and deliver 

therapeutic payloads. Silk can be used for drug delivery, in which the drug and 

chemical modification to the silk can affect the final performance of the silk hydrogel 

(Haghighattalab, et al., 2022, Yavuz, et al., 2020, Numata, 2014). Silk hydrogels have 

also been investigated as a cell delivery system (Osama, et al., 2018, Seib, 2018). The 

silk is processed to best mimic the environment in which it will be implanted, with 

the goal being to mimic the extracellular matrix. This has the potential to support 

stem cell proliferation and self-renewal and differentiation into the required cell 

type. The presence of chemically reactive groups at known sites within the silk chain 

allows for functionalisation at these locations. For example, this strategy can be 

deployed to functionalise silk with integrin binding domains that are absent in 

Bombyx mori silk. These self-assembling silk hydrogels can be injected due to shear 

thinning and show minimal swelling as they undergo the solution-gel transition 

(Phuagkhaopong, et al., 2021, Osama, et al., 2018). Another branch of silk hydrogel 

are self-healing hydrogels. These hydrogels have ligand-mediated self-assembly and 

as such are chemically modified self-healing hydrogels that have potential uses in 

biomedicine (Meng, et al., 2020, Liu, et al., 2019). Silk hydrogels can be classified into 

chemically and physically crosslinked systems. 

Chemically crosslinked silk hydrogels have been synthesised through the use of 

chemical crosslinking agents such as ethylene glycol diglycidyl ether or enzymatic 

crosslinkers like horseradish peroxidase to crosslink the phenol groups of tyrosine 

amino acids (Farokhi, et al., 2021). These hydrogels can withstand shear strain of 
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100% and a compressive strain of more than 70%. The crosslinked hydrogels are 

optically clear and more elastic than physically crosslinked hydrogels, which contain 

nanocrystalline regions which are capable of scattering light. The drawbacks to 

chemically crosslinked hydrogels are the need to add chemicals to the silk which can 

compromise the immunogenicity of the silk hydrogel and reduce the 

biocompatibility. Horseradish peroxidase is immunogenic and cannot be proven to 

be completely removed (Volkov, et al., 2015, Chirila, et al., 2017, Su, et al., 2017). 

Physically crosslinked silk hydrogels can be manufactured through several different 

methods exploiting the innate self-assembly process of silk. Methods to trigger self-

assembly include vortexing, ultrasound, temperature, osmotic stress, pH, CO2 

acidification, electrical fields and polymers (Farokhi, et al., 2021, Floren, et al., 2016, 

Samal , et al., 2014, Kim, et al., 2004). These trigger the self-assembling behaviour of 

silk by causing the entanglement and hydrogen bonds forming between the 

hydrophobic domains of the silk block copolymer. In most silk hydrogels, these can 

trigger a change in the secondary structure which means the formation of beta 

sheets, which can have strong intermolecular forces that can stabilize the silk 

network and produce a solid hydrogel structure which can be irreversible in most 

cases. Within the silk gland, the micelle concentration will reach a critical point at 

which the high concentration silk is in a gel-like state. Work done with reverse 

engineering the silk has found that the solution concentration will affect the silk 

hydrogel self-assembly and structure. When hydrogels are derived from low 

concentration silk solutions (1% w/v) the structure is micellar, as opposed to 
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hydrogels derived from higher concentration solutions (20% w/v) which show silk II 

structures in fibrillar networks (Seib, 2018). 

Shearing of the silk solution can be achieved by vortexing or sonication. The agitation 

of the solution speeds up the process to minutes as opposed to hours if the reverse 

engineered silk is left to form a hydrogel by itself. The shear forces induce the 

transition from a silk I structure to a silk II structure containing high amounts of beta 

sheets, but excessive forces can damage the silk (Toprakcioglu & Knowles, 2021, 

Floren, et al., 2016, Onder, et al., 2022). 

The formation of silk hydrogels by the alteration of the pH of the solution is due to 

the amphiphilic nature of the molecule, as the N-terminus of the silk heavy chain is 

acidic and the C terminus is basic, and the C terminus of the light chain is acidic. These 

acidic groups attract the protons at low pH, which allows the structure to become 

more ordered due to the reduced repulsion of the charges. This causes the formation 

of beta sheets (Onder, et al., 2022, Hirabayashi, et al., 1990, Nagarkar, et al., 2009).  

The silk hydrogel formed when an electric current is applied has a different 

morphology to the silk hydrogels formed by other methods (detailed above). These 

hydrogels are referred to as e-gels and will deposit on the positive electrode when an 

electric current is applied to the silk solution. It is thought that this is due to the local 

pH change at the electrode caused by the hydrolysis of the water in the silk solution. 

When the pH drops to below the isoelectric point of silk, the silk is deposited on the 

electrode. The pH change is the trigger in this solution-gel transformation, but the 

properties of these gels are different to those produced by pH alone. The secondary 

structure of the silk hydrogel shows a change from random coil to the helical 
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conformation and the beta sheet content is unchanged compared to other silk 

hydrogels. The silk hydrogel is also reversible, as if the current is reversed the gel 

formed at the electrode will dissociate and a new silk hydrogel will form on the new 

positive electrode. This is repeatable for many cycles. The e-gels formed by this 

method are sticky with adhesive properties (1 - 1.5 mJ) and are highly elastic 

compared to other silk hydrogels which usually cannot withstand strains of greater 

than 10% and tend to be brittle. The unique properties of e-gels make them a 

promising tool for use in biomedical applications (Kojic, et al., 2012, Leisk, et al., 

2010).  

1.3.5 Silk uses in healthcare 

There are many potential uses of silk in healthcare applications due to the diverse 

formats and properties. These include the clinically approved use of silk for load-

bearing applications which is supported by the biocompatibility of silk, the ability of 

the silk to degrade and the useful mechanical properties as well as the ease of 

production of Bombyx mori silk.  

The IUPAC definition of biocompatibility is the ability of a material to perform with 

an appropriate host response in a specific application within biomedical therapy 

(Vert, et al., 2012). Silk is regarded as biocompatible in the fibre format for use as 

sutures. Silk hydrogels will need to undergo further testing to be classified as 

biocompatible. Any foreign body introduced into an existing ecosystem will elicit an 

immune response from the host, but this reaction can vary widely. Silk does produce 

an immune response, although this is comparable to other synthetic materials 

currently used in the human body such as polycaprolactone and polylactic acid, used 
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as medical implants that will degrade over time. Silk films and scaffolds have been 

widely used and are typically regarded as biocompatible across a wide spectrum of 

applications. Silk hydrogels are biocompatible, although this definition varies with 

factors such as the site of implantation and the volume of product implanted. This 

will also vary between hosts (Holland, et al., 2019, Vepari & Kaplan, 2007, Roy, et al., 

2022). Silk has demonstrated a favourable immune response, with a low systemic 

inflammatory response and a low local inflammatory response in neutrophils and 

macrophages (Gorenkova, et al., 2021, Thurber, et al., 2015).  

The degradability of a silk biomaterial can be manipulated in order to suit different 

biomedical applications. This can vary from targeted drug delivery to meshes for 

tissue regeneration. Although the US Pharmacopeia classified silk sutures are non-

resorbable due to the maintained stability for the duration of the suture, there is 

evidence that the sutures degrade within a year and can be completely resorbed 

within 2 years. Cao and Wang (2009) proposed that the degradation of silk is 

controlled by a proteolytic enzyme such as chymotrypsin, actinase and carboxylase, 

and hydrolysis reactions that are catalysed by an enzyme. This is not thought to 

produce any toxic by-products which is ideal in a biomedical capacity. Numata and 

Kaplan (2010) proposed that the proteolytic degradation is driven by the breakdown 

of beta-sheet crystals, and therefore that the rate of degradation could be influenced 

and controlled by the regulation of the crystalline state. Although there have been 

studies into the degradation of silk films and scaffolds, there is not much research 

into silk hydrogels. However, a study was performed where sonicated silk hydrogels 

were implanted subcutaneously in a rat model. An increase in the pore size of the 
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hydrogel and vascularisation was seen over the time that the implant was monitored. 

This change was credited to the degradation of the silk hydrogel (Li, et al., 2018, 

Zhang, et al., 2022). 

1.3.5.1 Current use of silk in wound care 

 

Silk is a diverse biomaterial that is currently used and under investigation for use in 

different formats for healthcare, including its use in wound dressings. The table 

below summarises some of the key commercially available products that incorporate 

the use of silk fibroin in various stages of production.  

Table 2. Commercially available or in development products containing silk fibroin for healthcare uses 

Product Use Silk format 

and additives 

Stage of 

development 

Reference 

Sofregen Silk 

Voice 

Vocal fold 

insufficiency 

Silk-HA 

protein 

injectable 

US FDA cleared 

for use 

(Brown, et al., 

2019) 

Sofregen Seri 

Surgical 

Scaffold 

(discontinued 

2021) 

Surgical 

scaffold to 

strengthen 

soft tissue 

Silk fibroin US FDA cleared 

for use in soft 

tissue 

scaffolding 

(Jewell, et al., 

2015) 

Fibroheal 

Woundcare 

PVT Ltd. 

Various 

wound care 

solutions  

Silk and silver 

based 

formulas as 

ISO accredited 

and available for 

(Forbes India, 

2023) 
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ointment or 

dressings 

purchase online, 

not CE marked 

SilkTears Dry eye 

relief 

Silk derived 

protein with 

polysorbate-

80 

Available for 

purchase 

2023/2024 with 

FDA approval 

(Silk Tech, 

2022) 

 

Many other formats of silk have been investigated for use in other healthcare 

applications and these are discussed in the next sections.  

1.3.5.1.1 Silk Fibroin Solution 

One format of silk that can be used in wound healing applications is silk fibroin 

solution. This silk fibroin solution has been tested both in vivo and in vitro on a scratch 

wound model with NIH 3T3 cells. Park et al. (2017) concluded that the introduction 

of silk fibroin into a wound will increase the expression of growth factors by activating 

the NF-κB signalling pathway in both in vitro and in vivo wound healing processes. 

The results they observed suggested that the silk fibroin promotes wound healing by 

acting on the proliferative and remodelling stages of the wound healing process 

previously described. Silk fibroin has also been used as eye drops to improve corneal 

scratch wound healing (Vidya & Rajagopal, 2021, Abdel-Naby, et al., 2017).  

1.3.5.1.2 Electrospun nanofibers 

One format currently used in wound dressings are electrospun nanofibers. They have 

the ability to form porous, non-woven and membrane-based materials. Their 

structure is like that of collagen fibres in tissues which makes them ideal for skin 
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tissue engineering (Repanas, 2016). One format used included silver nanoparticles 

(AgNPs) coated with the electrospun silk fibroin nanofibers. These dressings were 

shown to inhibit the growth and spread of staphylococcus aureus and pseudomonas 

aeruginosa (Uttayarat, 2012). The AgNPs were shown the diffuse to the bacterial cell 

membrane and bind to the proteins and organelles present, disrupting cell function 

and leading to cell death. (Sondi & Salopek-Sondi, 2004, Suresh, 2010). Jeong et al. 

(2009) conducted a study into the hydrophobicity of silk fibroin wound dressings 

using gas plasma treatments. O2 plasma treatments were shown to increase the 

hydrophilicity by affecting the surface properties of the silk fibroin nanofiber, 

whereas CH4 plasma treatments decreased the hydrophilicity. O2 treated silk fibroin 

nanofibers displayed better skin cell activity compared to untreated silk fibroin 

nanofibers. The functional groups on silk fibroin nanofibers that induce attachment 

and spreading of keratinocytes and fibroblasts showed increased characteristics after 

O2 plasma treatment.  

 

1.3.5.1.3 Silk Fibroin Films 

Silk fibroin films could be useful in wound care due to their ease of characterisation 

and design. When used to treat full thickness skin wound in mice, the silk film reduced 

the area of the wound by 10 % after 14 days and 21 days later the wound was covered 

by regenerated epidermis. When a traditional hydrocolloid dressing (DuoActive) was 

used the wound showed a reduced recovery over 14 days compared to the silk film 

and only a partial epidermal regeneration could be seen after 21 days. The healing 

time was reduced by a week when using the SF film compared to the DuoActive 
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dressing. When the silk fibroin film was compared to Alloask D, a porcine dermis 

dressing used for burns, ulcers, inflammation and bed sores, the histological results 

showed a reduced inflammatory response and greater collagen regeneration 

(Sugihara, et al., 2000). Another study reported that silk fibroin films had no adverse 

effect on the growth and secretion of VEGF from endothelial cells. The films did not 

influence the production of platelet-derived growth factor (PDGF), VEGF, fibroblast 

growth factor-2 (FGF-2), or angiopoietin 1 (Ang-1) by normal human foetal lung 

fibroblasts (Liu, et al., 2010). Silk fibroin films have shown that they can be 

advantageous due to the ease of getting the material and making it sterile. It is also 

transparent and has improved healing outcomes in acute wounds (Padol, et al., 2011) 

(Zhang, et al., 2017). A human study involving the use of silk films for wound dressings 

has been used in a clinical trial, with biocompatibility criteria being met and improved 

wound size reduction (Zhang, et al., 2017). 

 

1.3.5.1.4 Silk Fibroin Sponges 

Tissue engineering often uses sponges as scaffolds for cell growth as they are porous 

with a high surface area within the defined space which will allow cells to attach and 

form tissues around these pores. Silk fibroin solutions can be processed to form 

sponges by freeze-drying, gas forming or through the use of porogens and 

electrospun fibres (Zhang, et al., 2012,  Sultan, et al., 2018). Silk sponges can be fragile 

when dry, so hybrid sponges incorporating other materials have been produced. A 

silk fibroin- alginate blended sponge has been tested on a full thickness wound model 

in rats. When the composite sponge was compared to both silk fibroin and alginate 
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alone, the half healing time was reduced, and the re-epithelialization was increased, 

but the rate of collagen deposition was unchanged. (Roh, et al., 2006) 

1.3.5.1.5 Silk Fibroin Hydrogels 

Pure silk fibroin hydrogels can be classified as either physically or chemically 

crosslinked hydrogels. Physical crosslinking occurs through the use of shear forces, 

temperature changes, ultrasound, pH, electric field or surfactants, whilst chemical 

crosslinking involves the use of chemical agents, enzymes or irradiation (Zhang, et al., 

2022, Floren, et al., 2016).  

Physical crosslinking occurs through the physical interactions between the silk 

molecules, transforming the solution into a hydrogel with a defined 3D network 

structure. Temperature is an important factor to control when controlling self-

assembly of hydrogels, as an increase in temperature can increase the molecular 

collisions and therefore aggregation of silk fibroin. This then forms beta sheets which 

are irreversible and stable (Zhang, et al., 2022). Ultrasound can accelerate the 

intermolecular interactions of silk fibroin through the creation of bubbles. When the 

bubbles collapse, the fluid is accelerated rapidly, creating collisions between the silk 

fibroin molecules, inducing self-assembly without the use of chemical agents, 

producing a pure silk fibroin hydrogel (Floren, et al., 2016, Gorenkova, et al., 2019).  

Electric fields can also be used to generate silk fibroin hydrogels through the increase 

of protons at the cathode, reducing the pH in the vicinity and triggering aggregation 

of the silk molecules. These hydrogels have unique properties, in that they are 

adhesive, and the formation of these hydrogels is reversible upon reversing the 
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polarity of the voltage applied through the solution (Floren, et al., 2016, Kojic, et al., 

2012).  

Chemical crosslinking can be useful to overcome limitations of physically crosslinked 

hydrogels, improving features such as the porosity, mechanical strength, 

biodegradability and swelling of hydrogels for diverse applications. Enzymatic agents 

commonly used are horseradish peroxidase (HRP), glutaminase and tyrosinase. HRP 

can produce elastic hydrogels with tuneable degradability (Zhang, et al., 2022).  

Silk hydrogels are used in a wide range of biomedical applications. The silk can also 

be combined with naturally derived polymers such as collagen, hyaluronic acid, 

chitosan, alginate, and gelatin. Ju et al. (2014) produced a silk hydrogel with a 

combination of carboxymethyl cellulose and calcium alginate which was compared 

with medical gauze and Purilon Gel (PG) for cytotoxicity, adhesive strength, and water 

content. The cell toxicity was tested with NIH 3T3 fibroblasts and showed that after 

1 day the hydrogels promoted cellular growth. The adhesive strength of the hydrogel 

was less than the gauze and PG, but the hydrogel had good cell viability. When the 

hydrogel was tested in vivo on rats with second degree burns over 3 weeks, the 

hydrogel allowed collagen deposition and dermal formation which suggests it would 

be a suitable burn wound dressing. 

One material used currently is chitosan (CS) as a skin substitute, due to its 

biocompatibility, biodegradability, and antimicrobial behaviour. It is thought that the 

wound healing is accelerated by the synthesis of collagen by fibroblast cells to 

improve tensile strength at the wound site (Luangbudnark, et al., 2012, Kweon, et al., 

2001). Thangavel et al. (2016) developed a chitosan-based hydrogel loaded with silk 
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fibroin and l-proline (LP) by crosslinking for use with tissue engineering and wound 

healing applications. L-proline is an amino acid used for collagen synthesis. The 

characterization of the gels showed them to be thermally stable and possess a good 

surface morphology. The loaded hydrogels increased antioxidant activity and 

increased cell viability with NIH 3T3 L1 cells. The cells also showed improved 

migration and proliferation. Skin tissue engineering applications have recognised the 

potential for silk fibroin blends to be suitable as scaffolds. A hydrogel consisting of β-

cyclodextrin, polyethyleneimine to increase the swelling ratio, and silk fibroin was 

produced to aid in the healing of pressure sores. The gel also included centella 

asiatica extract which was added by submerging the gel in an aqueous solution 

containing it. The pressure sores healed within 6 days whilst the unloaded gels healed 

within 10 days (Lee, et al., 2012). 

Overall silk hydrogels show potential to be crosslinked or loaded with other beneficial 

materials to improve wound healing outcomes, whilst showing excellent 

biocompatibility and degradability with pure physically crosslinked hydrogels.  

1.3.5.2 Biological Response to Silk 

The use of silk fibroin in wound healing has been shown to help the process by 

increasing cell growth and proliferation (Fini, 2005, Kim, 2016, Martinez-Mora, et al., 

2012). The use of silk fibroin solution has been shown to increase the adhesion and 

proliferation of human fibroblasts (Chiarini, et al., 2003, Petrini, et al., 2001) and the 

proliferation and migration of primary human dermal fibroblasts and NIH 3T3 cells in 

a wound scratch model (Park, et al., 2017). The use of nanofibers has been shown to 

increase fibroblast cell proliferation in culture for a week (Yamada, et al., 2004). The 
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studies done thus far demonstrate the properties that silk fibroin possesses which 

could aid wound healing when applied as a dressing. Silk has been shown to have an 

effect of different cell types and by aiding both the proliferative and migratory stages 

of the wound healing process.  

The cellular pathway through which the silk fibroin functions has been started to be 

investigated with the aim to understand how it impacts wound healing. The cellular 

pathways AKT/mTOR and MAPK signalling have a pertinent role in wound healing. 

The activation of c-Jun N-terminal kinases 1/2 (JNK1/2) and extracellular signal 

related kinases1/2 (ERK1/2) are responsible for cell migration. Martinez-Mora et al. 

investigated the role of SF on these kinases in the presence of specific inhibitors for 

certain cell signalling pathways. The investigation showed that MEK, JNK and PI3K 

pathways are involved in the migration of cells in the presence of fibroin and that 

inhibition of these kinases prevented the upregulation of c-Jun and phosphorylation. 

When the fibroin was tested in human keratinocyte cells HaCaT, the results were 

similar, showing that fibroin initiates cell migration through activation of the MEK, 

JNK and PI3K signalling pathways ending in c-Jun activation. (Martinez-Mora, et al., 

2012) The inflammatory pathway is modulated by NF-κB which produces signals used 

in scratch injuries, corneal epithelial wound healing, and cutaneous wound healing. 

Silk fibroin has been shown to induce healing by activating this pathway (Park, et al., 

2017). NF-κB has been shown to regulate the silk healing pathway by modulating the 

proteins involved such as vimentin, fibronectin, VEGF, and cyclin D1. There are 

cytokines and growth factors that also play a key role in wound healing. These are 

tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), 
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interleukin-8 (IL-8), interleukin-10 (IL-10) and growth factors such as transforming 

growth factor (TGF-α or TGF-β), vascular endothelial growth factor (VEGF) and 

epidermal growth factor (EGF). Silk fibroin has been shown to reduce these pro-

inflammatory cytokines during the inflammatory phase when they are increased 

which helps to protect the cells and tissues whilst they heal. (Aykac, et al., 2018, Ju, 

et al., 2016) 

These studies have shown the potential of silk fibroin to promote wound healing 

through several pathways. The presence of silk can induce and increase the speed of 

wound regeneration by improving cell migration, proliferation, and differentiation. 

(Sultan, et al., 2018) However, many questions about the efficacy of silk fibroin 

remain, some of which have been worked on in this thesis.  

 

1.3.6 Biological response to silk fibroin 
 

Silk fibroin has been shown to exhibit low haemostasis response and does not 

accumulate in the body, being degraded into benign products. The timescale of this 

will depend on many factors such as the site in the body, quantity of silk used and the 

silk secondary structures present (Gorenkova, et al., 2021). Silk fibres retain more 

than 50 % of their mechanical properties 2 months after implantation. Silks degrade 

by the action of proteases, such as a-chymotrypsin and collagenases (Vepari & 

Kaplan, 2007). Enzymatic degradation of the silk fibroin leads to smaller polypeptides 

before becoming amino acids, which are absorbed or metabolized in vivo (Guo, et al., 

2020). The inflammatory response of degummed silk fibres have shown a lower 
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inflammatory response than polystyrene, collagen films and PLA films (Vepari & 

Kaplan, 2007). Amyloid proteins are insoluble protein aggregates with a “cross-b” 

structure and occur naturally and most often do not result in disease. It has been 

reported, however, that amyloid may increase in response to a physiological 

challenge and can be involved in other human pathologies such as Alzheimer’s 

Disease and Parkinson’s disease, where an accumulation of these folded proteins can 

result in neurodegeneration. Fibroin B sheets have similar characteristics to amyloid 

and have been shown in mice to accelerate amyloid accumulation (Madden, et al., 

2020). Silk fibroin b sheets have been shown to not exhibit cytotoxic effects on 

human neural cells where amyloid b sheets have, thought to be due to the lack of 

surface charge on the silk peptides. Silk can occasionally cause amyloidogenesis but 

has a low potential for amyloidosis (Tsukawaki, et al., 2016).   
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1.4 Hypothesis, Aims and Objectives 

The overall hypothesis of my thesis is that silk fibroin is an adaptable biomaterial that 

has properties desirable for reducing the duration of wound healing by preventing 

bacterial infection and improving closure of wounds. The main hypothesis has been 

broken down into specific aims and objectives: 

The aim of Chapter 2 was to determine the cellular impact of silk fibroin in wound 

healing context. The objectives of Chapter 2 were to produce silk hydrogels by 

sonication and electro-gelation, to characterise the differences between these 

hydrogels and the subsequent release of silk. The final objective was to monitor the 

response of fibroblasts to the silk released from the hydrogels to determine the 

biocompatibility and potential benefits of the presence of silk. 

The aim of chapter 3 was to determine the antibacterial effects of silk fibroin. The 

objectives of chapter 3 was first to determine the inherent sterility of silk fibroin 

solution by monitoring bacterial growth in media and on agar. The next objective was 

to assess the bactericidal effects of silk fibroin solution when spiked with common 

wound pathogens. The final objective was to monitor the bactericidal effects when 

silk is applied in a surrogate wound dressing on simulated infected wounds to 

investigate the limitations of silk fibroin in an antibacterial context. 

The aim of chapter 4 was to determine the versatility of silk fibroin and explore the 

contexts for use out-with biomaterials. The initial objective was to produce 

micropatterned silk fibroin hydrogels and films and monitor the cellular response to 

these patterned surfaces. The next objective developed into monitoring the ability of 

silk films to be folded into origami boats. This objective also involved the spiking of 
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silk films with curcumin and anthocyanin, natural dyes that react to their 

environmental pH. The final objective was to monitor the response of spiked films in 

the presence of different environmental agents to determine the feasibility of using 

spiked silk origami films for eco sensing applications. 
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2. Chapter 2 “Impact of silk hydrogel secondary structure 

on hydrogel formation, silk leaching and in vitro 

response” 

 

 

Silk can be processed into a broad spectrum of material formats and is explored for 

a wide range of medical applications, including hydrogels for wound care. The current 

paradigm is that solution-stable silk fibroin in the hydrogels is responsible for their 

therapeutic response in wound healing. Here, I generated physically cross-linked silk 

fibroin hydrogels with tuned secondary structure and examined their ability to 

influence their biological response by leaching silk fibroin. Significantly more silk 

fibroin leached from hydrogels with an amorphous silk fibroin structure than with a 

beta sheet–rich silk fibroin structure, although all hydrogels leached silk fibroin. The 

leached silk was biologically active, as it induced vitro chemokinesis and faster scratch 

assay wound healing by activating receptor tyrosine kinases. Overall, these effects 

are desirable for wound management and show the promise of silk fibroin and 

hydrogel leaching in the wider healthcare setting. 

This chapter was published as an original article (Egan, et al., 2022) and has been 

adapted accordingly for this thesis. Data acquisition and analysis for figures was 

conducted by myself. Data acquisition and analysis for thermal analysis (Figure 2-9) 
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was conducted in collaboration with Saphia Matthew. As the first author of this study, 

I wrote the manuscript with input from the other authors. 
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2.1 Introduction 

The current treatment strategies for chronic wounds typically include application of 

standard and advanced wound dressings (Carter, et al., 2010) and compression 

bandaging (Amsler, et al., 2009). Ultrasound (Cullum & Liu, 2017), debridement 

(Mohd Zubir, et al., 2020) and skin substitutes (Greaves, et al., 2013, Onida, et al., 

2021) are more advanced therapeutic interventions, but the treatment of chronic 

wounds remains challenging and still requires orthogonal treatment strategies. 

Examples include physical methods, such as negative pressure wound therapy 

(Norman, et al., 2020) and real-time sensing applications that can support clinical 

decision making (e.g. when to change dressings (Milne, et al., 2015)) and enable the 

early detection of infection (Ward, et al., 2018) (e.g. WoundSense, Ohmedics Ltd). 

Electrical stimulation to accelerate healing by reducing infection and increasing tissue 

perfusion is also promising (Han & Ceilley, 2017, Thakral, et al., 2013, Ud-Din & Bayat, 

2014). A number of new products are now being approved for use in humans (e.g., 

WoundEL, PosiFect RD, Procellera).  

 

Despite these advances, wound dressings continue to be the key staple of wound 

management; therefore, a broad spectrum of both synthetic and natural materials 

are now utilized (reviewed in (Han & Ceilley, 2017, Farokhi, et al., 2018)). One of the 

natural materials emerging as a promising biomaterial for wound care is silk. The silk 

fibroin protein is a clinically approved biomaterial that is widely used for load-bearing 

applications (e.g., sutures, surgical meshes) (Holland, et al., 2019). In 2019, the first 

reconstituted silk fibroin injectable (Silk VoiceÒ, Sofregen Inc, Medford, MA, USA) 
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gained clinical approval for vocal fold augmentation. The Silk VoiceÒ product has 

demonstrated that reconstituted silk fibroin can be acceptable for registration in the 

medical regulatory frameworks (e.g., The United States Food and Drug 

Administration). A small ongoing clinical trial (NCT04085822) sponsored by Silk 

Medical Aesthetics Inc (Medford, MA, USA) is examining the use of this technology 

to improve aesthetic, with the study completing in 2020 and the results are eagerly 

awaited.  Small-scale clinical trials using fibroin formulated as silk films (Zhang, et al., 

2017), sponges (Noda, et al., 2021) and knitted scaffolds (Schiefer, et al., 2021) 

(Scheifer, et al., 2020) have also shown favourable outcomes for both wound repair 

and aesthetics. This work is now being complemented by preclinical studies. For 

example, topical application of self-assembling silk hydrogel in a rabbit ear 

hyperplastic scar model showed significant therapeutic efficacy (Li, et al., 2020). 

Liquid silk is currently used in cosmetics for topical application to the skin (e.g., Silk 

Therapeutics Inc). 

 

Silk fibroin hydrogels that can self-assemble in vitro are capable of supporting 

comparable human fibroblast proliferation and keratinocyte migration to that 

obtained with collagen hydrogels (Chouhan, et al., 2018). In vivo, these silk hydrogels 

can serve as a support matrix for healing third-degree burn wounds in mice by guiding 

the local tissue response from a wound-mediated inflammatory response to the 

proliferative stage by orchestrating cell recruitment, cytokine signalling and 

extracellular matrix deposition (Chouhan, et al., 2018). Second-generation silk 

hydrogels have also shown improvements in wound healing in rodent models (Wang, 
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et al., 2020, Ju, et al., 2016), while silk hydrogels loaded with fibroblast growth factor 

1 (He, et al., 2019, Xu, et al., 2017) and mesenchymal stem cells (Zheng, et al., 2020) 

improved the healing rate, function and aesthetic appearance in vivo over their 

respective controls.  

 

The current paradigm is that the successful therapeutic response of these products 

is due to their content of solution-stable silk. However, this paradigm is now 

questioned by the finding that local application of soluble silk as a treatment for dry 

eye increased tear production, improved the smoothness of the cornea and reduced 

corneal epithelial detachment and inflammation (Kim, et al., 2017). Treatment of 

injured rabbit corneas with soluble silk accelerated the acute corneal epithelial 

healing process, resulting in the recovery of a robust multi-layered epithelium with 

increased tight function and focal adhesions (Abdel-Naby, et al., 2017)(reviewed in 

(Tran, et al., 2018)). The soluble silk is expected to adopt a random coil/alpha-helical 

secondary structure (Leisk, et al., 2010). 

Therefore, emerging evidence suggests that soluble silk also has a significant impact 

on wound healing and raises the possibility that soluble silk leaching from hydrogels 

may also play an important role.  

 

No studies have yet assessed whether soluble silk can leach from silk fibroin 

hydrogels. One aim of this study was therefore to produce physically crosslinked silk 

hydrogels with tuned crystallinity to investigate the impact of the silk secondary 

structure on silk fibroin leaching. A second aim was to determine the biological 
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response to this leached silk. The silk hydrogel secondary structure was tuned using 

electro-gelation and sonication. The silk fibroin content of the hydrogels was 

measured and the efficiency of the solution–gel transition was quantified. The 

biological response to leached silk was measured through fibroblast response by 

determining cell proliferation, migration, and downstream molecular signalling. 
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2.2 Experimental 

2.2.1 Silk solution production 

The silk solution was prepared as described previously by Leisk (Leisk, 2010). Briefly, 

Bombyx mori silk cocoons sourced from Scientific Centre on Sericulture, Vratsa, 

Bulgaria. Cocoons were cut into 5x5 mm pieces. 5 g of these were then degummed 

in 0.02 M Na2CO3 (Sigma Aldrich, UK) solution for 30 minutes. The purified silk fibroin 

was rinsed in Milli-Q ultrapure water a total of 3 times for 20 minutes each, before 

being stretched and left to dry overnight. Next, the dried silk fibroin fibres were 

packed into a beaker and dissolved in a 9.3 M LiBr (Sigma Aldrich, UK) solution at 60°C 

for up to 4 hours. The resulting solution was dialyzed (MW cut off 3500 g/mol, 

Thermo Scientific, Waltham, MA) for 48 hours in ultrapure water to remove the LiBr 

salt. When loading the dialyzer, the excess air was removed with a syringe to ensure 

the contact area with the membrane was maximised. The water was changed 

regularly to maintain the concentration gradient, totalling 6 changes through the 48-

hour period. The resulting silk fibroin solution was cleared by centrifuging at 9418 x 

g, 5 °C, for 20 minutes, twice. A 1 ml sample of the resulting silk fibroin solution was 

dried overnight at 60 °C; the residual mass was weighed, and the weight percentage 

of the solution was calculated. The silk fibroin solution was stored at 4 °C until use.  

2.2.2 Preparation of sonicated hydrogels 

Physically cross-linked silk fibroin hydrogels were produced using sonication or 

electro- gelation.  
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Sonication of a 5 % w/v silk fibroin solution was performed by adding the solution to 

a centrifugation tube and submerging in an ice bath to minimise heating. Next, the 

sonicating probe (Sonoplus HD 2070, Bandelin, Berlin, Germany) was submerged in 

the solution so that the end was near the base, but not touching. A 45- amplitude 

wave with a cycle of on/off/on in 30 second intervals was used. The solution was then 

transferred to a covered dish and left to solidify at room temperature for 1 hour 

before being stored at 4 °C.  

2.2.3 Preparation of Electro-gels  

Electro-gelation of the silk solution was performed using 5 % w/v silk solution. 10 ml 

of solution was added to a beaker and stainless-steel electrodes were submerged to 

a depth of 1 cm. The electrodes were connected to a Solartron SI 1286 (Ametek, 

Hampshire, UK) and a galvanostatic input with parameters set at 0.5 mA for 1.5 hours. 

The gel began to form on the anode. The gel was removed from the positive electrode 

using a spatula and transferred to a petri dish and used immediately. 
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Figure 2-1. Electrogelation of silk fibroin solution. A) shows tin foil electrodes in silk solution with 

cloudiness observed around the anode indicating the formation of hydrogel. B) left shows the silk 

solution after it has undergone electrogelation. Cloudiness was observed in the silk solution when 

compared the right, control silk solution before electrogelation. C) shows an electrogel formed 

on a wire electrode. D) shows electrogel on a petri dish once removed from the electrode.  

A B

C D
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2.2.4 pH investigation 

The pH of silk fibroin hydrogels was investigated by two methods: pH indicator strips 

(litmus paper) and a phenol red indicator. The hydrogels were prepared either 

through sonication or by electrical current.  

Briefly, a 5 % silk fibroin solution was prepared as previously described and further 

processed into a hydrogel through either the application of an electric current or by 

sonication. The electro- gel was removed from the electrode and placed on the pH 

indicator strip (Haobase, China) whilst wet. The solution around the other electrode 

was tested by dipping the indicator strip into the immediate area and noting the 

colour change. The sonicated gel was tested by submerging the pH strip into the 

solution in the sol-gel phase and once again before the gel was fully formed.  

The second method involved the use of phenol red. Firstly, a 300 mg/l phenol red 

solution was produced by dissolving phenol red powder (Sigma Aldrich, Dorset, UK) 

in deionized water and added to the 5 % silk fibroin solution in a ratio of 1:20, yielding 

a final concentration of 15 mg/l. An electric current was then applied to trigger the 

self-assembly of the hydrogel and the colour change noted. This was repeated with 

sonication and pictures were taken throughout the process.  
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2.2.5 Silk quantity and efficiency determination 

The quantity of silk in both silk fibroin hydrogels was determined by gravimetric 

analysis with dried samples. The efficiency of the silk hydrogel production was 

calculated by comparing the content of the hydrogels with the quantity of silk in the 

starting solution.  

2.2.6 Secondary structure determination 

The secondary structures of silk samples were determined by Fourier transform 

infrared (FTIR) spectroscopy (Tensor II Bench ATR IR, Bruker, MA, USA). Each FTIR 

measurement was run for 128 scans at a 4 cm−1 resolution in absorption mode over 

the wavenumber range of 400−4000 cm−1. Silk hydrogel samples were dried before 

undergoing FTIR analysis. The silk solution after the electro-gelation was assessed by 

collecting the solution and drying the samples prior to FTIR analysis. For silk leaching 

experiments (detailed below), the samples were freeze-dried (Epsilon 2-4, Martin 

Christ, Germany). Reference samples with a low and high beta sheet content were 

prepared by drying the silk fibroin solution to form a film. A high beta sheet (silk II) 

content was induced by treating the film with 70% v/v ethanol for 2 h (silk II), whilst 

low beta sheet films were left untreated (silk I). All FTIR data were deconvoluted 

following two methods. The first method followed Hu et al. (2006). The correlation 

coefficient was calculated using air-dried silk film or freeze-dried silk solution as the 

comparator for all samples while the second derivative of the absorbance spectra was 

processed and smoothed with a seven-point Savitzky-Golay function with a 



59 
 

polynomial order of 2 as detailed previously. Outlier analysis was performed where 

high variance was observed with Z-scores. Significance (Z > 2).  

2.2.7 Silk leaching determination 

A micro bicinchoninic acid protein assay (BCA) (Pierce Biotechnology, Thermo 

Scientific, IL, USA) was performed to determine the protein content of the solution 

removed from each sample (i.e., leached). Briefly, a 5 % silk fibroin solution was 

prepared as previously described and further processed into hydrogels using either 

agitation from a sonic probe or an electric current altering local pH and triggering the 

self-assembly of the gels. A sample of each gel was placed in a 1.5 ml Eppendorf tube 

and water, or phosphate buffered saline (PBS, Sigma Aldrich, MO, USA) was added in 

a ratio of 1 ml per 0.02 g of gel. The samples were stored at 37°C. The supernatant 

was removed at set intervals and replaced with fresh solution to assess the quantity 

of silk leached from the gel at these times. The removed solution was stored at 4°C 

for up to 48 hours.  

The BCA assay was performed according to manufacturers’ instructions: briefly, a silk 

fibroin standard curve was produced with concentrations ranging from 0 μg/ml to 14 

μg/ml and 150 μl pipetted onto a microplate in triplicate. 150 μl of each sample was 

also placed on the microplate. The working reagent was mixed using the stated ratio 

(25 A: 4 B: 1 C) and 150 μl was added to each well before the plate was covered and 

incubated at 37°C for 2 hours. This was then cooled to room temperature and read 

using a plate reader at 570 nm (Thermo Multiskan Ascent, Thermo Labsystems, 

Finland).  
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A standard curve was produced using known concentrations of silk fibroin protein 

and interpolated using GraphPad Prism software (GraphPad Software Inc, CA, USA).  

 

2.2.8 SDSPAGE 

The collected samples were also subjected to sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) to assess the fibroin molecular 

weights. Samples were lyophilized and reconstituted in Milli-Q water at a 

concentration of 5 mg/ml 57. The protein concentration was determined with the BCA 

assay, and the silk samples were diluted in Milli-Q water to 5 mg/ml. All samples were 

separated using a mini-PROTEAN TGX Precast Gel (4 – 20 %) (Bio-Rad, Hertfordshire, 

UK) and a running buffer consisting of 25 mM Tris, 192 mM glycine and 0.1 % SDS, pH 

8.3. Samples were reduced using 2× Laemmli buffer and β-mercaptoethanol, 

followed by heating at 90 °C for 5 minutes. A 10 µL sample was then loaded and 

separated at 200 V, with a 30 to 35 mA current for 30 to 40 minutes. The gel was 

stained with the SilverXpress Staining Kit according to the manufacturer’s 

instructions (ThermoFisher, Renfrew, UK). Images were acquired with a 12.2 MP 

megapixel Google Pixel 3 phone, and the pixel density was analysed by ImageJ v1.52n 

(National Institutes of Health, Bethesda, MD, U.S.A). 
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2.2.9 Cell proliferation 

Cell proliferation was measured in response to the presence of silk fibroin leached 

from hydrogels over 72 hours. A fibroblast cell model was chosen to mimic cells found 

in a wound environment. An MTT assay was chosen to determine cellular metabolism 

by which the number of cells in each well can be derived.  
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Figure 2-2. Standard growth curve observed when cells are seeded at two different 

densities. The absorbance of 570nm light indicates the metabolic activity of the cells 

over 12 days.  
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NIH-3T3 cells (ATCC CRL-1658, ATCC, England, UK) were cultured as monolayers in 

Dubellcos Modified Eagle Medium, (DMEM, ThermoFisher Scientific, Paisley, UK) 

supplemented with 10 % (v/v) foetal bovine serum, 50 U/ml penicillin and 50 μg/ml 

streptomycin. Culture conditions were maintained within a humid incubator set at 37 

°C. 

NIH-3T3 cells were seeded into 96-well tissue culture treated polystyrene plates 

(Corning Inc. Costar, Kennebunk ME, USA) at 5 x 104 cells/cm2 in 100 μl of culture 

medium. The plates were then incubated for 24 hours before the medium was 

removed. A gradient of silk solution was added with culture medium, ranging from 0 

μg/ml to 2100 μg/ml. After 72 hours an MTT assay was performed. 20 μl of (3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 5 mg/ml in PBS) was 

added and incubated for 5 hours. Next, the MTT was aspirated and 100 μl of dimethyl 

sulphoxide was added to dissolve the formazan crystals and incubated for a further 

15 minutes. The absorbance was read on a spectrophotometer (Thermo Multiskan 

Ascent, Thermo Labsystems, Finland) at 570 nm.  

 

2.2.10 Cell migration 

Cellular migration was determined through use of a chemotaxis assay. The principle 

of this method determines the mode of cellular migration through a filter which can 

be stained and counted for cells. The placement of the cells on the filter can help to 

surmise that cells will move by chemotaxis (i.e., towards or away from a chemical 
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trigger along a concentration gradient) or cells move chemokinetically (i.e., in a 

random manner regardless of the presence of chemical agent).  

 

NIH-3T3 cells (ATCC CRL-1658, ATCC, England, UK) were cultured in Dubellcos 

Modified Eagle Medium, DMEM (ThermoFisher Scientific, Paisley, UK) supplemented 

with 10% (v/v) foetal bovine serum (FBS), 50 U/ml penicillin and 50 µg/ml 

streptomycin. After 24 hours the complete culture medium was removed, cells were 

washed with PBS and un-supplemented DMEM was added overnight.  

Cells were harvested with Accutase Cell Detachment Solution (BioLegend, San Diego 

CA, USA) and resuspended in non-supplemented DMEM. ChemoTx Disposable 

Chemotaxis Plates (Neuroprobe, Gaithersburg MD, USA) coated with 1 µg/ml 

fibronectin (Sigma Aldrich, Scotland, UK) were prepared with 30 µl of medium and 30 

% silk solution in a gradient of concentration in the bottom wells. The filter was then 

replaced and contact between the surface of the liquid and cell site area was ensured. 

A silk concentration gradient was also then added to the top filter before 21 µl of 

medium containing cells to produce a cell density of 1x105 cells/cm2. Cells were 

incubated for 3.5 hours before the cells on the underside of the filter were fixed and 

stained with 0.5 % crystal violet (Sigma Aldrich, Scotland, UK) and counted under a 

microscope.  
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Figure 2-3. Cell migration assay diagram. ChemoTx disposable chemotaxis plates 

consisting of a PCTE membrane over a 96 well plate. Image displays the placement of 

spiked medium and cells. Cells can travel through the pores and will adhere to the 

fibronectin coated membrane for counting.  

  



66 
 

 

2.2.11 Wound healing  

The ability of the presence of silk to aid in wound healing was determined through a 

scratch wound healing assay. The closure of a wound of a prescribed width was 

measured over time to determine the effect silk had on the rate of healing.  

NIH-3T3 cells (ATCC CRL-1658, ATCC, England, UK) were cultured in Dubellco’s 

Modified Eagle Medium (DMEM, ThermoFisher Scientific, Paisley, UK) supplemented 

with 10 % (v/v) foetal bovine serum (FBS), 50 U/ml penicillin and 50 µg/ml 

streptomycin and maintained at 37°C in a humidified, 5 % CO2 incubator. After 24 

hours the complete culture medium was removed, cells were washed with PBS and 

non-supplemented DMEM was added overnight. 

Cells were harvested with Accutase Cell Detachment Solution (BioLegend, San Diego 

CA, USA) and resuspended in DMEM. Cells were seeded in a 12 well plate at a density 

of 5x104 cells/cm2 and left to attach for 24 hours. Medium was removed and un-

supplemented DMEM was added overnight. A scratch was made with pipette tip and 

the medium removed. Un-supplemented DMEM was added back before being 

supplemented with 30 % total volume of either water, FBS or 1600 µg/ml silk 

solution. At the wound edge 1 µg/ml nocodazole (Sigma Aldrich, Paisley, Scotland) 

was added and the cells were imaged over 7 hours.  

2.2.12 Phosphorylation assay 

The mouse phosphorylation array (Mouse Phospho-RTK Array ARY014, R&D Systems 

LTD, Minneapolis, MN, USA) was used as detailed previously (Lescarbaeu, et al., 2012) 

to examine the molecular response of fibroblasts. Briefly, cells were grown to 
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confluence and exposed for 30 minutes to (i) 1600 µg/ml silk solution, (ii) water or 

(iii) DMEM with 10 % foetal bovine serum and (iv) without any treatment. Cell lysates 

were then harvested on ice with lysis buffer containing 10 µg/ml aprotinin (Sigma 

Aldrich, Paisley, UK), 10 µg/ml leupeptin (Tocris Bioscience, Bristol, UK) and 10 µg/ml 

pepstatin (Tocris Bioscience). The protein content of each lysate was measured with 

the BCA assay. The cell lysates were then added at 200 µg protein per array and 

developed using autoradiography film (UltraCruz, Dallas, TX, USA). The film was 

digitized using a scanner (HP Envy 4250, HP Inc UK Limited, UK) and processed using 

Image J software v1.53c (National Institutes of Health, USA).  

 

2.2.13 SEM 

To image the hydrogels and leached samples, known quantities of each were freeze-

dried before samples were attached to aluminium stubs with carbon adhesive pads. 

Samples were sputter coated (ACE200, Leica Microsystems, Wetzlar, Germany) with 

gold to reduce charging in the SEM. Samples were viewed with a Hitachi SU6600 Field 

Emission SEM at voltage 5 kV under standard vacuum settings at magnifications of 

300 x, 1000 x and 10000 x. 

2.2.14 Statistical Analyses 

Statistical analyses were carried out using Origin Pro 2018 (Northampton, 

Massachusetts, USA) and GraphPad Prism v.9.1.1 (San Diego, CA, USA). One-way 

analysis of variance, followed by Bonferroni’s post hoc test, was conducted between 

multiple groups, or two-way analysis of variance followed by Tukey’s multiple 

comparisons or Šidák’s multiple comparisons test. Normality and homogeneity of 
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variances were assumed. Asterisks denote statistical significance as follows: *P < 

0.05, **P < 0.01, and ***P < 0.001. All data are presented as mean values ± standard 

deviation, and the number of independent experiments (n) is noted in each figure 

legend. 
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2.3 Results 

2.3.1 Silk Quantity and Efficiency Testing 

Physically cross-linked silk hydrogels were generated using sonication energy and 

electro-gelation (Figure 2-4A). Gravimetric analysis of the silk content of both 

hydrogel types indicated significant differences (Figure 2-4B). The sonicated hydrogel 

had a 100% solution–gel conversion efficiency, whereas the electro-hydrogel had a 

significantly lower efficiency (4.77 ± 3.24%) (Figure 2-4C). The sonicated hydrogel 

showed a lower solid silk content (5% w/v) and less release, whilst the electro-

hydrogels contained more silk (14.46 ± 3.91 % w/v) but also released significantly 

more silk.  
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Figure 2-4. A) processing of silk solution into hydrogels by sonication or electro 

gelation. Graphic depicts the expected alignment of the secondary structures of the 

hydrogels. B) the efficiency of the gelation process, C) the silk content of each 

hydrogel. Data analysis evaluated by unpaired t-test (n = 4, ± SD). Asterisks denote 

statistical significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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2.3.2 pH testing 

The pH of both hydrogels was indicated by both phenol red and pH indicator strips 

(Figure 2-6,Figure 2-7). The phenol red was a pink colour when added to the silk 

solution. The pH indicator strips were submerged in the silk solution before the silk 

was treated, indicating When the solution underwent sonication, the pink colour 

remained throughout each application, and when left to set. When the silk solution 

was sonicated and the pH indicator strip was submerged in it, the colour changed to 

green/blue showing a consistent pH of around 6-7.  

In contrast to this, when the solution underwent electro-gelation, a strong colour 

change with the phenol red was seen on the positive electrode. This was from pink 

to yellow. The pH indicator strips were dipped in silk solution and the colour changed 

to green/blue. When the silk solution had the current applied, the solution tested 

around the positive electrode with pH indicator strips turned yellow, and when a 

section of gel was placed on the strip, the colour changed to yellow. The remaining 

solution tested with the strips changed colour to green/blue. This indicated the pH 

was lower in the electro-gel compared to the sonicated gel and silk solution.  
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Figure 2-5. pH testing of sonicated hydrogel with phenol red and pH paper.A) B) No colour 

change from the pink phenol red is seen when undergoing sonication.C) pH paper 

indicates that the pH remains neutral when undergoing sonication. 

A B C
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Figure 2-6.  pH testing electro gel with pH paper. TOP pH of silk solution before electro 

gelation. BELOW electro-gel placed on the pH paper. A colour change to yellow can 

be seen on the pH paper indicating a drop in pH. 
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Figure 2-7. pH testing electro-gel with phenol red. A) Silk solution is pink when phenol 

red is added indicating a neutral-basic pH.B) D) Once electro-gelation occurs, only a 

local colour change to yellow is seen as the electro gel forms on the electrode. C) The 

colour remains once removed from the electrode. 

  

A B

C D
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2.3.3 BCA leaching 

The ability of the gel to retain the incorporated silk was also examined and quantified 

over 72 h (Figure 2-8). For sonicated hydrogels, the percentage release from the 

starting concentration was 0.57 ± 0.05 % in water and 0.41 ± 0.18 % in PBS, with no 

significant difference between the release media. The pattern of release followed a 

zero order. By contrast, the electro-hydrogel showed a first order release profile, with 

most of the release occurring within the initial 12 h. The average cumulative release 

values at 72 h at 37°C were 34.19 ± 23.27 % and 47.40 ± 20.83 % in water and PBS, 

respectively.  
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Figure 2-8. Protein release and characterisation from silk hydrogels measured by 

protein quantification and gel electrophoresis. (A) Electro-gel protein release in water 

and PBS over 72 hours. (B) Sonicated hydrogel protein release in water and PBS over 

72 hours.  
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2.3.4 FTIR 

2.3.4.1 Method 1 

The secondary structure of the silk fibroin as silk films and as hydrogels was measured 

using FTIR (Figure 2-10). The untreated silk film has a greater number of turns, alpha 

helices, and random coils than the 70 % ethanol treated silk film, which has increased 

beta sheets and side chains. The sonicated gel indicates a similar structure to the 

ethanol treated control, with a peak at 1621, displaying the presence of beta sheets. 

The untreated silk film has a peak around 1640, the amorphous region, with the silk 

film from the remaining silk solution of the electro-gel showing a similar peak. The 

electro-gel has a slight peak at both 1621 and 1640, showing the secondary structure 

to be more balanced, with beta sheets and alpha helices, turns and random coil 

structures present.  

The lyophilized leached samples of both sonicated and electro-gels both show a peak 

at 1621, which indicates the structure is rich in beta sheets.  

 

2.3.3.2 2nd derivative method 

The deconvolution method of the FTIR data was performed with the second 

derivative as detailed in the methods (2.2.6). The deconvoluted data indicated that 

the sonicated hydrogel was dominated by intermolecular beta sheets (33.14 ± 

1.07%), with beta turns and antiparallel amyloid beta sheets being the next most 

common secondary configuration (21.98 ± 0.61 % and 20.28 ± 0.05 %, respectively). 

This contrasts with the electro-hydrogels, which displayed a different, statistically 

significant, distribution of secondary structures within the amide I region. Alpha and 
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random coil structures were the most abundant (30.22 ± 3.55%), followed by beta 

turns and intermolecular beta sheets (27.11 ± 2.90 % and 25.57 ± 2.92 %), while the 

number of native beta sheets had increased significantly in electro-hydrogels to 15.98 

± 3.39 % compared to 4.86 ± 1.90 % in sonicated hydrogels. The switch in secondary 

structure for both hydrogels was readily apparent when they were compared to the 

untreated silk film control, which contained less intermolecular beta sheet and beta 

turn content and more amorphous structures. Substantial differences in secondary 

structures of sonicated hydrogels and air-dried silk films (Silk I) were supported by 

the low correlation coefficient (Table 1) (0.25). In contrast, electro-gels had a higher 

correlation coefficient (0.60) indicating that these hydrogels were more similar to a 

Silk I secondary structure. 

Table 3. Correlation coefficient for FTIR against silk solution 

  

Correlation Coefficient (± SD) 

Sonicated Gel 0.251550 ± 0.026454 

Electro-gel 0.602864 ± 0.136176 

Leached Sonicated Gel 0.368774 ± 0.045787 

Leached Electro-gel 0.412926 ± 0.039905 

 

The crystallinity of the leached silk was also assessed from the FTIR data (Figure 2-10 

). These results indicated that the silk released from the electro-gel had significantly 

more native beta sheets, and less intermolecular beta sheets and antiparallel amyloid 

beta sheets than the silk released from sonicated hydrogels. Both leached samples 
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also contained significantly less alpha and random coil structures than silk solution 

controls (28.881 ± 7.08 % for leached electro-gel, 22.125 ± 1.12 % for leached 

sonicated gel and 48.00 ± 0.55 % for silk solution). Large standard deviations were 

noted for the leached electro-gel samples. However, outlier analysis produced z-

scores that were not significant. Leached sonicated and leached electro-gel silk 

samples had a lower correlation coefficient to air dried silk than electro-gels (0.37 

and 0.41, respectively (Table 1). This indicated that these leached samples were less 

like air-dried Silk I (or the electro-gels). The correlation coefficient when compared to 

freeze dried silk solution indicated that electro-gels were most similar (0.98) whilst 

the sonicated hydrogel was least similar (0.33) to this beta sheet-rich film. Whilst the 

silk released from electro-gels had a high correlation to freeze dried silk (0.96), the 

silk released from sonicated hydrogels did not (0.42). These results indicate leached 

samples were not identical to the silk hydrogels nor the freeze-dried silk. This 

observation of an ‘intermediary silk secondary structure’ was supported by thermal 

analysis. 

2.3.5 Thermal Analysis 

Thermogravimetric analysis (TGA) was used to determine the effect of gelation 

method on the thermal stability of silk hydrogels (Table 2, Figure 2-9). Silk hydrogels 

and leached silk contained 8–11 % w/w adsorbed water. The onset of decomposition 

of sonicated gels (248.6 °C) was significantly delayed compared to the freeze-dried 

powder, silk I control (237.6 °C). Compared to the sonicated hydrogels, the electro-

gels showed a reduced thermostability, but the onset of decomposition (244.1 and 

245.7 °C, respectively) remained significantly higher than that of the silk I control. The 
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onset of decomposition of leached silk obtained from electro-gels (240.7 °C) were 

comparable to the silk I control. This lower stability to thermal degradation suggests 

that the leached silk secondary structure is composed of a lower crystalline fraction 

compared to the hydrogel architecture and the electro-gel leached portion is similar 

to the silk I control.  
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Table 4.  First-cycle thermal analysis data of the gel and leached portions from 

sonicated gels and e-gels 

 
Thermal 

Property 

+Silk I Gel portion Leached portion 

Freeze-

dried silk 

Sonicated E-gel Sonicated E-gel 

DS
C 

To,des / °C 48.46 ± 

0.72 

41.82 ± 

3.40 

51.04 ± 

0.28 

50.82 ± 

0.48 

50.87 ± 

1.89 
Tdes / °C 77.55 ± 

2.18 

75.43 ± 

0.79 

79.8 ± 

5.56 

79.52 ± 

1.73 

83.83 ± 

2.11 
Tdes' / °C 60.08 ± 

3.27 

58.12 ± 

2.62 

66.08 ± 

1.00 

64.04 ± 

1.52 

66.89 ± 

1.97 
∆Hdes / J g-1 -235.8 ± 

23.7 

-163.6 ± 

27.1 

-204.7 ± 

15.8 

-138.4 ± 

21.6 

-208.4 ± 

38.9 
Tg / °C 184.2 ± 2.1 195.1 ± 3.5 180.4 ± 

1.8 

187.1 ± 1.6 182.1 ± 

0.4 
∆Cp / J g-1 

°C-1 

-0.62 ± 

0.03 

-0.40 ± 

0.03 

-0.48 ± 

0.04 

-0.57 ± 

0.03 

-0.62 ± 

0.04 

To,c / °C 207.5 ± 1.2 235.3 ± 2.7 213.4 ± 

0.8 

217.3 ± 0.4 204.4 ± 

5.1 
Tc / °C 250.0 ± 0.9 246.3 ± 4.9 233.8 ± 

0.5 

253.2 ±0.6 243.6 ± 

0.4 
∆Hc / J g-1 59.44 ± 

2.60 

2.163 ± 

2.914 

11.60 ± 

1.18 

32.02 ± 

4.57 

25.10 ± 

2.53 
To,dec / °C 261.8 ± 0.0 263.8 ± 0.7 266.9 ± 

0.8 

263.0 ± 0.4 253.4 ± 

1.7 
Tdec' / °C 262.6 ± 0.5 267.8 ± 0.8 268.7 ± 

0.8 

267.2 ± 0.0 254.8 ± 

1.1 
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TG
A  

[H2O] / % 11.10 ± 

1.26 

10.14 ± 

0.30 

10.05 ± 

0.27 

8.22 ± 0.79 11.07 ± 

1.97 
To,dec / °C 234.3 ± 3.8 248.6 ± 0.5 246.2 ± 

1.3 

235.0 ± 1.6 235.7 ± 

1.6 
Tdes’ / °C 72.43 ± 

5.99 

66.72 ± 

4.63 

75.10 ± 

4.83 

69.78 ± 

4.79 

70.83 ± 

1.21 
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Figure 2-9. Sonicated silk hydrogels were more crystalline than e-gels while the leached silk 

from both hydrogel types displayed a silk I-like thermal signature. The variation in (a) onset of 

desorption (To,des), (b) ISO glass transition temperature (Tg), (c) ISO change in heat capacity 

(ΔCp), (d) onset of crystallization (To,c), and (e) enthalpy of cold crystallization (ΔHc) from first-

cycle DSC and (f) the extrapolated onset of decomposition from first-cycle TGA. Error bars are 

hidden in the bars and plot symbols when not visible (n = 3, ± SD). 
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Differential scanning calorimetry (DSC) measurements confirmed that hydrogels 

manufactured using sonication were composed of a greater crystalline fraction than 

electro-gels, and both gel types were more crystalline than the silk I control. The silk 

leached from both hydrogels was significantly less crystalline than the silk retained in 

the hydrogels, with a similar crystallinity to the silk I control. The desorption enthalpy 

required to remove adsorbed water ranged between -138.4 and -204.7 J g-1. 

Compared to the silk I control (-235.8 J g-1), the desorption enthalpy was significantly 

lower for the hydrogel (-163.6 J g-1) and leached silk (-138.4 J g-1) obtained by 

sonication. The onset of desorption ranged from 41.8 to 51.2 °C and was significantly 

lowered from 48.5 °C for the silk I control to 41.8 °C for the sonicated hydrogels. The 

glass transition of the sonicated hydrogels at 194.4 °C was also shifted to a higher 

temperature compared to the silk I control (182.0 °C). This suggests that the 

amorphous secondary structure content of silk molecules was reduced upon their 

integration into the hydrogel architecture, while the leached silk from both hydrogels 

shows a similar molecular mobility to the silk I control. The onset of the random coil 

to β-sheet crystallization, present for the silk I control at 207.4 °C, was delayed for 

the sonicated hydrogels (235.3 °C) and their leached silk (217.3 °C). Similarly, the 

enthalpy of crystallization for the sonicated hydrogels (2.163 J g-1) and electro-gels 

(11.60 J g-1) were significantly lower than the silk I control (59.44 J g-1). The enthalpy 

of crystallization of the silk leached from the sonicated hydrogels (32.02 J g-1) and the 

electro-gels (25.10 J g-1) were higher than those of the bulk hydrogels but remained 

lower than that of the silk I control. The temperature of the maximum rate of 

decomposition of electro-gels (267.2 °C), sonicated hydrogels (267.8 °C) and the 
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leached portion of sonicated hydrogels (267.2 °C) were significantly higher than that 

of the silk I control (262.6 °C). In contrast, the temperature of maximum rate of 

decomposition of the silk leached from the silk leached from the electro-gels (254.8 

°C) was lower than for the silk I control. 
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Figure 2-10. FTIR absorbance spectra of the amide I region of electro-gels and 

sonicated gels. Controls included were untreated air-dried silk film (UT), ethanol 

treated silk films (EtOH) and the current treated solution remaining after removal of 

the electro-gel (CT). Leached samples in water of both electro-gel and sonicated gel 

after 72 hours are included here. Lines at 1640 and 1621 indicate the amorphous and 

crystalline region, respectively (n = 3). (A) 2nd derivative method result (B) Hu et al. 
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method. Data analysis evaluated by two-way ANOVA followed by Tukey’s multiple 

comparisons test. (n = 4, ± SD). Asterisks denote statistical significance determined 

using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

  

 

  



88 
 

2.3.6 SEM 

Scanning electron microscopy (SEM) of sonicated hydrogels showed a porous 

network of silk with sharp edges while electro-gels appeared smoother with an 

interconnected structure (Figure 2-11). The leached electro-gel and sonicated 

hydrogel samples appeared very different in their structure with a fibrous and 

lamellar structure, respectively. Leached silk from the electro-gel also showed an 

abundance of micro-sized droplet-like structures that were rare in leached silk from 

sonicated hydrogels.  
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Figure 2-11. SEM images of sonicated hydrogels, electro-gels, and the leached silk 

from both. Silk solution is included as a reference. Scale bar 5 µm. 
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2.3.7 SDSPAGE 

The protein size distribution in silk solution and from leached samples was examined 

using SDS PAGE as described (Figure 2-12). The silk solution and freeze-dried silk 

solution showed a longer peak from 200 – 31 kDa whereas both the sonicated and 

electro-gel samples showed a peak from 200 - ~36.5 kDa which suggested proteins > 

36.5 – 6 kDa were no longer present. Freeze dried silk solution showed a band at ~ 

31 kDa which can also be seen in the sonicated hydrogel but not in the electro-gel or 

silk solution samples. The sonicated hydrogel also had less intensity with the bands 

below 6 kDa than sonicated and both silk solution samples, indicating these silk 

fibroin fragments were present in a lower quantity.  
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Figure 2-12. SDS PAGE of protein released from electro-gels and sonicated gels. 

Standards included are silk solution and freeze-dried silk solution reconstituted in 

water. (B) Densitometry analysis of SDS PAGE. 
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2.3.8 Cell proliferation 

The impact of leached silk on the fibroblast response was also assessed in vitro 

(Figure 2-13). First, the influence of soluble silk on cell proliferation was determined. 

A broad concentration range, from 0 to 2,100 µg/ml silk, was used (Figure 2-13B). For 

these studies, the culture medium was spiked with silk. No significant effect was 

observed on cell proliferation over this broad concentration range. Possible 

differences in cellular response were taken into account by comparing the silk 

solution to leached silk samples collected from both sonicated and electro-hydrogels. 

These samples were tested at three concentrations (2, 20 and 200 µg/ml) and 

compared to fresh silk solution samples. No significant differences were detected 

among any of these samples. 
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Figure 2-13. In vitro studies with silk fibroin. NIH 3T3 mouse fibroblasts were used 

throughout. (A) Cell proliferation of NIH3T3 fibroblasts incubated with silk solution for 

72 hours and cell viability measured with an MTT assay (n = 3). (B) Cell proliferation 

of NIH3T3 fibroblasts incubated with leached samples of silk from electro-gels, 

sonicated gels, or silk solution after 72 hours (n = 3). Data analysis evaluated by two-

way ANOVA followed by Tukey’s multiple comparisons test. (n = 3, ± SD). Asterisks 

denote statistical significance determined using post-hoc tests as follows: *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. 
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2.3.9 Cell migration 

Cell migration is critical for wound healing; therefore, the response of fibroblasts to 

soluble silk was tested using a checkerboard design to differentiate between 

chemokinesis and chemotaxis. The presence of soluble silk fibroin substantially 

influenced the movement of NIH3T3 fibroblasts. Little chemotactic movement was 

observed from a low to a high concentration, but NIH3T3 cells responded to the 1,600 

µg/ml silk fibroin concentration by displaying a marked increase in cellular mobility 

indicative of chemokinesis. The 1,600 µg/ml silk fibroin concentration was compared 

to a positive control (FBS) and negative control (water only) (Figure 2-14). The 

negative control showed a low number of migrating cells (25 ± 11.89), while FBS 

positive control showed a similar number of migrated cells (no statistical difference 

between FBS and silk fibroin). 
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Figure 2-14. (A) Cell migration across a permeable membrane after exposure to silk 

solution for 3.5 hours (n = 4). (B) Cell migration at 1600 µg/ml silk solution and 

controls with the presence of FBS as a positive control and water as the negative 

control. Data analysis evaluated by two-way ANOVA followed by Tukey’s multiple 

comparisons test. (n = 4, ± SD). Asterisks denote statistical significance determined 

using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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2.3.10 Wound healing 

The in vitro scratch assay was used to measure functional outcomes in response to 

soluble silk fibroin (Figure 2-15).  Wound site reduction assessed at both 4 and 7 hours 

showed similar trends for the different treatment groups at both time points (Figure 

2-16). The presence of 1,600 µg/ml silk fibroin significantly increased the rate of 

healing by reducing the wound site distance by 11 ± 7 % at 7 h, whereas, in the 

absence of silk, the wound distance was reduced by only 4 ± 2%. FBS, which served 

as the positive control, gave a 14 ± 7% reduction in the wound site, thereby matching 

the silk fibroin response. 
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Figure 2-15. Wound closure assay with NIH3T3 fibroblasts at 1 and 7 hours. Broken 

lines indicate the border of cell growth. Scale bar 400 µm. 
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Figure 2-16. Wound closure assay width over 4 and 7 hours in the presence of silk 

solution, water or FBS. Data analysis evaluated by two-way ANOVA followed by 

Šidák’s multiple comparisons test (n = 4, ± SD). Asterisks denote statistical significance 

determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001. 
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2.3.11 Phosphorylation assay 

The molecular response of fibroblasts exposed to soluble silk was assessed by 

monitoring the tyrosine phosphorylation of receptor tyrosine kinases (Figure 2-17). 

The epidermal growth factor family of receptor tyrosine kinases were impacted by 

soluble silk fibroin. For example, ErbB2 and to a lesser extent ErbB3, were 

phosphorylated in response to both soluble silk fibroin and the positive FBS control. 

ErbB4 was also activated, albeit to a lower extent. Strong activations in response to 

both soluble silk and FBS were observed for PDGFα. Soluble silk induced a stronger 

activation of Dtk than was observed for the FBS control. FBS also simulated the 

receptor tyrosine kinase TrkC receptor, but this response was not observed in cells 

treated with soluble silk fibroin.  
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Figure 2-17. Phosphorylation array in the presence of silk solution, water or FBS. 
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2.4 Discussion 

Silk fibroin has desirable material attributes (Holland, et al., 2019, Janani, et al., 2019), 

including biocompatibility across a broad spectrum of applications (e.g. blood (Maitz, 

et al., 2017, Seib, et al., 2014, Seib, et al., 2012), brain (Fernandez-Garcia, et al., 2016, 

Fernandez-Garcia, et al., 2018, Gorenkova, et al., 2019, Osama, et al., 2018), 

musculoskeletal (Neubauer, et al., 2021) etc.). The ability to unspin the silk fibre and 

apply diverse processing strategies to liquid silk has opened up a wide material 

landscape (Rockwood, et al., 2011). For example, silk fibroin hydrogels are being 

explored for numerous applications, including wound care (Farokhi, et al., 2018). Silk 

hydrogels can be generated using covalent crosslinking, physical crosslinking, or a 

combination of both (Phuagkhaopong, et al., 2021, Seib, 2018). For this work, I used 

physical crosslinking by sonication energy and DC current to tune the secondary 

conformation. These manufacturing regimens are robust for triggering the solution–

gel transition without the need for chemical crosslinkers, which can be toxic (Seib, 

2018). However, our current understanding of silk leaching from physically 

crosslinked hydrogels is limited. Obtaining a better understanding is important 

because preclinical assessments of silk hydrogels have overlooked silk leaching as a 

potential mechanism of action. The clinically approved regenerated silk Silk Voice also 

uses physical crosslinking, but information regarding the impact of silk leaching on 

overall performance is currently not in the public domain. 

 

The efficiency of the solution-gel transition for electro-hydrogels is significantly lower 

than for sonicated hydrogels (which approaches 100% efficiency), the relative 
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amount of silk incorporated into sonicated hydrogels was significantly lower than the 

amount incorporated into electro-hydrogels. Hydrogel assembly at the positive 

electrode is triggered by the hydrolysis of water, which creates a local drop in pH that 

drives hydrogel self-assembly (Kojic, et al., 2012). The drop in pH was verified using 

pH indicator paper which changes colour in response to the presence of hydrogen 

ions (Lab Pro, 2021), and by using phenol red, a commonly used indication of 

alkalinity in cell culture (Pub Chem, 2023). In the future, more accurate testing could 

be done with a pH meter that is able to be used with hydrogels (PharmaState, 2023). 

The silk content for electro-hydrogels varied significantly, possibly due to a change in 

the electric field triggered by the build-up of the hydrogel at the positive electrode. I 

used a relatively low current, creating an electric field of 3.5 V/cm, whereas other 

studies have reported using a constant voltage of 25 V or an electric field of 50 V/cm 

(Lin, et al., 2013). I specifically selected this low voltage to determine if these 

conditions enable hydrogel formation because this lower voltage is more suited to 

the healthcare contexts (e.g., in situ hydrogel formation in the wound bed etc). This 

lower voltage also created electro-gels that leached silk to ultimately trigger cell 

migration.  

I verified the silk secondary structure of both electro-hydrogels and sonicated 

hydrogels. Sonicated hydrogels were rich in beta sheets, confirming the transition 

from silk I to silk II. By contrast, electro-hydrogels contained significantly lower 

amounts of beta sheets and retained the more amorphous silk I state that more 

closely resembled native silk or a regenerated silk fibroin solution. These data are in 

good agreement with the literature (Leisk, et al., 2010, Wang, et al., 2008), despite 
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the use of substantially higher voltages in these earlier studies (Kojic, et al., 2012, Lin, 

et al., 2013, Leisk, et al., 2010). This suggests that a critical threshold exists for 

triggering silk self-assembly, but little difference occurs in the secondary structure 

once that threshold is passed. However, one difference may be the solid content of 

the hydrogel and the how tightly the silk fibroin protein is packed within the hydrogel. 

Overall, the use of sonication and DC current enables the assembly of physically 

cross-linked hydrogels with tuned crystallinity that impacts both the physical and 

biological properties.  

Based on previous work with films and scaffolds (Guo, et al., 2020), the silk 

crystallinity is also expected to affect the solution stability and the degradation of the 

silk hydrogels, but experimental proof is limited. It is shown here that electro-

hydrogels leached significantly more silk protein over 72 h into both water and PBS 

when compared with sonicated hydrogels that have a high beta sheet content. When 

comparing the sonicated hydrogels to the electro-gels, the lower desorption 

temperature and enthalpy, combined with the lower enthalpy of crystallization, 

shallower glass transition profile and delayed onset of decomposition suggest that 

the sonicated hydrogels contain a greater crystalline fraction than the electro-gels. 

Both hydrogel types show a higher crystallinity than the silk I control, due to the 

higher enthalpies of crystallization, shallower glass transitions and higher onsets of 

decomposition of the hydrogels compared to the silk I control. The silk secondary 

conformation therefore appears to be a key factor determining silk leaching because 

the silk is more amorphous in electro-hydrogels than in sonicated silk hydrogels. This 

suggests that electro-hydrogels have a less tightly bound silk structure that is prone 
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to leaching, as nearly half the original silk content was lost over 72 h. By contrast, 

sonicated hydrogels released only very small amounts of silk (as a percentage in 

relation to the total amount present), indicating that crystallinity locks silk into the 

hydrogel structure and leaves little free silk that can escape. Morphological 

differences were apparent too. Sonicated hydrogels showed porous sharp features 

that were mostly absent in electro-gels. One might speculate that these sharp 

features were due to tighter silk binding mediated by beta sheet–rich silk fibroin 

structures. Morphological differences of the leached silk were evident too; the high 

abundance of globular structures was typical for leached electro-gel samples and are 

a hallmark for silk I (Leisk, et al., 2010). 

 

Unexpectedly, the silk protein released from both hydrogel types can be beta-sheet 

rich. This is especially surprising for the silk leached from the electro-gel. The 

differences in correlation coefficients for leached silk indicated that the beta sheet 

content was higher than pristine Silk I. However, the silk secondary structure of the 

leached silks was also different to the respective hydrogel (based on FTIR and thermal 

analyses). The lower onsets of crystallization, larger crystallization exotherms, 

steeper glass transition profiles and lower onset of decomposition of leached silk 

compared to the hydrogel architecture reinforced the greater amorphous content of 

leached silk determined by FTIR. This indicates that the leached silk had undergone a 

conformational transition forming an ‘intermediary silk secondary structure’. I 

speculate that this conformational switching occurred during the incubation period 

in the bulk aqueous phase, rather than during the integration into the hydrogel 
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network, because (i) beta sheets provide physical anchoring points within the silk 

hydrogel network, thereby impeding leaching and (ii) silk in solution has a greater 

degree of conformation flexibility than when integrated into a hydrogel network. 

Overall, this work proves that silk hydrogels leach silk.  

I also assessed the impact of leached silk on cell behaviour via a fibroblast model. 

NIH3T3 fibroblasts were chosen as previous studies have successfully used this cell 

line to demonstrate migration in scratch wound assays (Ranzato, et al., 2010, 

Freiesleben, et al., 2017, Park, et al., 2017). This is an important initial assessment 

because the cellular response is critical for wound healing. However, the underlying 

mechanism by which silk fibroin hydrogels improve wound healing is currently poorly 

understood and is expected to be multifaceted. Other studies have shown that both 

in vitro and in vivo self-assembled silk hydrogels upregulated talin 1 expression, 

resulting in increased cell proliferation and expression of adhesion/migration related 

proteins (Guan, et al., 2020). Similarly, soluble silk increased the in vitro 

phosphorylation of ERK1/2, c-Jun, and JNK1/2 (Martinez-Mora, et al., 2012). Soluble 

silk also activated NF-kB signalling both in vitro, and in a rat wound model (Park, et 

al., 2017). NF-kB activation upregulated the expression of cyclin D1, vimentin, 

fibronectin, and vascular endothelial growth factor (Park, et al., 2017). Silk proteins 

have also been shown to regulate Notch signalling by supressing Hes-1 (Kim, et al., 

2010). Other studies with silk-gelatin bio inks have shown that there is a negative 

regulatory role on the IHH signalling pathway and Wnt/β-catenin signalling pathway 

to control hypertrophy in bone marrow stromal cells (Chawla, et al., 2017, Chawla, et 

al., 2017, Chakraborty & Ghosh, 2020). 
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In the present study, fibroblasts exposed to soluble silk were assessed for the 

activation status of 39 key proteins. For example, the ErBb family is capable of homo-

, heterodimer and higher order oligomer formation, which is orchestrated by growth 

factor ligands. ErbB3 showed an increased expression in silk-treated cells when 

compared to cells exposed only to water or supplemented medium. ErbB3 can form 

heterodimers with other members of the ErbB family, including ErbB2, which was 

also activated by exposure to soluble silk. ErbB signalling ultimately stimulates 

intracellular protein-tyrosine kinase activity. Autophosphorylation can also occur, 

and this can initiate signal transduction cascades (e.g., MAPK, Akt, JNK etc.) that 

regulate a plethora of cellular responses, including cell proliferation. AXL is also 

involved in cell proliferation and survival (Axelrod & Pienta, 2014). The activation 

level of AXL in response to silk was similar to that in the controls. Signalling pathways 

downstream of AXL include NF-κB, which was not assessed here but has been 

reported to be activated by soluble silk (Park, et al., 2017). Dtk activation was higher 

in the silk samples than in the controls, and Dtk signalling is associated with Axl and 

Mer (Rothin, et al., 2015). PDGFα was highly activated and affected cell signalling 

pathways that regulate cell growth and differentiation. The receptor tyrosine kinases 

TrKA and TrKB were not changed, but the expression of TrkC was lower in silk-treated 

cells than in the medium-treated controls. This TrkC activation could impact several 

other pathways, including the phosphorylation of PI3 Kinase (Huang & Reichardt, 

2003). Overall, this snapshot of receptor tyrosine kinase signalling showed that 

soluble silk, similar to FBS, supported fibroblast functions relevant for cell survival, 

proliferation and motility. 



108 
 

The impact of leached silk on cell function was also investigated. Silk fibroin release 

from physically crosslinked hydrogels had little impact on fibroblast proliferation or 

cytotoxicity. No significant difference was detected in the biological response 

towards leached silk and a silk fibroin solution over the tested concentration range. 

These findings are at odds with the work by Park et al. (Park, et al., 2017), who found 

that the presence of silk fibroin induced a dose-dependent cell growth. A possible 

explanation for this discrepancy could be differences in the silk processing protocols 

that could result in different silk molecular weight distributions.  

Cell migration is a key aspect of wound healing. I therefore assessed the effects of 

soluble silk on cell migration and whether migration might be mediated by a gradient 

(i.e., chemotaxis) or by a stimulation of cell mobility (i.e., chemokinesis). The 

measured response clearly indicated that silk was not chemotactic but instead 

induced significant chemokinesis, especially at a concentration of 1600 µg/ml. The 

observed migration at the key silk concentration was unexpected. It was predicted 

that cell migration would increase with concentration and then remain at a high level. 

I speculate that I observed off-target receptor-mediated migration. This relatively 

high silk concentrations triggered chemokinesis (i.e., the signalling threshold) 

suggesting an off-target effect rather than high fidelity receptor activation. Silk 

concentrations beyond this threshold abrogated migration possibly by receptor down 

regulation. These experimental results suggest a complex biological response 

towards silk that requires more work to elucidate the mechanism of action. However, 

I expect that the principle of leached silk to mediated chemokinesis is relevant both 

in vitro and in vivo. Gradient formation and high local silk concentration are feasible 
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and can be further tuned by adjusting the volume of administered hydrogel. To 

achieve such a specific silk concentration in vivo would require further research into 

tuning the silk released from hydrogels over time to ensure a steady concentration 

was present to allow cell migration to occur. The sonicated silk hydrogel appears to 

be more suited to a slow steady release of silk fibroin so the volume and 

concentration of the silk in the hydrogel could be altered to achieve the desired 

leaching of silk into the surrounding environment. The in vitro scratch wound assay 

showed that the presence of soluble silk fibroin caused the cells to migrate more 

rapidly into the scratch than they did in the absence of silk. This study was performed 

over 7 hours due to equipment constraints but many studies have shown the trend 

in migration within this timeframe (Liang, et al., 2007, Suvarna, et al., 2018) and it is 

possible a significant difference would have been seen over a longer timeframe. 

Many scratch wound assay studies are performed over 24 hours (Jonkman, et al., 

2014, Liang, et al., 2007) to allow a better understanding of the cell migration into a 

wound area but cell proliferation should be noted as affecting results beyond this 

(Axion Biosystems, 2023). Cell migration is dependent upon microtubule 

polymerization of the cytoskeleton. The cellular mechanism of action of silk is 

currently not fully known, but one possibility is that the VITTDSDGNE and NINDFDED 

sequences found in the N-terminal region of silk fibroin (Yamada, et al., 2004) 

promoted chemokinesis in fibroblasts. Overall, silk is emerging as a powerful 

fibroblast chemokinesis stimulator, suggesting that the presence of leached silk could 

accelerate this aspect of wound healing. This hypothesis is supported by in vivo data 

in a corneal wound model where animals treated with liquid silk showed significantly 
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faster wound healing than saline controls (Abdel-Naby, et al., 2017). Similar 

observations were also made for a skin wound model in rats (Park, et al., 2017). 

 

2.5 Conclusion 

Silk hydrogels with tuned secondary structures can be formed by sonication or 

electro-gelation. The elution of silk from the hydrogels is significantly greater for 

electro-hydrogels, due to their more amorphous structure and lower beta sheet 

secondary structure. The leached silk from such gels is biologically active. No 

significant effect was noted on cell proliferation; however, soluble silk promoted the 

phosphorylation of receptor tyrosine kinases and stimulated chemokinesis. These 

effects are desirable for wound management; therefore, silk fibroin hydrogels show 

promise for wide use in the healthcare setting.  
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3. Chapter 3 “Investigating the antibacterial effects of 

solubilized Bombyx mori silk fibroin with common 

wound pathogens” 

 

Antibacterial properties are desirable in wound dressings. Silks, among many material 

formats, have been investigated for use in wound care. However, the antibacterial 

properties of liquid silk are poorly understood. The aim of this study was to 

investigate the inherent antibacterial properties of a Bombyx mori silk fibroin 

solution. Silk fibroin solutions containing ³ 4% w/v silk fibroin did not support the 

growth of two common wound pathogens, Staphylococcus aureus (S. aureus) and 

Pseudomonas aeruginosa (P. aeruginosa). When liquid silk was added to a wound pad 

and placed on inoculated culture plates mimicking wound fluid, silk was 

bacteriostatic. Viability tests of the bacterial cells in the presence of liquid silk showed 

that cells remained intact within the silk but could not be cultured. Liquid silk appears 

to provide a hostile environment for S. aureus and P. aeruginosa and inhibits growth 

without disrupting the cell membrane. This effect could be beneficial for wound 

healing and supports future healthcare applications for silk. This observation also 

indicates that liquid silk stored prior to processing is unlikely to experience microbial 

spoilage. 

This chapter was submitted for peer review as an original article and has been 

adapted accordingly for this thesis. Data acquisition and analysis for figures was 
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conducted by myself. As the first author of this study, I wrote the manuscript with 

input from the other authors. 
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3.1 Introduction 

Wound care is a key area of healthcare and can have long-lasting adverse effects on 

quality of life if wound infection is not treated correctly by medical professionals. 

Wound healing typically follows a pathway consisting of 4 clear stages: haemostasis, 

inflammation, proliferation, and remodelling (Wilkinson & Hardman, 2020); 

however, this order is disrupted in chronic wounds, making treatment of these 

wounds an especially difficult challenge. The inflammation stage can also be 

prolonged by contamination by microbial pathogens present in the environment, the 

surrounding skin, or various mucous membranes (Guo & DiPietro, 2010). 

 

Two of the most common pathogens that cause wound infection are the bacteria 

Staphylococcus aureus and Pseudomonas aeruginosa (Bowler, et al., 2001, Bessa, et 

al., 2015). S. aureus is a gram-positive bacterial species that can grow aerobically or 

facultatively anaerobically (Taylor & Unakal, 2021) and is found in the environment 

and on human skin and mucous membranes as part of a healthy skin flora. However, 

this microbe can cause serious infections if it enters the bloodstream or internal 

tissues. P. aeruginosa is a gram-negative motile bacterium found on the skin, in the 

throat, and in stool samples of healthy individuals. However, P. aeruginosa can 

become pathogenic by the release of virulence factors, such as pyocyanin. P. 

aeruginosa can form intractable biofilms, which make subsequent wound treatment 

difficult (Iglewski, 1996 , Prasad, et al., 2020). Biofilms are groups of bacteria that can 

attach to a surface and each other embedded in a self-produced matrix. This matrix 

is composed of proteins, polysaccharides, and extracellular DNA which provide the 
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bacteria with a method of improved survival. In the matrix, composed of 90 % 

extracellular matrix, nutrients are trapped for metabolic utilization and water is 

retained through hydrogen bond interactions with the hydrophilic polysaccharides. 

Enzymes secreted by the bacteria also allow modification of the composition in 

response to nutrient availability (Kostakioti, et al., 2013). Biofilms can hide bacteria 

from the host immune system which allows them to cause more damage and can 

lead to an infection. Whilst the bacteria are within the biofilm, they adapt to the 

altered conditions by changing metabolism, gene expression, and protein production, 

which can improve the resistance of the bacteria to antimicrobial therapies (Vestby, 

et al., 2020). 

Wound dressings are a commonly used method for preventing infection and 

providing an environment that favours wound healing. Our ability to unspin the silk 

fibre and generate novel material formats (Seib, 2017, Seib, 2018) has sparked a 

renewed interested in silk, including its use in wound care applications (e.g. (Egan, et 

al., 2022, Schiefer, et al., 2021, Kim, et al., 2017), reviewed (Chouhan & Mandal, 

2020)). 

 

Bombyx mori silk has long been used in humans for wound care, especially as a suture 

material, and the B. mori silk fibroin protein is a clinically approved biomaterial for 

use in load-bearing applications in humans (e.g., sutures, meshes etc.) (Holland, et 

al., 2019). Silk fibroin films, sponges (Zhang, et al., 2017), hydrogels (Noda, et al., 

2021) and knitted scaffolds (Schiefer, et al., 2021) have also shown potential uses in 

wound repair and aesthetic restorations in small-scale clinical trials. Soluble silk has 
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also improved epithelial healing in a rabbit eye cornea model (Kim, et al., 2017, Abdel-

Naby, et al., 2017). Overall, silk fibroin is emerging as a useful tool in wound healing, 

but wound dressings should help to prevent or overcome pathogen infection in 

wounds. Although some research has investigated the antimicrobial properties of silk 

fibroin, most studies focused on a potential role for sericin, one of the components 

of raw silk (Kaur, et al., 2013), and the results have been conflicting (Seves, et al., 

1998, Akiyama, et al., 1993, Nuchadomrong, et al., 2009, Pandiarajan, et al., 2011), 

reviewed in (Schafer, et al., 2022). Many studies focus on the silk as spun in the 

cocoon, and the effects of silk when developed into sutures or scaffolds (Ghalei & 

Handa, 2022). Silk fibres in the cocoon of the silkworm have been shown to provide 

a substrate for bacterial biofilm growth, thought to provide protection to the cocoon 

from environmental stresses (Seves, et al., 1998, Ghalei & Handa, 2022). Silk fibroin 

films have been found to have strong microbial attachment, immobilizing microbes, 

thought to be due to the glycine, alanine and serine amino acids present in the silk 

fibroin (Tabei, et al., 2011). Processing of the silk fibroin has been linked to the 

antibacterial effects of silk films, with silk processed with lithium bromide showing a 

higher degree of antibacterial activity than films processed with Ajisawa’s reagent 

(Abdel-Fattah, et al., 2015). Other studies have combined silk fibroin with other 

components, including polyethyleneimine (Calamak, et al., 2014), graphene oxide 

(Wang, et al., 2018) or plant extracts (Basal, et al., 2010), to improve its antibacterial 

effects. More research is still needed to characterise the antimicrobial properties of 

silk fibroin for its use in wound dressings in other formats, such as aqueous solution.  
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Healthcare products, like wound dressings, that are destined for use in clinical 

applications typically must also be sterile. However, with silk fibroin, this requirement 

introduces new challenges because the sterilisation methods that are deemed 

acceptable by regulatory agencies can adversely affect this biomaterial (Rnjak-

Kovacina, et al., 2015, Gil, et al., 2014, George, et al., 2013, Hofmann, et al., 2014). 

Current methods of sterilisation include autoclaving, irradiation (e.g., ultraviolet, 

gamma), immersion in 70% v/v ethanol, filtering, or exposure to ethylene oxide. 

Some studies have indicated that autoclaving a silk solution decreases the molecular 

weight, increases the protein aggregation, and ultimately affects the final product by 

altering these physical properties of the silk (Wu, et al., 2011). Filtering a silk solution 

through a 0.22 µm filter is only feasible with low molecular weight silk (i.e., low 

viscosity solutions) and at low concentrations to minimise losses in sample 

concentration and final volume (Rnjak-Kovacina, et al., 2015). 

 

A knowledge gap presently exists regarding the sterility of silk fibroin solutions and 

the effects of silk fibroin on bacterial growth. One aim of the present work was to 

produce sterilised and non-sterilised silk solutions and to assess their sterility over 

time under various storage conditions. A second aim was to use live/dead bacterial 

staining and colony counting to assess the viability of S. aureus and P. aeruginosa 

after inoculation into a silk fibroin solution. The final aim was to mimic wound 

conditions using nutrient agar to determine whether adding silk fibroin–soaked 

wound pads would eliminate bacterial growth on the agar plates.   
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3.2 Experimental 

3.2.1 Silk solution preparation and conductivity assessment 

The silk solution was prepared as detailed previously (Matthew, et al., 2020) (Totten, 

et al., 2017). Briefly, Bombyx mori silk cocoons were cut into 5 × 5 mm pieces, and 5 

g samples were degummed in 0.02 M Na2CO3 solution for 30 minutes. The purified 

silk fibroin was rinsed three times for 20 minutes in Milli-Q ultrapure water and then 

stretched and left to air dry at room temperature overnight. The dried silk fibroin 

fibres were then packed into a beaker and dissolved in a 9.3 M LiBr solution at 60 °C 

for up to 4 h. The resulting solution was dialysed (MW cut off 3500 g/mol, Thermo 

Scientific, Waltham, MA) for 48 h in Milli-Q water to remove the LiBr salt. Salt removal 

was monitored by taking conductivity measurements of the dialysate at 20 to 21.5 °C 

(Haiqingxin Shenzhen Purification Technology Co. Ltd, China). At the end of the 

dialysis procedure, the resulting silk fibroin solution was cleared by centrifuging twice 

at 9418 × g and 5 °C for 20 minutes. The silk fibroin content was determined 

gravimetrically. The silk fibroin solution was stored at 4°C until use, unless otherwise 

stated. 

 

3.2.2 Silk secondary structure analysis by Fourier transform infrared spectroscopy. 

The secondary structures of silk samples were determined by Fourier transform 

infrared (FTIR) spectroscopy (Tensor II Bench ATR IR, Bruker, MA, USA). Each FTIR 

measurement was run for 128 scans at a 4 cm−1 resolution in absorption mode over 

the wavenumber range of 400−4000 cm−1. Reference samples with low beta sheet 

content were prepared by air-drying 5% w/v silk fibroin solution to form a water-
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soluble film. Aqueous 1 and 5 % w/v silk fibroin samples were incubated in a rocker-

shaker at 150 rpm overnight at 37 °C, and then collected and air-dried into films. All 

FTIR data were deconvoluted as described previously (Hu, et al., 2006).  

 

3.2.3 Sterility testing 

A silk solution (5% w/v) was divided into different treatment and storage conditions. 

The samples were either filter sterilised (0.22 µm Millex PES membrane, Merck 

Millipore Ltd, Cork, Ireland) or left unsterilised. The concentration of sterilised silk 

solutions was measured gravimetrically and adjusted prior to testing. The silk 

samples were then divided for storage at either 4 °C, room temperature (25 °C) or 37 

°C for 14 days in sealed aseptic containers.  

The sterility of the silk solutions was tested by two methods. For the first method, 

tryptic soy broth (TSB) was produced according to manufacturer’s instructions by 

dissolving 40 g tryptone soya broth powder (Oxoid, Hampshire, England) in 1 L Milli-

Q H2O and autoclaving for 20 minutes at 121 °C. Next, 1 ml of silk solution (freshly 

prepared or stored for 14 days) was added to 9 ml TSB and incubated at either room 

temperature or 37 °C for 14 days, and then imaged. The turbidity of the solutions was 

visually assessed to determine the presence of contamination. Positive control 

samples were also prepared by spiking TSB with known concentrations of 

Staphylococcus aureus and Pseudomonas aeruginosa and imaging before and after 

incubation for 24 hours to indicate bacterial growth of these strains for a visual aid. 
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Bacterial colonies were then counted after 24 hours to assess growth rate and 

turbidity detection. 
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Figure 3-1. Sterility testing of silk fibroin solution (5% w/v) in tryptic soya broth (TSB) 

before and after storage at 4 °C, room temperature (RT) and 37 °C for 14 days. (A) TSB 

was incubated at both room temperature and at 37 °C for 14 days and then examined 

for growth (i.e., turbidity). 
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The second method used blood and chocolate agar plates. Briefly, blood and 

chocolate agar were prepared by dissolving 40 g blood agar base (Fluka analytical, 

Buchs, Switzerland) in 1 L Milli-Q H2O and autoclaved for 20 minutes at 121 °C. The 

blood and chocolate agar were prepared following the manufacturer’s instructions 

with defibrinated horse blood and stored at 4 °C until use. The silk solution was tested 

by streaking 10 µL samples of each condition onto both blood and chocolate agar 

plates and storing them either in aerobic or anaerobic conditions at 37 °C for 72 h 

and imaging them after visually assessing growth. 

3.2.4 Culture Preparation 

The bacteria used for this study were Staphylococcus aureus (NCTC 8325) and 

Pseudomonas aeruginosa (PA 14) grown in Lennox LB medium, prepared with 10 g 

tryptone, 5 g NaCl and 5 g yeast extract in 1 L Milli-Q H2O autoclaved for 20 minutes 

at 121 °C. LB agar plates were prepared by the addition of 20 g agar to LB medium 

before autoclaving, and 20 ml was poured into 9 cm diameter Petri dishes, then 

cooled. Stock cultures were produced by inoculating 10 ml of LB medium with a single 

colony and incubating overnight at 37 °C in a shaker-incubator at 150 rpm (ES-20, 

Grant instruments, Cambridge, UK).  

3.2.5 Bacterial growth in presence of water  

The growth and survival of bacteria in the presence of water was determined. Briefly, 

overnight cultures of S. aureus and P. aeruginosa were prepared as described in 2.4. 

Samples were centrifuged at 12,100 × g for 5 minutes and the supernatant was 

removed. The bacterial pellet was resuspended in sterile water and centrifuged 

again. This washing step was repeated twice. A sample of bacteria suspended in 
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water was taken for colony counting. Colony counting was performed by performing 

a serial dilution and plating 10 x 10 µl drops on an agar plate and incubating 

overnight. The colonies were counted and totalled across the 10 drops and from this 

the total concentration can be calculated. All samples were spiked with bacteria in 

the order of 108 CFU/ml. The bacteria were then centrifuged once more and then 

suspended in either 0 %, 75 %, 85 %, 95 % or 100 % sterile water with LB medium. 

The samples were incubated for 24 h at 37 °C in a shaker-incubator (ES-20, Grant 

Instruments, Cambridge, UK). A 10 µL sample of each inoculated silk mixture was 

streaked onto an LB agar plate and incubated overnight. The colonies were counted 

at time 0 and after 24 h of growth. 

3.2.6 Minimum Bactericidal Concentration of Silk 

The minimum bactericidal concentration (MBC) of silk was determined in a similar 

method to that use for determination of bacterial survival in water . Briefly, overnight 

cultures of S. aureus and P. aeruginosa were prepared as described in section 2.4. 

Bacterial samples were prepared as described in section 2.5. All samples were spiked 

with bacteria in the order of 108 CFU/ml. The bacteria were suspended in either 1 %, 

3 %, 4 % or 5 % w/v filter-sterilised aqueous silk solution and incubated for 24 h at 37 

°C in a shaker-incubator (ES-20, Grant Instruments, Cambridge, UK). A 10 µL sample 

was taken from each inoculated silk mixture, streaked onto an LB agar plate, and 

incubated overnight. The colonies were counted at time 0 and after 24 h of growth.  
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Figure 3-2. Minimum bactericidal and inhibitory concentrations of silk fibroin testing 

strategy. Overnight cultures of S. aureus and P. aeruginosa were incubated in LB 

media before being centrifuged at 12,100 x g for 5 minutes and the supernatant 

removed. This was repeated with water to wash the cells. The cells were then 

resuspended in LB media, water or aqueous silk solution and incubated at 37°C, 150 

rpm in an orbital incubator overnight. The cells were again washed through 

centrifugation and with water, as before. Colony counting was performed before the 

cells were suspended in the solution and after the final wash to determine viability. 
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3.2.7 Simulated Wound Dressing 

The antibacterial effect of the silk solutions was tested in the presence of bacterial 

nutrients. Briefly, simulated wound fluid agar was prepared by adding heat-

inactivated foetal bovine serum (Biosera, East Sussex, UK) to a physiological salt 

solution at a ratio of 1:1 at 56 °C. The physiological salt solution was prepared with 

142 mM NaCl, 2.5 mM CaCl2 and dH2O and autoclaved. The LB agar plates were 

prepared as before. 

To mimic the application of a dressing, the wound pad of a fabric plaster (Elastoplast, 

Beiersdorf, Hamburg, Germany) was cut and soaked in either 5% w/v silk solution or 

70% v/v ethanol. Overnight cultures of S. aureus or P. aeruginosa were prepared as 

before. These were then diluted to a final concentration of 106 CFU/ml when 100 µl 

solution was placed in the centre of 4 quadrants of the agar plates. Freshly soaked 

wound pads were placed over the bacterial suspension and incubated at 37 °C 

overnight. The wound pad was then removed, and the plates were imaged. Infection 

levels were determined by placing the wound pad in LB broth for 15 minutes and then 

performing colony counting (detailed above). 
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Figure 3-3. Woundpad dressing procedure. Woundpad was removed from a standard plaster dressing before being 
soaked in silk solution or ethanol and placed on either S aureus or P aeruginosa on agar plates. Growth was then 
observed after incubation overnight. 
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3.2.8 Bacterial Viability 

Bacterial viability was measured with a live/dead Baclight staining kit (ThermoFisher 

Scientific, UK). Briefly, overnight cultures were prepared and exposed to silk (detailed 

above). Bacterial samples were prepared as described in section 2.5. The samples 

were then resuspended in either 4 ml of LB medium, water, 1 % w/v silk solution or 

5 % w/v silk solution and incubated overnight at 37 °C at 151 rpm. Samples (1 ml) 

were collected the following day, centrifuged at 12,100 × g for 5 minutes, washed 

once with water, and resuspended in sterile 0.85 % w/v NaCl. The viability kit was 

then used according to the manufacturer’s protocol. Samples were added to 

microscope slides and imaged using an epifluorescence microscope (Nikon Eclipse 

E600) with excitation/emission 470/515 nm (green filter, viable cells) and 530/635 

(red filter, dead cells). Images were processed and analysed with ImageJ software 

v1.53f51 (National Institutes of Health, USA). 

3.2.9 Sodium Carbonate detection and bactericidal effects 

Sodium carbonate was detected with a sodium ion selective electrode (perfectION, 

Mettler Toledo AG, Switzerland). Briefly, solutions used to degum silk fibroin were 

produced at 0.02 M Na2CO3 and the concentration of sodium was measured before 

and after silk degumming. Silk was then rinsed in 1 L water 3 times and samples were 

taken for sodium detection. Finally, the silk solution (5 % w/v) was tested and the 

sodium within the solutions was recorded. Aqueous sodium carbonate solutions 

were then produced at the concentrations measured in the silk solution and water 

rinses to determine the minimum bactericidal concentration. The samples were 

tested as detailed in section 2.5.  
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3.2.10 Statistical Analyses & Data Sets 

Statistical analyses were carried out using Origin Pro 2018 (Northampton, 

Massachusetts, USA) and GraphPad Prism v.9.1.1 (San Diego, CA, USA). Normality and 

homogeneity of variances were assumed. One-way analysis of variance (ANOVA), 

followed by Bonferroni’s post hoc test, was conducted between multiple groups, or 

two-way analysis of variance (ANOVA) was conducted, followed by Tukey’s multiple 

comparisons. Asterisks denote statistical significance determined using post-hoc 

tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical 

analyses are noted in figure legends. All data are presented as mean values ± 

standard deviation, and the number of independent experiments (n) is noted in each 

figure legend.   
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3.3 Results 

3.3.1 Pure Aqueous Silk Solution 

The dialysis progress was monitored using conductivity measurements of the 

dialysate, which served as a proxy (Figure 3-4). At the first water change, the 

conductivity was 4863.50 ± 335.40 µS/cm, and the conductivity value dropped at 

each water change. For example, at the start of day 2, the conductivity was 588.5 ± 

93.54 µS/cm and dropped to 14.75 ± 10.21 µS/cm by the end of the day. The final 

conductivity was 9 ± 2.45 µS/cm, which is less than the conductivity of tap water (50 

µS/cm).  
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Figure 3-4. Conductivity measurements of the dialysate over 72 h 

resulting in an aqueous silk fibroin solution. 
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Next, the sodium carbonate remaining in silk fibroin solution was measured. The 

sodium content was verified at 0.02 M before silk degumming, increasing to 0.021 M 

after boiling. The water used to rinse the silk after degumming decreased with each 

rinse from 0.9 ± 0.2 mM on rinse 1, to 6 ± 4 µM on rinse 2 and 0.2 ± 0.06 µM on the 

final rinse. The concentration of sodium in the final silk solution (5 % w/v) was 50 ± 3 

µM (Figure 3-4). 
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Figure 3-5. Concentration of sodium carbonate in water before and after silk 

degumming, silk rinsing and in the final silk solution. Data analysis evaluated by one-

way ANOVA followed by Tukey’s multiple comparisons test (n = 3, ± SD) Asterisks 

denote statistical significance determined using post-hoc tests as follows: *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. 
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As some sodium carbonate is still present in the silk solution, the bactericidal effects 

of this were determined (Figure 3-5). As the concentration of sodium carbonate 

increased, the number of viable bacteria significantly decreased. However, there 

were still viable bacteria present in the solution at concentrations above what is 

found in silk solution.  
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Figure 3-6. Minimum bactericidal concentration of sodium carbonate in water over 

24-hour incubation with Staphylococcus aureus and Pseudomonas aeruginosa Data 

analysis evaluated by two-way ANOVA followed by Tukey’s multiple comparisons test. 

(n = 4, ± SD). Asterisks denote statistical significance determined using post-hoc tests 

as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.3.2 Secondary Structure Analysis of Silk  

For some of the microbial assays, I exposed silk fibroin to shear forces and elevated 

temperatures. I therefore felt that assessing possible structural changes was 

important. I used FTIR to determine the secondary structures of silk fibroin in 1 and 

5 % w/v solutions before and after incubation in the orbital incubator at 37 °C, 150 

rpm (Figure 3-6). Samples of silk solution were cast and air dried to form silk films. 

Amorphous control silk films were produced from silk fibroin solution stored at 4 °C. 

The most common secondary structures were detected in the following order: beta 

sheets > random coils > turns and > alpha helices. Deconvolution showed that the 

beta sheets in the amorphous control, 1 and 5 % w/v silk films were 33.91 ± 1.14, 

33.43 ± 1.19 and 35.21 ± 1.43 %, respectively. No statistically significant differences 

were noted in beta sheet content in the amorphous control films (p = 0.6572 for 5 % 

silk and p = 0.0601 for 1 % silk). The other secondary structures also showed no 

significant differences. By contrast, the ethanol-treated silk film showed an increase 

in crystalline beta sheets (46.61 % versus 33.91 %).  
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Figure 3-7. FTIR spectra and (C) FTIR analysis of silk fibroin solution incubated in the 

orbital incubator at 37 °C 150 rpm for 24 h. Silk was air dried into films for analysis. 

Air-dried amorphous control and ethanol (EtOH) treated crystalline silk film controls 

(data from chapter 2). Data analysis evaluated by one-way ANOVA followed by 

Tukey’s multiple comparisons test. Asterisks denote statistical significance 

determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001. (n = 3, ± SD) 
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3.3.3 Sterility of Aqueous Silk Fibroin 

Aqueous protein solutions typically provide a preferred environment for bacterial 

growth over protein in its dry state. I therefore examined the susceptibility of liquid 

silk to bacterial spoilage. For my studies, 9 ml tryptic soya broth (TSB) was spiked with 

a 1 ml silk fibroin 5 % w/v solution. This silk fibroin solution was exposed to various 

processing conditions. First, freshly prepared silk fibroin solution samples were 

assessed either ²as-obtained² or after filter sterilisation. When fresh as-obtained silk 

fibroin solution was added to TSB and incubated at either room temperature or 37 

°C, turbidity was observed in the solutions at the end of this incubation period. This 

suggested that the freshly prepared silk solution was contaminated with bacteria. 

However, turbidity was observed only after 14 days of incubation, suggesting that the 

bacteria were present at initially low numbers and/or were slow growing. The 

absence of cloudiness for the filter-sterilised silk solution demonstrated the 

effectiveness of the filter sterilisation process at removing bacteria (Figure 3-7, 

²Before storage² column). The turbidity of TSB was assessed according to control 

experiments (Figure 3-8) but it should be noted that TSB will support growth of any 

organisms which may display differently to the bacterial controls used. When TSB was 

spiked with a low number of bacterial cells, initially no turbidity is seen, but after 24 

hours of incubation turbidity can be seen at all concentrations of spiked bacteria. This 

indicates that if contaminants were present even in small numbers, after 24 hours 

growth should be visible in the TSB.  
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Figure 3-8. Sterility testing of silk solution with TSB. Green and yellow colour coding 

indicates no growth and growth, respectively. (n = 3) 
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Figure 3-9. Tryptic soya broth (TSB) control testing. Spiked TSB with Staphylococcus 

aureus and Pseudomonas aeruginosa at concentrations 101- 107 CFU/ml after 24 

incubations. Colonies were counted at time 0 and time 24, and solutions were imaged 
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and visually assessed for turbidity, indicating contamination. Experiment run in 

triplicate, n = 1 shown with corresponding images for counted colonies in graphs 

below. Data analysis evaluated by two-way ANOVA followed by Tukey’s multiple 

comparisons test. Asterisks denote statistical significance determined using post-hoc 

tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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I also exposed sterile-filtered and as-prepared silk fibroin solutions to different 

temperature storage conditions (4 °C, room temperature [~25 °C] or 37 °C) for 14 

days. I then used the stored silk samples to spike TSB and incubated the spiked 

solutions for 14 days at either room temperature or 37 °C. Interestingly, no turbidity 

was observed in any of these samples (Figure 3-10), suggesting that, although the silk 

solution was contaminated during preparation, the culture environment was not 

conducive to bacterial growth and/or survival. Therefore, bacterial growth was only 

seen before storage of the silk solution, suggesting that bacteria are likely introduced 

during silk solution processing, but their viability is not supported during storage.  

Besides the TSB, I also used agar to identify any colonies that would grow. The sterility 

of the silk solutions was confirmed by streaking samples of the sterilised and non-

sterilised silk fibroin solution, before and after storage for 14 days, onto blood and 

chocolate agar plates. These plates were incubated either aerobically or 

anaerobically before final assessment. These enriched agar growth media are 

formulated for the isolation of pathogenic bacteria (Frobose, et al., 2021). The agar 

plates showed no growth when plated with silk fibroin before or after storage, 

broadly supporting the TSB results.  
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Figure 3-10. Sterility testing of silk fibroin solution 5 % w/v in tryptic soya broth before 

and after storage at 4 °C, room temperature (RT) and 37 °C for 14 days. The broth was 

incubated at both room temperature and at 37 °C for 14 days before being imaged. 
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Control is tryptic soya broth spiked with sterile water 5% v/v. Asterisks denote 

turbidity observed. Scale bar 4cm (n = 3). 
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3.3.4 Bacterial growth in the presence of silk 

Next, the growth of bacteria in the presence of minimum quantities of liquid silk was 

determined because aqueous liquid silk fibroin exhibits antibacterial properties. I also 

conducted control experiments to exclude possible confounders, especially the 

impact of water on bacterial colony count. Colony counts in water and Luria Bertani 

Lennox (LB) served as benchmarks for low and high growth conditions, respectively. 

Water controls were important because an aqueous silk fibroin solution was spiked 

with pathogens to determine its minimum inhibitory concentration. Specifically, I 

examined the impact of water on the bacterial strains S. aureus and P. aeruginosa 

because these are common wound pathogens (Bowler, et al., 2001) (Bessa, et al., 

2015) (Figure 3-11). The contents of sterile water added were 75 %, 85 %, 95 % and 

100 % of the total volume, with the remaining volume comprising LB media to control 

for the presence of nutrients. Silk is an aqueous solution; thus, water control provides 

the impression of bacterial growth in stronger aqueous solutions. Water was spiked 

with the pathogens, and colony counting was performed before and after 24-hour 

incubation.  
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Figure 3-11. Bacterial growth in the presence of water with LB media. Water is spiked 

with LB media in the ratio 75:25, 85:15, 95:5 or 100:0 (water to LB media). Colonies 

counted after incubation for 24 hours in each concentration of water. (n = 3, ± SD) 

Data analysis evaluated by two-way ANOVA followed by Tukey’s multiple 

comparisons test. Asterisks denote statistical significance determined using post-hoc 

tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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No significant difference was observed in bacterial growth in 75 %–100 % water 

compared to the 100 % LB control with S. aureus, which showed a significant increase 

(p = 0.0054). As compared to spiked 100% water, I observed a significant increase in 

growth in 75% water with P. aeruginosa (p = 0.0377) and a more significant increase 

in LB media (p = 0.0041); however, I did not observe any significant change in 

bacterial colony count in 85–100% water after 24 hours. There was no significant 

decrease in bacterial growth in up to 95% water, suggesting that the presence of 

water did not impact the bacteria or their ability to use the nutrients supplied to them 

by the LB media present in the solution. For the 100% water condition, bacterial 

growth was reduced. However, these bacteria became viable after water exposure, 

as demonstrated by LB agar colony enumeration. P. aeruginosa was less affected by 

the presence of water than S. aureus.  

Next, the impact of silk solution concentrations on S. aureus and P. aeruginosa colony 

count was assessed (Figure 3-11). A silk content of 1–5 % w/v affected bacterial 

growth significantly; both S. aureus and P. aeruginosa had a significant reduction in 

the number of bacterial colonies at all concentrations after a 24-hour exposure when 

compared to the LB control (p = <0.0001 at all silk concentrations). Compared to the 

spiked 100% water control, all silk solution samples showed a significant reduction in 

bacterial colony numbers with both S. aureus and P. aeruginosa (p = 0.0060 and 

0.0821, respectively). No S. aureus colonies were formed at 3 % w/v silk solution and 

above, whereas P. aeruginosa did form a few colonies at 3 % w/v but no growth 

occurred at 4 % w/v and above. 
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Figure 3-12. Minimum bactericidal concentration of silk fibroin aqueous solution. 

Colonies present after 24-hour incubation in each pure silk spiked solution 

concentration (n = 3, ± SD). Data analysis evaluated by two-way ANOVA followed by 

Šidák’s multiple comparisons test. Asterisks denote statistical significance determined 

using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.3.5 Performance of Silk Fibroin-functionalised Wound Pad 

As silk does not support growth in the absence of nutrients, I next determined its 

ability to act as an antimicrobial agent when applied topically to a bacterial 

suspension. The bacterial inhibition of the silk solution was determined by monitoring 

the bacterial growth of a silk-functionalised wound pad by exposing it to both LB agar 

and simulated wound fluid (SWF) agar (Figure 3-12). After wound pad removal, 

bacterial growth was observed on both types of the agar. S. aureus formed light-

coloured spherical colonies when cultured on agar plates. On the LB agar plates, the 

dry sterile wound pad left a growth pattern. The wound pad pores were visible with 

no growth, implying that the wound pad aided growth on the agar when in direct 

contact with the surface. When the pad was soaked in 70% v/v ethanol, some growth 

was still observed at the pad borders, and some cloudiness was left beneath the pad. 

This suggests that the bacteria in contact with the wound pad surface could not grow, 

but the moisture may have enabled them to migrate and grow elsewhere. The silk-

soaked pad left clearly defined growth borders around the wound pad. On simulated 

wound fluid agar plates, I observed a similar pattern, with clearly borders around the 

silk-soaked wound pad, with less defined borders in the ethanol-soaked pad and the 

dry sterile pad.  

 

The bacterial count of the wound pads after incubation in LB media for 15 minutes 

showed that when inoculated with S. aureus, the wound pad containing 70% v/v 

ethanol had significantly less bacterial growth than both the sterile dry pad and the 

silk solution-soaked pad. In contrast, P. aeruginosa showed no significant difference 
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in any of the wound pads. These results, combined with the images of the dressing 

borders, suggest that, although the silk solution does not increase the bacterial 

growth of S. aureus or P. aeruginosa, it also does not reduce it significantly. Thus, the 

silk solution does not directly kill bacteria, as they grow when nutrients are 

introduced into their environment.  

Ethanol solution is a common antibacterial agent used to destroy pathogens on 

surfaces (Kampf & Hollingsworth, 2008). The ethanol-soaked wound pad disrupted 

bacterial growth better than the silk solution-soaked pad, which performed better 

than the dry pad at restricting growth under the pad on the agar for S. aureus (Figure 

3-13). The silk solution did not interrupt growth when in direct contact with the 

bacterial surface, because some growth was still observed under the wound pad 

around the edge, but the colonies found in and around the pad were not fewer than 

those observed under dry pad.  
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Figure 3-13. Simulated wound environment and the performance of silk-

functionalised wound pad. (A) Wound pad dry (control) or soaked in ethanol or silk 

removed to show growth on LB agar and simulated wound fluid agar. Scale bar 2 cm. 
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(B) S. aureus and P. aeruginosa wound pads incubated in LB media and colonies 

counted. (n = 3, ± SD). Data analysis evaluated by one-way ANOVA followed by 

Dunnett’s multiple comparisons test. Asterisks denote statistical significance 

determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001. 
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3.3.6 Bacterial Viability 

Bacterial viability after exposure to the silk fibroin solution was measured through 

live/dead imaging (Figure 3-13). A reduction in the number of live cells was observed 

for 100% water, 1% w/v aqueous silk solution and 5% w/v aqueous silk solution for 

both S. aureus and P. aeruginosa. The percentage of dead cells increased with the 

percentage of silk fibroin. The percentages of live S. aureus cells were 69% in the LB 

media and 70% in water. However, 61% and 13% of the cells were alive in 1% and 5% 

w/v silk solutions, respectively. Similar trends were observed for P. aeruginosa in LB 

media with 72% live cells, decreasing to 48% in 100% water and 48% and 28% in 1% 

and 5% w/v silk solutions, respectively. To confirm the viability of the stained cells, in 

parallel studies, samples were streaked onto LB agar. No growth occurred for either 

bacterial strain when exposed to a 5% w/v silk solution, while some growth occurred 

for the 1% w/v silk solution.  
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Figure 3-14. Impact of liquid silk on bacterial cell viability. (A) Live/dead fluorescence 
staining. Green and red indicate live and dead cells, respectively. (Left) S. aureus in LB 
media, 1% w/v silk, 5% w/v silk and water. (Right) P. aeruginosa in LB media, 1% w/v 
silk, 5% w/v silk and water. Scale bar 200 µm. Numerical result n = 3. (B) Percentage 
of dead cells in each medium (n = 3, ± SD). Data analysis evaluated by two-way ANOVA 
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followed by Šídák's multiple comparisons test. Asterisks denote statistical significance 
determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
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3.4 Discussion 

Silk fibroin has many desirable attributes that lend themselves to diverse 

applications, such as biocompatibility and biodegradability. One area in which silk is 

making inroads is wound healing, and soluble silk fibroin has been found to be an 

effective treatment for dry eye and can improve tear production and epithelial 

healing. Despite this, the inherent biocompatibility has not been investigated with 

antibacterial properties. This work investigates the inherent sterility of regenerated 

silk. 

This evaluation is important because the reverse engineering of silk fibres into a silk 

fibroin solution requires that the silk molecule be dissolved to dismantle higher order 

structures. For example, I used a 9.3 M lithium bromide (LiBr) solution to disrupt 

robust beta sheet secondary structures. Therefore, contaminating LiBr could impact 

bacteria viability. Previous studies have shown that the choice of silk fibroin 

extraction protocol can influence the antibiotic activity of silk films (Abdel-Fattah, et 

al., 2015), and how much of this reported effect can be attributed to contamination 

remains to be determined. In the present work, the reduction in conductivity to 

baseline levels suggests that lithium bromide was quantitatively removed. Similarly, 

sodium carbonate can have bactericidal effects at elevated concentrations (Jarvis, et 

al., 2001). The results suggested that there was sodium carbonate remaining the in 

the silk solution which could be an influence on the bactericidal effects seen. As silk 

solution was found to obtain around 50 µM sodium carbonate, I proposed that the 

bactericidal effects of silk could not be fully attributed to the presence of sodium 
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carbonate. The numbers of both bacteria were reduced as sodium carbonate 

concentration increased, indicating a correlation between survival of bacteria and the 

presence of sodium carbonate.  

Elevated temperatures and shearing forces can trigger structural changes in an 

amorphous silk solution (Toprakcioglu & Knowles, 2021). Therefore, monitoring the 

impact of incubation and shear on secondary structure was also deemed important. 

In the case of secondary structure changes, I expected a higher percentage of beta 

sheets and a reduced percentage of amorphous structures. No conformational 

changes were observed, indicating that the crystallinity of the silk fibroin solution was 

unaffected by incubation at 37 °C and rocking at 150 rpm for 24 h. 

 The contamination of TSB samples was only seen before storage of silk solution in 

any condition, which may suggest that bacteria could be present in the silk solution 

prior to filtration. This could be introduced at any stage in the silk production as the 

methods used are not sterile and are performed on an open bench. After storage, 

even at 37 °C, none of the silk solution in TSB showed any signs of contamination or 

bacterial growth. This result seems to suggest that although silk solution can become 

contaminated, the environment is not conducive to bacterial growth and, in fact, 

survival. TSB was examined visually for turbidity (Galvez, et al., 2014) but further 

quantification of turbidity should be performed using a spectrophotometer and can 

be compared against a McFarland standard (Carlotti, 2023) measuring the optical 

density of each solution (Metris, et al., 2003).  

This sterility was verified with culturing on blood and chocolate agar in aerobic and 

anaerobic conditions to confirm that no fastidious species of bacteria were present. 
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The enriched growth medium would allow the isolation of pathogenic bacteria. The 

agar plates indicated no growth would occur before or after storage, which supports 

the TSB result, and indicates that if contamination was present, it was slow growing 

and would not grow without the presence of nutrients supplied by the TSB. The 

finding of samples that showed bacterial contamination with the TSB method 

suggested that growth was slow and required the nutrients supplied by TSB (and not 

available in the agar plates). Overall, these results suggest that the regenerated silk 

fibroin solution has an inherent ability to attain and maintain sterility for 2 weeks. 

This is an interesting discovery because many sterilisation techniques adversely affect 

the silk molecule (through molecular weight reduction, polydispersity etc.) and the 

silk solution properties (e.g. premature self-assembly) (Rnjak-Kovacina, et al., 2015, 

Zhao, et al., 2011, Hashimoto, et al., 2020, George, et al., 2013).  

The ability of two strains of bacteria to survive and grow in water in the presence of 

LB media at different concentrations was assessed. There was no significant decrease 

in growth in up to 95 % water, suggesting that the presence of water has not 

impacted on the bacteria and their ability to utilize the nutrients available to them. 

At 100 % water, the growth of both pathogens was reduced over 24 hours, but there 

were still bacteria present and able to grow after incubation on LB agar. This indicates 

that both strains of bacteria do not die in water, but their growth would be impeded. 

P aeruginosa is less affected by the presence of water than S aureus. Water activity 

is defined as the ratio of the vapor pressure of water to that of pure water, which can 

be used to measure water that is available to be reacted with or attached to other 

materials. Higher water activity can support more microorganisms, with bacteria 
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requiring water activity levels of at least 0.91 to grow (Allen Jr, 2018). Distilled water 

has a water activity of 1. This is based on the fact that Milli-Q water has a water 

activity of >0.91, as bacteria do not proliferate well but do survive in this form of 

water (Hallsworth, 2022). I speculate that water forced the cells into a low or zero 

growth rate due to a lack of nutrients. The ability of water to preserve pathogens for 

long-term storage (>30 weeks) suggests that water cannot affect the survival and 

viability of some bacteria (Liao & Shollenberger, 2003). 

In contrast to this, when silk solution was inoculated with either pathogen, bacteria 

seemed to be compromised and no longer viable. At the higher percentages of silk 

tested, no colonies were detected after incubation over 24 hours. In 100 % water 

cells were able to survive after incubation overnight, which suggests that the silk 

fibroin itself has an impact on the bacterial viability when the solution is directly 

contaminated. When the silk content was increased above 3% w/v in the aqueous 

solution, no colonies were detected. This suggests that the silk fibroin solution itself 

impacted bacterial viability, which is attributable to the alteration of water activity 

due to the addition of silk fibroin. Silk may decrease the amount of ‘free’ water, 

reducing the water activity below the threshold and allowing the solution to become 

self-preserving, as supported by previously obtained sterility results (Cundell, 2015) 

(Peleg, et al., 2015). Silkworms produce antimicrobial peptides (AMPs), such as 

cecropins, which effectively protect gram-positive and gram-negative bacteria from 

infection (Mastore, et al., 2021). Silk fibroin has a 5-amino-acid block ‘glycine-alanine-

glycine-alanine-glycine-serine’ (GAGAGS) sequence, which can assemble into b 

sheets in crystalline form but remains open in amorphous form, such as in aqueous 
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solution. Glycine inhibits the growth of some bacteria and has been used as a non-

specific antiseptic agent (Minami, et al., 2004); thus, the structure of silk can exhibit 

similar antiseptic effects on the bacteria in solution. One consideration is the 

degradation of silk by enzymes produced by the bacteria. Silk has been shown to be 

subject to biological degradation by proteolytic enzymes such as chymotrypsin, 

actinase, and carboxylase (Cao & Wang, 2009). Silk fibres have also been shown to 

degrade in soil due to bacterial presence (Seves, et al., 1998). Future studies could 

investigate the longevity of the effects of silk on bacteria and look into the effects of 

enzymes on the antibacterial properties of the silk solution. 

 

The viability of the bacterial cells was determined by live/dead staining to confirm 

the results of colony counting. Interestingly, these results did not conclusively 

determine that all the bacterial cells in the presence of 5 % silk were “dead”, but 

rather that a smaller number of cells stained were “live” with more staining dead in 

the 5 % silk samples, and less with the water and LB media controls. The bacterial 

stain for dead cells can only enter cells when the membrane has been disrupted, 

which indicates that the method of silk inhibiting the bacteria is not solely by affecting 

the bacterial membranes. When the cells were cultured on LB agar to confirm the 

viability of the cells, there were no colonies present in 5 % silk. This result, combined 

with the staining result, suggests that bacteria may be intact in the soluble silk, but 

are unable to grow and survive, even if introduced to nutrients after being exposed 

to silk fibroin. Pelegrini et al (2008) have previously identified glycine-rich plant 

defence peptides for antibacterial purposes, determining that the interaction with 
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the lipid layer of the bacterial cell wall causes cell death. Silk fibroin is composed of a 

heavy and a light chain, with the amino acid composition of the heavy chain 

containing 46 % glycine. Silk solution contains amorphous regions which are not 

tightly packed, which may allow the glycine regions to have this effect on the bacteria 

when exposed to them. 

The next stage was to determine if silk maintained the antibacterial effects in the 

presence of nutrients by monitoring growth on nutrient agars in the presence and 

absence of silk solution. Ethanol solution is a common antibacterial agent used to 

destroy pathogens on the surface. The ethanol-soaked wound pad appeared to 

disrupt growth more than the silk solution-soaked pad, which performed better than 

the dry pad at restricting growth under the pad on the agar. Silk solution does seem 

to interrupt growth when in direct contact with the bacterial surface, but the colonies 

found in and around the pad were not fewer than the dry pad. This indicates that in 

the presence of nutrients, the antibacterial effects of silk are limited, and the 

presence of a solution may allow bacteria to move around the antibacterial agent to 

grow and thrive elsewhere. In future, further studies can be done with a water-

soaked pad to determine if the movement of bacteria is altered in the presence of a 

wet pad. A dry pad was used to determine the ability of an unaltered wound dressing 

to disrupt the growth of bacteria on the agar plates.  

Therefore, I speculate that the silk solution displaced the bacteria around the wound 

pad. Bacteria may not grow directly in the presence of silk but are not killed; instead, 

they grow on the enriched agar medium around the pad. P. aeruginosa formed less-

defined colonies, with green pyocyanin readily visible around the colonies. On the LB 
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agar plates, the sterile dry pad left a clear pattern of contact with the wound pad. 

The ethanol-soaked pad left a visible rough border of growth, while the silk-soaked 

pad left clear borders where growth did not occur on the agar plates. On simulated 

wound fluid agar plates, a similar growth pattern was observed, with borders around 

the ethanol-and silk-soaked wound pads and a visible pattern where the dry pad was 

previously placed. This is similar to the results obtained for the interaction with S. 

aureus, indicating that these strains act similarly in response to a silk solution and an 

ethanol solution.  

These results are interesting, as pure aqueous silk shows sterility when stored over 

time, and when a pure silk solution is inoculated with pathogens directly, but used in 

addition to nutrient agar, bacterial growth occurs. This indicates that silk is 

bacteriostatic and not directly bactericidal.  

This indicates that, in the presence of nutrients, the antibacterial effects of silk are 

limited. The presence of a solution can also enable bacteria migration, ultimately 

allowing them to navigate away from the antibacterial agent to grow and thrive 

elsewhere. Antibacterial effects of Bombyx mori silk have been postulated because 

the silk cocoon, and the raw silk fibre, demonstrate antibacterial effects (Dong, et al., 

2023). This property has been attributed to seroins and sericin that are present in 

raw silk (Zhu, et al., 2020). Sericin has shown high antibacterial activity (Kaur, et al., 

2013, Singh, et al., 2014, Rajendran, et al., 2011). However, Jaseet Kaur and 

colleagues showed that pure silk fibroin and fibres lacked antibacterial properties 

against Escherichia coli contrasting earlier studies. This discrepancy was attributed to 
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residual processing chemicals present in earlier studies (Kaur, et al., 2013, Seves, et 

al., 1998).  

This study also demonstrates that, in the presence of silk (e.g., 5% w/v), some viable 

bacterial cells still exist (albeit at much lower levels than the controls). However, 

when these silk-exposed cells were subsequently cultured on LB agar, no colonies 

were detected. Overall, these results suggest that some bacteria still had an intact 

plasma membrane after exposure to soluble silk but were unable to grow and 

ultimately survive, even in favourable growth conditions. Pelegrini et al. (2008) 

identified glycine-rich plant defence peptides for antibacterial purposes, determining 

that the interaction with the lipid layer of the bacterial cell wall causes cell death. A 

silk fibroin heavy chain contains 46% glycine (Zhou, et al., 2000); however, the silk 

fibroin molecule also contains amorphous regions in the heavy chain, which provides 

flexibility and mobility to the molecule. I speculated that this allows the glycine-rich 

silk fibroin regions to have their antibacterial effect. 

 

3.5 Conclusion 

A silk fibroin aqueous solution has inherent antimicrobial effects. A silk solution with 

³4% w/v silk fibroin could inactivate S. aureus and P. aeruginosa contaminations. The 

silk solution did not support bacterial growth or survival. This opens up the possibility 

of using aqueous silk in biomedical applications. Importantly, liquid silk stored prior 

to processing is unlikely to experience microbial spoilage. This simplifies the handling 

and processing of liquid silk. However, this study also shows when liquid silk was 

applied to a simulated infected wound in the presence of nutrients, the antibacterial 
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effects of the silk solution are not as effective. Overall, these results indicate that 

liquid silk is unlikely to spoil during storage, but terminal sterilization of the final 

product is recommended. 
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4. Chapter 4 “Manipulating silk to conformable shape and 

patterned functional biomaterial” 

 

Here, an initial study into the production of hydrogels and silk films to be cast with 

micropatterns was performed. This work began before the Covid-19 pandemic forced 

the University closures which affected the progress of these results. Upon reopening 

of the University, a tangential study was undertaken where the ability of silk films to 

be loaded with magnetic iron oxide nanoparticles and curcumin was tested. This 

study was initiated to maximise outputs during restricted lab access. The folding of 

silk films was also monitored alongside the swelling and locomotion of films. Finally, 

the response of the curcumin loaded films to pH changes was measured. 

Much of this work presented in this chapter has been published as an original article 

(Matthew, et al., 2022) and has been adapted accordingly for this thesis. Data 

acquisition and analysis for figures 4-1 – 4-11, and 4-17 – 4-20, was conducted by me. 

This included fabrication of silk films and water annealing, curcumin loading, iron 

oxide and silk fibre loading, colour change of curcumin in response to pH and 

pollutants, swelling analysis, electromagnetic field strength and semi-autonomy 

testing and thickness assessment of films. Data acquisition and data analysis for 

figures 4-12 – 4-20, which included anthocyanin extraction and loading, and 

diazonium coupling, SEM, water contact angle, thermal analysis and FTIR was 

performed by Saphia Matthew. Matthew was supported by Dr Kimia Witte, Dr 

Suttinee Phuagkhaopong, Jirada Kaechuchuen and Dr John Totten. As joint lead 
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author of this paper, Saphia Matthew and I contributed equally to the data 

acquisition and analysis.  
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4.1 Introduction 

Micropatterns 
 
Micropatterns are patterned microstructures on a substrate with sizes ranging from 

nanometres to micrometres and can often be exhibited in nature. These 

micropatterns often perform functions such as modified hydrophobicity and 

antifouling properties, adhesive properties, and for colour through interaction with 

light (Wang, et al., 2023). Recent studies have involved the investigation of 

micropatterned bacterial cellulose for scar free wound healing by encouraging cell-

oriented growth (Liu, et al., 2023). Silk fibroin/gelatine composites have also been 

investigated with micropatterns for wound healing which were able to guide cell 

growth along patterns to promote wound closure and angiogenesis (Li, et al., 2023). 

Pure silk fibroin has been manufactured with micropatterns previously (Youn, et al., 

2021, Sun, et al., 2021, Wang, et al., 2019) using methods such as photolithography 

which requires photoreactive acrylate groups. Silk has been mixed with eumelanin 

nanoparticles to produce bioelectric films with diverse potential for tissue 

engineering and bioelectronics (Youn, et al., 2021). Silk films can have conformational 

changes induced by exposure to water vapour, UV radiation or methanol. Wrinkled 

structures were formed through polar interactions altering the hydrogel bonding 

within the silk film and inducing beta-sheet formation which results in an insoluble 

film (Wang, et al., 2019). Another method of micropatterning used with silk is inkjet 

printing on electro spun silk scaffolds with I3K peptide nanofibers (Sun, et al., 2021). 

Silk films have previously been cast on polydimethylsiloxane (PDMS) to incorporate 

microfluidic designs (Bettinger, et al., 2007), for patterning films for corneal epithelial 
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wound healing (Luo, et al., 2021), and for drug delivery mechanisms (Lecomte, et al., 

2015). Silk hydrogels have also been micropatterned through different methods such 

as using HFIP as a crosslinking agent on a PDMS stamp to create a pattern (Gu, et al., 

2021). 
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Figure 4-1. PDMS mould diagram. PDMS was cast with grooves 12 or 16 µm apart in 
linear and concentric circle patterns. 

  



168 
 

Cells respond to topographical changes, although specific responses to differing 

features have not yet been defined (Ventre, et al., 2014). Cells can potentially be 

influenced by the topography of a surface through the signalling pathways relating to 

stem cell differentiation (Kang, et al., 2019), cell migration (Lawrence, et al., 2012), 

cellular alignment and focal adhesion localisation (Lawrence, et al., 2012). 

Topographical changes can alter the surface tension which can direct tissue shape 

and growth (Ehrig, et al., 2019, Heller & Fuchs, 2015). Wang et al. (2017) found cell 

morphology differences, with HUVEC cells able to attach and spread on flat silk films, 

remaining flat and circular. In comparison, when the cells were grown on linear 

patterns with varied well length, cells stretched and displayed an elongated 

morphology.  

Bacterial cell walls and morphology have been investigated as the mechanism of 

survival in diverse environments (Yang, et al., 2016). Bacteria will colonise on a 

surface before forming a biofilm through a cascade of signalling and development. A 

biofilm is formed when bacteria secrete an extracellular matrix that protects the 

bacteria from external interruption with antibiotics or cells from the immune system. 

Disrupting the formation of the biofilm is a key method of reducing infection and 

colonisation of bacteria (Sharma, et al., 2019, Donlan & Costerton, 2002). Many 

current methods of reducing biofilm formation involve the use of chemical or 

antimicrobial drugs which can damage surfaces or risk increasing the rate of 

antimicrobial resistance (Francolini & Donelli, 2010, Lewis, 2008). Micro patterns on 

surfaces have been demonstrated to reduce bacterial colonisation and biofilm 

formation. The reason for this has been hypothesised to be that bacteria cannot 
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adhere to the surface in a way to support colonisation (May, et al., 2014, Ghavamian, 

et al., 2021, Mendez, et al., 2018). This method of utilising patterned surfaces to 

reduce bacterial fouling of surfaces can be implemented on a variety of surfaces with 

a broad variety of uses (Cuello, et al., 2020). Commonly infected surfaces such as 

implantable biomaterials could make use of micropatterns to influence cell behaviour 

on the surface and reduce bacterial colonisation without resorting to the use of 

chemical or antibiotic drugs, improving patient outcomes and biomaterial longevity 

(Xu, et al., 2017).  

Silk in drug delivery 

Silk has been used as a drug carrier due to the proven biocompatibility, tunable 

degradation and capacity to maintain the function of the drugs bound. Many formats 

have been investigated, such as nanoparticles for anticancer drugs (Xiao, et al., 2016). 

Silk nanoparticles have been used to deliver paclitaxel, doxorubicin, and curcumin, 

which has shown biological activity when attached to silk (Wani & Veerabhadrappa, 

2018).  

Natural Agents and their applications in wound healing 

The turmeric plant has three curcuminoids, one of which is curcumin. It is thought 

that curcumin can have an effect on the physiological and molecular processes 

involved in the inflammatory and proliferative phase of wound healing (Kumari, et 

al., 2022, Akbik, et al., 2014, Hewlings & Kalman, 2017). Within the inflammatory 

phase, curcumin has a protective effect, reducing the expression of pro-inflammatory 

cytokines (Dai, et al., 2017, Emiroglu, et al., 2017). Anthocyanins are phenolic water 

soluble pigments that can be found in berries, currants, grapes, grains, roots, tubers, 
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and purple coloured leafy vegetables (Khoo, et al., 2017). Anthocyanins have been 

shown to have antioxidant and anti-inflammatory effects with many nutraceutical 

properties that can help health, and when applied to wounds have been shown to 

improve wound healing by having a cytoprotective effect, reducing inflammation, 

and improving angiogenesis (Xu, et al., 2013) 

Silk Origami and Water Fouling 

Silk adaptability 

The craftsman art of origami has been used for over four centuries to change a flat 

material into a complex 3D shape (Li, et al., 2019). Folding is an easy, cost-effective 

and scalable fabrication method; (Li, et al., 2019) therefore, origami has inspired a 

variety of structures over a wide size range, from DNA-origami (Dey, et al., 2021) and 

soft robotics (Fang, et al., 2017, Ryu, et al., 2020) to metre-scale shelters (Melancon, 

et al., 2021). In soft robotics, tailoring the stiffness and softness of the flat material is 

important for obtaining a compliant, foldable architecture which preserves its final 

shape (Mintchev, et al., 2018). The origami folds can endow the structure with 

attractive mechanical properties, such as load bearing capacity (Li, et al., 2019, Zhai, 

et al., 2018) and impact absorption; (Qi, et al., 2021, Xiang, et al., 2020) consequently, 

folds are being increasingly incorporated into soft robotics (Ryu, et al., 2020, 

Mintchev, et al., 2018, Faber, et al., 2018). 

Iron Oxide  

Iron oxides possess potential in biomedicine due to the magnetism they exhibit. This 

has been investigated with coatings for iron oxide nanoparticles with organic or 

inorganic molecules, such as drugs, proteins, or enzymes, that can be directed to sites 
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within the body using an external magnetic field (Ali, et al., 2016). Iron and iron oxides 

are naturally found in the environment and are generally considered to be non-toxic 

(Wang, et al., 2016). The iron oxide can also be extracted by using a magnet from the 

environment, making it a sustainable option for eco-friendly applications. Iron oxides 

have also been used in medical imaging such as magnetic resonance imaging and was 

found not to be toxic to human monocyte-macrophages in vitro (Muller, et al., 2007). 

Current techniques 

Soft robots, which can convert external physical forces to mechanical force, have 

attracted growing interest for a diverse range of applications, including drug delivery, 

(Setti & Wiersma, 2020, Medina-Sanchez, et al., 2018) biomedical devices (Setti & 

Wiersma, 2020, Medina-Sanchez, et al., 2018, Wei, et al., 2017) and sensors (Wei, et 

al., 2017, Zhou, et al., 2018, Wang, et al., 2020). Examples of external stimuli used as 

energy sources for locomotion include thermal energy, (Kim, et al., 2020) humidity, 

(Zhou, et al., 2018, Xu, et al., 2020, Zhao, et al., 2020, Wani, et al., 2019, Ge, et al., 

2018) chemical, (Wang, et al., 2020) and optical (Kim, et al., 2020, Jia, et al., 2020), 

and magnetic fields (Ji, et al., 2017). Among these sources, magnetic fields typically 

result in rapid and directional actuation over long ranges. Materials for smart 

actuators range from graphene (Jia, et al., 2021) and metal–organic frameworks 

(Park, et al., 2017) to synthetic polymers (Du, et al., 2020). However, these materials 

can raise environmental sustainability issues and require harsh, multi-step reaction 

conditions for production; therefore, emphasis is shifting to bioresorbable metals 

(Hartmann, et al., 2020) and eco-friendly polymers (Wang, et al., 2020, Zhao, et al., 

2020, Wei, et al., 2021, Boonkanon, et al., 2020) that are naturally sourced, 
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renewable and biodegradable. The ecological footprint of waterborne robots is 

particularly important, as freshwater, and marine environments are already 

negatively impacted by plastic and chemical pollution (Aracri, et al., 2021). 

Water fouling 

A global need exists for in situ water quality monitoring of large or complex water 

distribution systems and wastewater effluents to mitigate the impact of 

environmental contaminants on health (Dhanwani, et al., 2021, Vikesland, 2018, 

Munoz & Pumera, 2020). Miniaturised optical (Vikesland, 2018), electrical (Vikesland, 

2018) (Horne, et al., 2020), magnetic (Vikesland, 2018) and chemical sensors 

(Vikesland, 2018, Horne, et al., 2020, Nawaz, et al., 2021, Kim, et al., 2021) capable 

of on-site detection provide a promising alternative to slow traditional analytical 

methods. These technologies should be inherently green themselves, so interest is 

growing in developing non-toxic, natural colourimetric indicators loaded within a 

biopolymer matrix as eco-green chemical sensors. For example, curcuminoids from 

turmeric and anthocyanins from red-pigmented plants are metal and pH-responsive 

dyes (Chen, et al., 2020, Wiczkowski, et al., 2013) and have been used with 

biodegradable polymers including chitosan (Halasz & Csoka, 2018, Fernandez-Marin, 

et al., 2022), corn and tapioca starch (Boonkanon, et al., 2020, Chen, et al., 2020, 

Luchese, et al., 2017) as visual pH-sensing films. However, at present, no silk fibroin 

matrices or complete examples of portable eco-green sensors have been reported. 

The folding of biocompatible (DeBari, et al., 2021) silk fibroin films into reusable 

origami robots could serve as a simple approach for the fabrication of eco-friendly 

early warning systems for waterborne pollutants. 
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Chapter Aims 

In this chapter the ability of sonicated silk hydrogels and films to adopt a micropattern 

is investigated. The effect the micropattern has on fibroblasts was then recorded. In 

the present study, 3D silk structures were folded via cast moulding of liquid silk and 

plasticisation of the 2D film through water annealing. Liquid silk was also spiked with 

iron oxide particles to realise semi-autonomous films with an electromagnetic field 

strength of 1.8 mm g-1 at an iron oxide doping concentration of 0.1 % (w/w) of silk 

protein. The surface of water-insoluble films was also modified by diazonium 

coupling with benzene diazonium to increase hydrophobic repulsive forces, and this, 

in turn, increased the buoyancy and electromagnetic field strength of the resulting 

azosilk. Both native and azosilk films could be loaded with curcumin and anthocyanin 

to fabricate colourimetric 3D silk boats for detection of heavy metal salts and 

surfactants at harmful aqueous concentrations, thereby demonstrating their 

potential in pollution sensing applications. A summary of the aims of the chapter can 

be seen in Figure 4-2.  
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Figure 4-2. Chapter aims. The aims are split into 2 main sections: wound healing, and 
water fouling. Each aim has objectives listed underneath.  
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4.2 Experimental 

Silk solution was prepared as before, described in Chapter 2.2.1.  

4.2.1 Silk patterning 

4.2.1.1 Silk film patterning 

Silk solution was diluted to 3 % w/v before being added to a diffraction grate 

(Newport Corporation, New York, USA). Volumes up to 0.5 ml were added to the 

surface before being left to air dry overnight. Once the film was cast, the film was 

removed using tweezers to peel it apart from the diffraction grate surface. Films were 

also cast on PDMS surfaces with varying patterns of 10, 12 and 16 μm lines and 

concentric circle patterns. Similarly, up to 0.5 ml silk was added to the surface of 

these before air drying overnight. Once the films were dry, they were removed using 

tweezers once again.  

4.2.1.2 Silk hydrogel patterning 

Silk solution was diluted to 3 % w/v before undergoing sonication to induce sol-gel 

transitioning. The solution was kept on ice during the process to reduce heat and 

sonicated at 45 amplitude for 4-6 30 second cycles of on-off-on. Before the gel had 

set, the sol-gel solution was cast on patterned PDMS with linear channels at 10, 12 

and 16 μm and concentric circles at the same distance, and blank control PDMS 

surfaces. This was left to gelate at room temperature for 1 hour before being 

transferred to the fridge and stored at 4 °C. To produce sterile hydrogels for cell 

studies, silk solution was filtered using 0.2 µm filters before dilution to 3 % (w/v) silk 

solution with sterile water.  
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NIH3T3 mouse fibroblasts were cultured as described previously (Chapter 2.2.9). 

Prior to cell seeding, hydrogels were incubated in DMEM overnight. Briefly, patterned 

hydrogels were placed in 12- well tissue culture plates (Corning Costar, Arizona, USA) 

and 1 ml of supplemented Dubellco’s Modified Eagle Medium (DMEM) was added 

before the plates were placed in an incubator overnight at 37 °C. The DMEM was 

removed from the hydrogels before a cell suspension (1 x 104 cells/ml) in DMEM was 

added and the hydrogels were once again incubated overnight. Hydrogels were then 

viewed under a light microscope and images recorded on a 12MP OnePlus 7 phone 

camera.  

4.2.2 Fabrication and water annealing of silk films 

Liquid silk was mixed with a 10% w/v aqueous suspension of silk fibre (1241.9 ± 790.4 

µm × 21.0 ± 2.9 µm) or 1% w/v iron(III) oxide (synthetic spherical particles with 

99.995% < 325 mesh [~45 µm] size, > 96.8% purity, 4.6 g/cm3 solid density and 0.8–

1.2 g/cm3 bulk density from Inoxia Ltd, Sweden) to give a final suspension of 3% w/v 

silk containing 0.1, 1.0 or 10.0% dopant weight per silk weight. The liquid silk and silk 

suspensions were mixed slowly before casting in silicone moulds (Sika Everbuild 

Building Products Ltd, Leeds, UK) on a Perspex base (RuudraScott Plastic, Glasgow, 

UK) in air for 16 h.  

Four moulds and silk volumes were used in the study. The control mould (8 × 6 cm; 

7.45 ml) was used to screen iron oxide and silk fibre loads and to cast 3 % w/v silk 

with 0.1 % (w/w) iron oxide for loading with natural indicators. The film thickness was 

screened by increasing the casting volume in a 10 × 14.5 cm mould from 15 ml for 

thin films to 22.5 ml for medium films and 30 ml for thick films. The medium thickness 
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mould was used to cast 3 % w/v silk with 0.1 % (w/w) iron oxide for origami. Films 

were removed by scoring with a knife at a distance of at least 0.5 mm from the 

silicone mould boundary. All films were stored under vacuum in a dry environment 

before measurement to avoid structural changes. 

Films for curcumin loading were directly treated with methanolic curcumin. Films for 

diazonium coupling and anthocyanin loading were weighed and annealed with 80% 

v/v methanol/ultrapure water (10 ml per 0.1 g film) for 0.5 – 1 h. The films were then 

dried overnight at room temperature and weighed before diazonium coupling or 

loading. 

Dried films loaded with anthocyanin and curcumin were water annealed in a water-

filled vacuum desiccator using an 85.7 kPa vacuum (70 % humidity) for at least 6 h at 

room temperature to produce a water-insoluble, plasticised film. The films were 

removed from the vacuum desiccator, folded into an origami architecture within 10 

minutes, and allowed to dry for at least 2 h. Films were refolded into alternative 

shapes by repeating the water annealing process. 
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Figure 4-3. Schematic of silk boat production. Silk films are cast and air dried before 

being submerged in 80% methanol. The films are then dried and undergo water 

annealing in a pressurised chamber. Films are then folded into origami boats. 
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4.2.3 Heterogeneous diazonium coupling  

A cooled solution of 0.2 M aniline (1.25 ml) in acetonitrile and a 1.6 M aqueous 

solution of p-toluenesulfonic acid (0.625 ml) were combined with a cooled aqueous 

solution of 0.8 M NaNO2 (0.625 ml). The mixture was placed in an ice bath for 15 

minutes with continuous stirring. A silk film in 1:1 acetonitrile/0.1 M borate buffer pH 

9 (total solution volume 10 ml/0.1 mg) was combined with the stock diazonium salt 

solution (~0.98 equivalents with respect to tyrosine, assuming 288 tyrosines and 

according to an H-chain molecular weight of 391 kDa), and the mixture was placed in 

an ice bath. After combining the silk and diazonium salt, the reaction was allowed to 

proceed for 1 h. The film was then treated with ultrapure water (30 ml) for 1 h. This 

step was repeated two further times before drying the film at room temperature in 

the dark.  

 

4.2.4 Extraction of anthocyanin 

Red cabbage (East Lothian, Scotland, Billy Logan, Class 1, 00096, DWW, selected on 

12 July 2021) (400 g) was cut into approximately 5 × 5 mm pieces and boiled, with 

manual stirring, in ultrapure water (850 ml) at 98–105 °C for 0.5 h. Insoluble matter 

was separated from the anthocyanin solution with a sieve. The solution was 

concentrated at 80 °C to a final volume of 200 ml. The solution was left to cool to 

room temperature and then filtered through 12–15 µm qualitative filter paper (VWR, 

Radnor, PA, USA) and stored at 4 °C for 17 h before use. 
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4.2.5 Anthocyanin loading 

Native silk and azosilk films (6 × 4.5 cm and 6 × 8.5 cm) containing 0.1% iron oxide 

(w/w) were submerged in the anthocyanin solution (100 ml g-1) for 17 h under 

constant movement on a tilt table (SSL4 see-saw rocker, Stuart®, Staffordshire, U.K.) 

at 10 osc minutes-1 at 25 °C. The films were then removed and washed in ultrapure 

water (100 ml) three times for 20 minutes each on an orbital shaker (Yellowline OS 5 

basic, IKA, Staufen, Germany) at 240 rpm. The films were protected from light 

throughout the loading and washing process. Finally, the films were left to dry in the 

dark before being imaged on an iPhone SE (Apple, Cupertino, CA, USA) reverse 

camera at a focal length of 9.7 cm. Loading was repeated in triplicate for the 6 × 4.5 

cm film size. 

 

The photographs were standardised using a Datacolor SpyderCheckr® 24 (v1.3, 

Datacolor, NJ, USA) colour chart under the same lighting conditions. The calibration 

photo was imported to Adobe Lightroom Classic (Adobe, San Jose, CA, USA), the angle 

corrected, chromatic aberration removed, perspective profile corrected using the 

auto or full setting, a full transformation completed, and the image cropped. The 

white balance was altered using cell E2, adjusting the exposure, highlights, shadows, 

whites, and blacks to achieve RGB values of 90% at cell E2 and 4% at cell E4. The 

image was then edited in SpyderCheckr® using the colourimetric mode. The resulting 

colour profile was applied to all images under the same lighting conditions. The 

edited images were exported as 300 ppi JPG files, and a grid overlay was placed in 

ImageJ® v1.52n (National Institutes of Health, Bethesda, MD, U.S.A). The RGB values 
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were measured for 4 boxes on the grid (595952 pixels) and the averages were 

calculated. 

 

4.2.6 Curcumin loading 

Native silk and azosilk fibroin films (6 × 4.5 cm and 6 × 8.5 cm) containing 0.1% iron 

oxide (w/w) were submerged in a 2.5 mg ml-1 solution of curcumin in methanol (100 

ml g-1) for 30 minutes under constant movement on a tilt table (SSL4 see-saw rocker, 

Stuart®, Staffordshire, U.K.) at 10 osc minutes-1. The films were then removed and 

washed in ultrapure water (100 ml) three times for 20 minutes each on an orbital 

shaker at 240 rpm (Yellowline OS 5 basic, IKA, Staufen, Germany). The films were 

protected from light throughout the loading and washing process. Finally, the films 

were left to dry in the dark before being imaged on an iPhone SE (Apple, Cupertino, 

CA, USA) or a OnePlus 8 (48MP, f/1.8 ISO320) reverse camera at a focal length of 9.7 

cm. Standardisation was undertaken as for anthocyanin loading. Loading was 

repeated in triplicate for the 6 × 4.5 cm film size. 

4.2.7 Characterisation of silk films 

4.2.7.1 Colour change of silk films across pH and pollutant concentration 

Silk films loaded with curcumin or anthocyanin were imaged after being submerged 

for 2 minutes in the following solutions: 0.2 M potassium phosphate buffer (pH 4.37, 

pH 7 and pH 9.15); 897 mg L-1 SDS; 660 mg L-1 CTAB; 370 mg L-1 Triton X-100; 242.3 

mg L-1  CoCl2; 341.5 mg L-1 Co(NO3)2; 3.265 mg L-1 CuSO4; 0.15748 mg L-1 AgNO3; 

979.2 mg L-1 MgCl2; 999.2 mg L-1 MgCO3; or 600.0 mg L-1 MgOH2. The images were 

processed as for loading. Films were washed three times in ultrapure water for 0.25 
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h, dabbed dry with a tissue and dried at room temperature for 0.17 h before 

submersion in a new solution. The relative colour change (S) was calculated by 

subtracting the mode and mean intensities in the red (Ro), green (Go), and blue (Bo) 

channels of the loaded film from the red (R), green (G) and blue (B) intensities in the 

films following exposure to each medium, according to equation 1. (Dey, et al., 2021) 

𝑆	(%) = 100	 ×	
(|𝑅 − 𝑅!| + |𝐺 − 𝐺!| + |𝐵 − 𝐵!|)

𝑅 + 𝐺 + 𝐵 [1] 

4.2.7.2 Scanning electron microscopy 

For surface imaging, samples were added to aluminium stubs with sticky carbon tabs, 

with the surface uppermost. For section imaging, a titling SEM stub was used to 

rotate the samples to 90° with the cross-section uppermost. Samples were sputter 

coated (ACE200, Leica Microsystems, Wetzlar, Germany) with a 20 nm gold layer to 

minimise charging in the SEM. Samples were viewed with a Hitachi TM4000Plus SEM 

operated at beam voltage 10000eV, probe current setting 2, standard vacuum level 

(M) and with data collected in backscattered electron mode at magnifications of 

100×, 1000× and 10000×.  

4.2.7.3 Contact angle measurement 

The films were placed on a glass slide. The contact angle was measured using a DSA30 

drop shape analyser (KrussGmbH, Hamburg, Germany) equipped with a manual 

syringe and needle (diameter 0.8 mm). Droplet size was controlled manually. Results 

were analysed in Advance software (KrussGmbH, Hamburg, Germany) with manual 

droplet shape fitting. 
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4.2.7.4 Fourier Transform Infrared Spectroscopy analysis 

Positive silk II controls were provided by autoclaved silk films and silk films treated 

with 70% v/v ethanol/ultrapure H2O, while air-dried silk films and freeze-dried silk 

were used as positive controls for silk I structure. Secondary structures of silk films, 

freeze-dried powders and freeze-dried particles were analysed by Fourier transform 

infrared spectroscopy (FTIR) on an ATR-equipped TENSOR II FTIR spectrometer 

(Bruker Optik GmbH, Ettlingen, Germany). Each FTIR measurement was recorded in 

absorption mode over the wavenumber range of 400 to 4000 cm−1 at 4 cm-1 

resolution for 128 scans and then corrected for atmospheric absorption using Opus 

(Bruker Optik GmbH, Ettlingen, Germany). The second derivative of the background-

corrected FTIR absorption spectra was analysed in OriginLab 19b® (Northampton, 

Massachusetts, USA) by adapting a literature protocol (Fang, et al., 2017). The second 

derivative was smoothed twice using a seven-point Savitzky-Golay function with a 

polynomial order of 2. The amide I region was analysed by interpolation of a non-

zero linear baseline between 2–3 of the highest values in the 1600–1700 cm-1 range. 

Peak positions were identified by applying the second derivative, and the peaks were 

fitted in the amide I region using non-linear least squares with a series of Gaussian 

curves. The position, width and height of each peak were allowed to vary, while peak 

area could take any value less than or equal to 0. Deconvoluted spectra were then 

area-normalised, and the relative area of each band was used to calculate the 

secondary structure content according to literature band assignments (Ryu, et al., 

2020) (Melancon, et al., 2021). 
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4.2.7.5 Thermal analysis 

First-cycle differential scanning calorimetry and thermogravimetric analysis were 

carried out on the dried samples (3–5 mg) in aluminium pans from 20–350 °C at a 

scanning rate of 10 °C minutes-1 and under a nitrogen flow of 50 ml/minutes (STA 

Jupiter 449, Netzsch, Gerätebau GmbH, Germany). Thermograms were analysed 

using Proteus® (Netzsch, Gerätebau GmbH, Germany). 

 

4.2.7.6 Swelling analysis 

The swelling of silk fibroin films was monitored over 30 minutes. Each film was split 

into 3 pieces and placed in ultrapure water (20 ml), and the weight was measured at 

defined intervals. The films were removed, and any excess water on the film was 

dabbed dry with paper towels. This was repeated three times for each film. 

 

4.2.8 Electromagnetic field strength 

The strength of a magnetic field was measured by the ability to pull a floating 

rectangular silk film (0.1 g, 25 μm thickness) along the water-air interphase using a 

N52 round cylinder magnet (25 × 20 mm Rare Earth Neodymium). The magnet used 

in the study was moved across water-glass interphase (2 mm thickness) parallel to 

the water-air interphase (where silk was floating) at fixed distances defined by the 

volume of water in a 5000 ml glass beaker. Every added 50 ml was equivalent to a 1 

mm increase in the distance between the silk film and the magnet. 
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4.2.9 Contraction and relaxation on water 

The time of contraction from the original shape of the water-annealed dried silk films 

(ca. 7 × 5 cm) was measured in seconds as the films were placed in water (floating at 

the water-air interface). The relaxation and return to the original shape were 

followed by measuring time in seconds. 

 

4.2.10 Thickness and folding assessment 

Film thickness was measured with digital Vernier callipers (CM145 Clarke® Precision, 

Clarke®, London, U.K.) by stacking 3–4 films of the same type. The folding time after 

annealing for 17 h was measured by removing the films (ca. 9 × 13.5 cm) from the 

water annealing chamber and recording the time when the films first cracked or tore 

when being repeatedly folded and unfolded by hand. 

 

4.2.11 Characterization of silk origami boats 

4.2.11.1 Semi-autonomy 

Origami sailboats (6 × 8.5 cm) containing 0.1% (w/w) iron oxide were placed on 

ultrapure water in a clear acrylic box (10.3 × 10.3 × 5 cm). An LED panel (RALENO, 

Seattle, WA, USA) was fixed at the back of the box to provide constant illumination 

at 5600K colour temperature and at 1% brightness. An N52 round cylinder magnet 

(25 × 20 mm Rare Earth Neodymium) was suspended from the bow of the boat at ca. 

2 mm horizontally and from the highest point of the boat sail at ca. 2 mm vertically. 

The distance travelled over 30 s was captured on an iPhone SE (Apple, Cupertino, CA, 

USA) reverse camera at a capture speed and resolution of 240 fps and 1080 p using 
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FiLMiC Pro (FiLMiC Inc., Seattle, WA, USA). In parallel, the movement of a folded 

origami boat manufactured without iron oxide was used as a negative control. Each 

condition was repeated with three origami boats manufactured with different silk 

batches. Images were extracted at 240 fps using FFmpeg (Mintchev, et al., 2018). 

 

4.2.11.2 Sensing of pH and pollution  

Films (4.5 × 4.5 cm) were loaded with anthocyanin and curcumin, water annealed and 

folded into origami canoes. Boat hulls were imaged on an iPhone SE (Apple, 

Cupertino, CA, USA) reverse camera at a focal length of 7.8 cm. Curcumin-silk canoes 

were placed on 0.2 M potassium phosphate buffer (pH 4.73 and 9.15), and 

anthocyanin-silk canoes were placed on 660 mg L-1 CTAB and 979.2 mg L-1 MgCO3 

for 2.5 mins before removal, drying in air and imaging. Photographs were 

standardised as described for loading of 2D films, the RGB values were measured for 

2 boxes on the grid (42840 pixels) and the averages were calculated. 

 

Equivalent origami sailboats (6 × 8.5 cm) were placed on 0.2 M potassium phosphate 

buffer (pH 9.15), 897 mg L-1 SDS and 3.27 mg L-1 copper sulphate in a clear acrylic 

box (10.3 × 10.3 × 5 cm). An LED panel (RALENO, Seattle, WA, USA) was fixed at the 

back of the box to provide constant illumination at 5600K colour temperature and at 

1% brightness. The colour change was imaged on an iPhone SE (Apple, Cupertino, CA, 

USA) reverse camera at a capture speed and resolution of 60 fps and 2160 p using 

FiLMiC Pro (FiLMiC Inc., Seattle, WA, USA). Images were extracted at 60 fps using 

FFmpeg (Mintchev, et al., 2018). 
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4.2.12 Statistical analyses  

Data were analysed using Microsoft Excel® 2019 (Microsoft Office 365 ProPlus 

Software, Redmond, WA, U.S.A), Minitab® (Minitab® Statistical Software, State 

College, PA, USA) and GraphPad Prism 8.2.1 (GraphPad Software, La Jolla, CA, U.S.A.). 

Normality of the data distributions was assumed throughout. The equivalence of 

variance for sample pairs and multiple groups was identified with the F-test and 

Bartlett’s test. Sample pairs were analysed using the independent t-test. A two-way 

ANOVA was used to compare multiple groups across two independent variables, 

followed by Šidák’s multiple comparison, simple effects post-hoc test. Statistical 

significance, identified using post-hoc tests, was as follows: *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. All data are displayed as the mean ± standard 

deviation, with the number of experimental repeats (n) shown in each figure legend.  
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4.3 Results 

4.3.1 Micropatterning 

Silk films were cast on diffraction grating (Figure 4-2) and PDMS molds of various 

designs (Figure 4-3). The films were able to be removed from the substrate by 

carefully lifting off. The negative of each pattern could be seen on each film. The film 

cast on the diffraction grating was able to diffract light as the grating had done, 

indicating a clear transfer of the pattern onto the silk.  
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Figure 4-4. Patterned silk films. Diffraction pattern on the silk film surface creating 

light diffraction rainbow effect. Arrows indicate concentric circles on silk film surface 

with 2 different circle widths.  
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Patterned silk films were then methanol treated to determine if the crystallization of 

the silk film would alter the pattern on the surface. The diffraction of light can still be 

seen on the surface of methanol treated films (Figure 4-3) indicating that the pattern 

was unaffected by the treatment of the films.  
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Figure 4-5. Silk film patterned with diffraction pattern on surface after methanol 

treatment. The pattern is preserved as the light diffraction rainbow effect is visible. 
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Silk films spiked with iron (III) oxide particles were then cast on the patterned PDMS 

mould. The films still displayed the micropattern clearly, with the iron (III) oxide 

microparticles visible. The pattern was also preserved when the films underwent 

water annealing and methanol treatment (Figure 4-4).  
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Figure 4-6. A. Silk film with linear pattern and 1% (w/w) iron (III) oxide particles 

incorporated. B. Silk film with iron (III) oxide particles incorporated after methanol 

treatment. The iron (III) oxide particles are still visible in the silk film alongside the 

pattern. 
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4.3.2 Micropatterning hydrogels 

Silk hydrogels were then cast to determine if they could still retain the 

micropatterning. Silk solution underwent sonication until the sol-gel phase and was 

cast onto PDMS molds as shown in Figure 4-5.  
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Figure 4-7. Silk hydrogels in the sol-gel state added to PDMS casts for patterning. 

Circular patterned PDMS, linear patterned PDMS and flat PDMS of varying separation. 
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When removing the silk hydrogels from the PDMS casts, the hydrogel was often 

fragile and would break. To improve stability a glass cover slide was placed on the top 

of the gel as it was setting. The other method used was freezing the gel for 1 hour 

before removal to harden the gel. This created small bubbles on the surface of the 

hydrogel (Figure 4-6).  
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Figure 4-8. Patterned silk hydrogels with concentric circles with 12 µm and 16 µm gaps. 
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Figure 4-9. Slide placed on surface of hydrogel on PDMS cast for removal. 
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To determine if the micropattern on the silk hydrogel surface influenced cell 

morphology, hydrogels were seeded with NIH 3T3 mouse fibroblasts. Silk films were 

not tested with cells. Cells were grown overnight on the surface of the hydrogels and 

imaged. Cells did not appear to grow in the grooves of the micropattern but some 

changes to the patterning can be seen suggesting the cells can detect the changes in 

pattern. 
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Figure 4-10. NIH3T3 Fibroblasts grown on patterned gels. (n=1) 
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4.3.3 Silk film production 

Silk films can be cast, and methanol treated to induce crystallisation. This produces a 

film that will fracture upon folding but will not dissolve in water. To allow the folding 

of the silk film, the sheet must be placed in a water annealing chamber for a minimum 

of 1 hour to plasticise the silk film. This hydrates the beta sheets and allows the film 

to be folded before the water evaporates and the film becomes unable to be folded.  
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Figure 4-11. Silk origami. Top: Unfolded silk film on the left after being folded to form the boat 

on the right. Bottom: Silk boat on the left followed by paper boats of various sizes to the right. 
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Silk films may also be cast containing iron (III) oxide nanoparticles to produce a 

magnetic boat. The nanoparticles remain distributed evenly through the film and do 

not affect the folding properties. Casting conditions were first optimised for semi-

autonomy by varying the iron oxide particle concentration, the time window for 

folding by tuning film thickness, and the longevity of folds upon water by increasing 

silk fibre (1241.9 ± 790.4 µm × 21.0 ± 2.9 µm) concentration and hydrophobicity 

(Figure 4-13). The film thickness was tuned by increasing the volume of liquid silk for 

mould casting. Diazonium coupling generally increased the film thickness compared 

to native films (Figure 4-14) and resulted in an increase in the water contact angle, 

indicating a greater hydrophobicity (Figure 4-17). 
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Figure 4-12. The dimensions of mechanically cut silk fibres. (a) Histograms of length 

and width. Reference lines show the minimum, average and maximum dimensions. n 

= 30. (b) Exemplar images of silk fibres at 10× magnification. Scale bar = 1 mm. 
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Silk films were folded following an origami boat pattern as shown in Figure 4-9. Paper 

boats were produced first to determine sheet size of silk film required and to 

demonstrate flexibility of the silk film when compared to paper. Silk films were able 

to be folded into a small boat before drying out following water annealing. The films 

can then be unfolded without breaking along seams.  

4.3.4 Origami Film parameters 

The casting of silk films was performed at three volumes to produce three 

thicknesses. The thinnest film measured at 0.031 ± 0.004 mm, the medium film was 

0.048 ± 0.006 mm and the thickest film measured 0.068 ± 0.011 mm. The thicknesses 

were significantly different from one another (p = 0.002 thin and thick, p = 0.037 

medium to thick). The folding time of the three thicknesses was also measured. The 

time for the film to be unable to fold increased with the increasing thickness 

measured. The thinnest film was unable to fold after 140 seconds. The medium 

thickness film was unable to fold after 210 seconds. The thickest film was unable to 

fold after 244 seconds. Following plasticisation by water annealing, the time of plastic 

endurance of the azosilk and native silk films in air increased with thickness due to 

the reduced surface area percentage for evaporation of the thicker films (Figure 4-

11). Across all thicknesses, azo-modification reduced the plasticity time window 

(Figure 4-15).   
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Figure 4-14. Silk film processing. Silk solution was doped with iron oxide (1) or silk 

fibres (2) and cast at 3 different thicknesses (3) to assess the impact of each 

independently. Surface modification was performed (4) to produce azosilks. The 

thickness of films showed differences once modification had taken place at each 

casting volume difference. Error bars are hidden in the bars and plot symbols when 

not visible, ± SD, n = 3. Multiple factors were evaluated by two-way analysis of 

variance (ANOVA), followed by Šidák’s multiple comparison, simple effects post-hoc 

test. Asterisks denote statistical significance determined using post-hoc tests as 

follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Scanning electron microscopy (SEM) confirmed that iron oxide particles were 

incorporated into, and retained within, the silk film matrix following post-processing 

methods (Figure 4-12). The cross section of the iron loaded azosilks revealed a more 

irregular surface when compared to the native silks. 
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Figure 4-15. SEM images of native and azosilk films after water annealing with 0 and 

0.1 % (w/w) iron oxide particle loads. 
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All films showed stability in water due to the dominant β-sheet secondary structure, 

which ranged from 55 to 61% (Figure 4-13). The thermal decomposition of silk films 

occurred at temperatures above 250 °C, which was consistent with a high β-sheet 

content (DeBari, et al., 2021), and azo-modification generally increased the thermal 

stability (Figure 4-13). 
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Figure 4-16. FTIR band assignments and schematic key. Secondary structure content 

of silk films drop-casted with varying iron oxide particle concentrations. Secondary 

structure content (%) was calculated from the relative areas of peaks in the second-

derivative spectrum. Untreated silk films were used as negative controls for B-sheet 

content. The extrapolated onset temperature of decomposition (T0) of silk films from 

first-cycle DSC. Error bars are hidden in the bars and plot symbols when not visible, (n 

= 3, ± SD) 
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To determine the effects of water on the films the swelling was measured by weight 

of film over 30 minutes. The 0.1 % fibre film showed the largest initial increase, with 

56.43 ± 15.89 % in the first minute, but this decreased to a 46.31 ± 11.63 % weight 

increase after 30 minutes. The 1% fibre film showed a much lower initial weight 

increase (17.97 ± 15.25 %) and grew steadily to 30.08 ± 6.44 % of the initial weight. 

The 10% fibre film also did not have as large an initial swelling, with a 30.51 ± 8.62 % 

increase after 1 minute, and 35.96 ± 6.42 % after 30 minutes. 

 

The presence of 0.1 % Fe3O4 nanoparticles allowed the film to swell to 41.48 ± 3.58 % 

after 1 minute and 43.79 ± 12.56 % after 30 minutes. This consistent swelling was 

also seen in 1 % and 10 % Fe3O4.  

Finally, the thin film had an initial swelling of 30.36 ± 4.15 % and 29.83 ± 11.17 % after 

30 minutes. The medium film had a lower initial swelling (20.28 ± 25.38 %) with large 

variability, and the final swelling was just as diverse (24.44 ± 24.25 %). The thickest 

film had a higher initial swelling of 31.55 ± 14.55 % and after 30 minutes had 

increased by 32.77 ± 4.93 %. Azosilk films showed varying swelling over 30 minutes 

with iron oxide particle doping. For example, a weight change of 35 % occurred at an 

iron oxide loading of 0.1 % (w/w), and this increased to 61 % at 1 % (w/w) iron oxide. 

Increasing the iron oxide content further to 10 % (w/w) resulted in a lower weight 

increase of 19 % over 30 minutes.  
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Figure 4-17. The effect of aqueous environments on silk films. (a) Water contact angle 

of azosilk and native silk medium thickness films without iron oxide and of native 

control thickness silk film containing 0.1 % (w/w) iron oxide. (n = 3, ± SD). (b) Exemplar 

images of water contact angles for azosilk and native silk films. Scale bars = 0.5 cm. (c) 

Weight change of native silk and azosilk films following immersion in ultrapure water. 

(n = 3, ± SD) 
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4.3.5 Locomotion and floating testing 

The films were tested on the surface of water to determine if they would remain 

stable and if the weight of iron or fibres would alter the ability of the film to float. All 

films were able to float on the surface of water without sinking for up to 30 minutes. 

When folded into an origami boat, films began to unfold after 10 minutes. All films 

spiked with iron (III) oxide showed semi-autonomy on the water surface. They could 

be pulled along the air-water interface using a neodymium magnet. Increasing the 

iron oxide load from 0.1% to 10% (w/w) resulted in a decreased electromagnetic field 

strength required for magnetic response from 2.71 x 104 to 0.45 x 104 m-1. 
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Figure 4-18. a) the time window for folding silk films while plasticised following water 

annealing. b) The time taken for initiation of contraction and initiation of relaxation 

by films lying on the air-water interface was used a measure of structural stability in 

wet environments (n = 3,± SD). 

 

 

For sensing applications, silk films doped with 0.1 % (w/w) iron oxide particles and 

casted at medium thickness were loaded with curcumin extracted from turmeric 

rhizome and anthocyanin extracted from fresh red cabbage (Figure 4-16).  
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Figure 4-19. The change in pixel channel intensities upon (a) loading medium thickness films 

containing 0.1% (w/w) iron oxide particles with anthocyanin for sensing pH, heavy metal salts 

and surfactants and with curcumin for sensing heavy metal salts and surfactants. (b) Medium 

thickness films containing 0.1% (w/w) iron oxide particles were loaded with curcumin for 

sensing pH and unloaded in 0.1 M aqueous NaOH. Scale bars = 0.5 cm (n = 3, ± SD) 
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Both native and azosilk films showed a visible colour change upon loading with the 

natural pigments (Figure 4-17) and could be used as colourimetric probes for pH 

changes (Figure 4-17, Figure 4-18). The colour of the azosilk and native curcumin-

loaded films was yellow at pH 4.37, deep yellow at pH 7.00 and reddish-orange at pH 

9.15. 
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Figure 4-20. The change in colour and mean pixel channel intensities of curcumin-loaded and 

anthocyanin-loaded azosilk and native silk medium thickness films containing 0.1% (w/w) iron 

oxide particles in response to pH, surfactants, and heavy metal salts. Scale bars = 0.5 cm (n = 3, 

± SD). 
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The colour change was analysed in the RGB colour space and revealed a reduction in 

the blue channel intensity for native and azosilk films with increasing pH, in addition 

to a reduction in the red and green channel intensities of azosilk films at pH 9.15. 

Anthocyanin-silk films were more sensitive than the curcumin-silk films to pH, as the 

relative colour change was consistently greater than their curcumin counterparts at 

all pH values investigated (Figure 4-18). 
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Figure 4-21. The relative colour changes of curcumin and anthocyanin-loaded native silk and 

azosilk films varying pH, surfactant and heavy metal salt. Multiple factors were evaluated by 

two-way analysis of variance (ANOVA), followed by Šidák’s multiple comparison, simple 

effects post-hoc test.  Asterisks denote statistical significance determined using the t-test and 

post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Curcumin-silk films could be unloaded by treatment with sodium hydroxide 

(Aboudiab, et al., 2020), allowing recycling of the film and loading with alternative 

indicators (Figure 4-16). However, unloading the azosilk increased the film brittleness 

and fracture.  

As proof of principle, native and azosilk medium thickness silk films containing 0.1 % 

(w/w) iron oxide were then folded into a variety of 3D origami structures, including 

waterborne boats and airborne darts and spinners. Silk origami structures could be 

reused for at least five cycles prior to elastic failure upon folding, and the films could 

also be reloaded with chemical indicators. In addition, both native and azosilk 

examples of 3D silk origami sailboats remained structurally stable for at least 3 days 

on ultrapure water. An efficient method for the distribution and recovery of films 

using magnetic fields as the energy source for locomotion was achieved, as the silk 

origami retained semi-autonomy upon folding (Figure 4-19). Silk origami sailboats 

were then used as in situ pH probes and showed visible colour changes along their 

hulls within 2.5 minutes of exposure to a 0.2 M potassium phosphate buffer at pH 

9.15. The silk canoe design enabled colourimetric analysis of the keel of the boat, as 

this region of interest consisted of a single layer. For example, the yellow to reddish-

orange colour change as pH increased from 4.37 to 9.15 was detected by the 

decrease in green channel intensity of native curcumin-silk canoes. For the azosilk 

canoe, monitoring of this colour change was possible through the increase in red 

channel intensity. Detection of the model pollutants CTAB and magnesium carbonate 

was also possible using anthocyanin-silk canoes through increased intensities in the 

red, green, and blue channels. 
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Figure 4-22. Semi-autonomous movement of origami silk boats across water using a 

magnet and distance travelled for both native and azosilk origami boats. 
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Figure 4-23. The change in colour of curcumin-loaded and anthocyanin-loaded silk 

films with pH and environmentally relevant concentrations of cationic, neutral, and 

anionic surfactants and heavy metal complexes, measured with the mode intensities 

in the RGB colour space. The mode intensities of the red, green, and blue channels 

were extracted from the RGB histograms for curcumin-silk and anthocyanin-silk films. 

The native silk and azosilk films, following loading and washing with ultrapure H2O, 

served as the controls. (n = 3, ± SD). Error bars are hidden in the bars and plot symbols 

when not visible. Scale bars = 0.5 cm. Multiple factors were evaluated by two-way 

analysis of variance (ANOVA), followed by Šidák’s multiple comparison, simple effects 

post-hoc test. Sample pairs were analysed using the independent t-test. Asterisks 

denote statistical significance determined using the t-test and post-hoc tests as 

follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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4.4 Discussion 

The intentional spreading of cells and encouragement of directional growth can be 

used for improving wound healing and closure (Wang, et al., 2021, Schneider, et al., 

2010, Molinie & Gautraeu, 2018) and silk has shown suitability for wound dressings 

throughout this thesis and work by others (Farokhi, et al., 2018). Micropatterning can 

direct cell growth (Li, et al., 2023, D'Ovidio, et al., 2019) and discourage bacterial 

biofilm formation. The initial aims of this chapter were to determine if silk hydrogels 

could be cast with micropatterns that would be maintained through handling. Silk 

films had the ability to retain micropatterns when cast on PDMS, and after 

crystallisation, maintained these micro-structures. This observation is in line with 

earlier work (Youn, et al., 2021, Wang, et al., 2019, Wang, et al., 2017). The patterns 

were also unaffected by the addition of iron particles. Silk hydrogels were also able 

to be micropatterned when cast on PDMS during the sol-gel transition. The 

characterisation of the micropatterns could be further investigated to fully 

understand the 3D nature of the patterning. Confocal microscopy was investigated 

as a potential method with DAPI stained hydrogels to view the depth of the 

micropatterns, but images were unsuccessful, and the patterns were not able to be 

discerned from the rest of the hydrogel. Other methods, such as atomic force 

microscopy (AFM) could be used to map the surface of hydrogels and films. Initial 

results with fibroblast cells on silk hydrogels suggest the growth is not influenced by 

the micropattern, but cells will survive when grown on silk hydrogels with patterns. 

This could be an important result with further research into how films and hydrogels 

degrade with the micropatterns, and how further culturing of cells could reveal 
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protein expression or cytoskeleton differences when cultured on flat and 

micropatterned surfaces. Another important characteristic of silk films investigated 

was the ability of films to be loaded and folded. 

The crystallinity of silk fibroin films can increase with drying time (DeBari, et al., 

2021); therefore, the films were methanol annealed to induce β-sheet self-assembly 

for scalable origami production and to enable the loading of lipophilic dyes during 

this step. Water annealing was used to increase the plasticity and fracture resistance 

of the semicrystalline films (Hu, et al., 2011, Jin, et al., 2005) during folding, while 

stiffness was regained upon drying. The post-casting modification of silk films by 

diazonium coupling (Murphy, et al., 2008, Zhao, et al., 2014) of benzene diazonium 

with tyrosine and histidine residues was used to increase the hydrophobicity of the 

film surface. 

The effect of the thickness of the film on the ability to fold was measured over time. 

The time of plasticity of the films increased as the thickness increased, suggesting 

that due to the ratio of surface area to moisture in the film reducing, the evaporation 

rate was reduced and thus the film remained able to be folded for longer. The ability 

of silk films to swell with water have been documented previously (Lawrence, et al., 

2010) with the hydration of the film altering the mechanical properties of the film.  

When the films were submerged in water, the weight of the film changed which 

suggests the film was rehydrating. Films spiked with both iron oxide and silk fibres 

were also able to retain these folding properties for similar times. Films spiked with 

iron oxide were also able to be moved by a neodymium magnet across the surface of 
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water. Changing the concentration of iron oxide resulted in a change in the distance 

of magnetism which would allow the films to be altered for desired movement.  

Curcumin was loaded onto films doped with 0.1 % iron oxide particles with medium 

thickness. Once curcumin was added to these films, a visible colour change was 

exhibited. Curcumin had a bright yellow/orange appearance when solubilised in 

methanol which was displayed on the films. The films with iron oxide were relatively 

transparent with a grey hue. Once loaded with curcumin, the films remained slightly 

transparent but had a strong yellow hue. To test the pH sensing ability of curcumin 

the films were then exposed to varying pH levels. Between pH 4.37 and pH 8.16 the 

films were yellow, yellow-orange between 9.15 and 10.50, and orange-red at pH 

11.36. The colour change was reversible and would return to yellow when rinsed in 

pH 6.5 water. The colour change confirmed the reversible tautomerisation of 

curcumin from the predominant yellow keto form in the acidic and neutral 

environments to the red enol form as basicity increased above pH 8 (Chen, et al., 

2020). Anthocyanin-loaded films were pink-purple at acidic pH due to the dominant 

cationic flavylium species (Chen, et al., 2020) (Fenger, et al., 2019), purple at pH 7.00 

and blue at pH 9.15, as equilibrium favoured the quinoidal anhydrobase (Chen, et al., 

2020, Fenger, et al., 2019). In the RGB colour space, the green channel intensity of 

native films increased with pH, while the red channel intensity decreased for azosilk 

films. Consequently, data from deployed silk origami eco-sensors could be monitored 

in near real-time using field conditions or remotely by aerially acquired images. 

Increasing alkalinity in wounds has been shown to influence the survival and 

proliferation of bacteria, with Pseudomonas aeruginosa producing virulence factors 



227 
 

such as alginate and proteinase at pH 8, and both Pseudomonas aeruginosa and 

Klebsiella pneumoniae had increased biofilm growth in alkaline conditions (Bennison, 

et al., 2017). Chronic wounds have also been found to be predominantly alkaline 

(Jones, et al., 2015). The curcumin and anthocyanin loaded silk films displayed visible 

colour changes when exposed to increasing alkalinity of their environment, indicating 

that the incorporation of these agents into wound dressings could offer a visual 

indication of the pH of the wound bed and therefore the risk of bacterial infection or 

progression of a wound healing. 

The boats preserved their shape for at least 3 days on water and could exhibit colour 

changes within 1 minutes after exposure to solutions of basic metal salts and 

surfactants. These eco-green sensors demonstrate the practical importance of 

origami for engineering silk devices and enable a simple, deployable approach for 

direct monitoring of pH and pollution.  
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4.5 Conclusion 

Silk can be manipulated into hydrogels that incorporate micropatterns which could 

be useful for directing cell proliferation into ordered patterns to improve healing 

outcomes and reduce infection by preventing biofilm formation. Silk films can be 

produced which can be folded into many shapes and dried, retaining the form. 

Curcumin can be loaded onto these films to improve wound healing outcomes by 

detecting pH changes locally and reducing the duration of inflammation.  
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5. Chapter 5 General Discussion and Conclusions 

 

The following chapter summarises the research outputs included within this thesis 

including: (i) Chapter 2: the cellular impact of silk fibroin hydrogels in the context of 

wound healing (Egan, et al., 2022), (ii) Chapter 3: antibacterial effects and sterility of 

silk fibroin solution (Egan, et al., submitted), and (iii) Chapter 4: the versatility of silk 

fibroin as origami films for biological testing (Matthew, et al., 2022). The ability of silk 

films and hydrogels to maintain a micropattern is also reviewed. For future work, 

further investigation into the role of patterning in cellular alignment on silk fibroin 

films and hydrogels is proposed as the next steps. The thesis is then brought to an 

overall conclusion. 
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5.1 General Discussion 

This thesis explored the use of silk fibroin in the context of wound care applications. 

The primary aim of this thesis was to investigate the biomaterials effects on wound 

closure and bacterial infiltration which was broken down into key aims and objectives 

to achieve this goal. 

Since the start of this thesis, the area of wound care has continued to develop. New 

products are being tested with varied focus and results to improve the landscape of 

healthcare and reduce the burden of wounds on health services.  

Wound dressing research has continued with new combinations of biomaterials 

being developed for the treatment of wounds with difficulty healing. In the realm of 

hydrogel wound dressings, polyethylene glycol with silver nitrate and the drug, 

deferoxamine, was monitored for diabetic and open wounds (Chen, et al., 2019). 

Another new dressing that has been developed is EHO-85 with antioxidant properties 

and stimulating granulation (Nguyen, et al., 2023). In the past five years, there have 

been 12 clinical trials published involving the use of hydrogel based wound dressings 

available on PubMed, indicating this area of research remains relevant and necessary. 

Likewise, silk fibroin research has continued, and new combinations and material 

formats have been investigated for various purposes as a biomaterial. In the area of 

silk fibroin as wound dressings, there have been 14 review papers published in the 

last five years, according to PubMed. Recent developments in the hydrogel wound 

dressing space include nanoparticle composite dressings, stem cell hydrogel 

composites, and curcumin- hydrogel composites (Zahra, et al., 2023). Silk fibroin 

solution based Nanosilk has been applied to diabetic skin samples, showing an 
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improvement in maximum load and modulus, strengthening the skin (Lehmann, et 

al., 2022). Work has also been done to investigate the use of silk fibroin as a biosensor 

due to the ability to immobilise enzymes such as uricase, phytase, and glucose 

oxidase (Lehmann, et al., 2022). Although there is much research in the area, no new 

clinical trials have been published involving silk fibroin as a wound dressing.  

The advances in the field indicate the relevance of this thesis, as silk fibroin shows 

promise in a vast array of biomaterial formats in healthcare settings. 

The first objective, covered in Chapter 2, was to determine the impact of silk fibroin 

hydrogels in a cellular capacity. Aqueous silk fibroin was processed into self-

assembling hydrogels through electro-gelation or sonication to monitor the 

differences in these hydrogel types. Electro-gels contained significantly more silk 

than sonicated hydrogels of same weight (Figure 2-4), thought to be due to the 

electric field created when producing electro-gels. Electro-gels were also more 

amorphous than sonicated hydrogels, which were more crystalline. The silk release 

from both types of hydrogel were monitored in water and PBS at body temperature 

to mimic the application of the hydrogel topically. The secondary structure of the silk 

released from the hydrogels was then measured by FTIR and SDS PAGE, revealing that 

the silk released from both sonicated and electro-gels was rich in beta sheets (Figure 

2-10). This indicated that there was a higher crystallinity of the silk released from the 

hydrogels when compared to aqueous silk solution. This was hypothesised to be due 

to an intermediate silk secondary structure in the incubation in the bulk aqueous 

phase when silk is more conformationally flexible and would be able to alter the 

secondary structure as once it is integrated into a hydrogel network, the silk is less 
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able to alter its conformation. The impact of the released silk was assessed on a 

fibroblast model in a scratch wound assay, proliferation assay, migration assay and 

phosphorylation assay. Receptor tyrosine kinase signalling showed that soluble silk 

supported fibroblast functions relevant for cell survival, proliferation, and motility. 

The proliferation of fibroblasts was unaffected in the presence of silk fibroin, which 

supported the hypothesis that silk was not cytotoxic to these cells. Cell migration was 

largely unaffected by the presence of silk, except at a key concentration of 1600 

µg/ml. This response was thought to be an off-target effect, which suggests there is 

a complex biological response to silk fibroin which would require further 

investigation. In the scratch wound assay, cells exposed to silk fibroin showed a faster 

migration into the wound area. However, many questions remain that require further 

work, for example:  

1. What is the effect of leached aqueous silk fibroin on other cell types such as 

epidermal cells? 

2. Does the silk hydrogel itself affect the closure of a wound? 

3. Does the silk hydrogel degrade over time and how does the silk break down? 

From these questions, there are future experiments that could be done to further 

validate these results discussed. Other cell types could be analysed with the 

hydrogels and leached silk, and cell viability could be confirmed with other assays 

such as nucleic acid binding dyes to monitor the live cells present. Biodegradation is 

an important factor in this study due to the use of hydrogels topically. More work 

should be done to monitor and quantify the biodegradation over time in a simulated 

wound environment before progression to in vitro studies. The hydrogels can be 
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monitored for silk release over long periods and also imaged to view the breakdown 

of solid matter.  

This work provided the first evidence of the potential use of aqueous silk fibroin 

leached from hydrogels in aiding wound healing. 

The next objective, covered in Chapter 3, was to assess the antibacterial effects of 

aqueous silk fibroin and the inherent sterility of the solution. The processing of the 

silk solution was assessed to determine if remaining lithium bromide caused the 

solution to affect bacterial cells, but it was found to be removed. The secondary 

structure of the silk solution was also found to remain stable at increased 

temperatures and rocking (Figure 3-6). Silk solution was found to possess inherent 

sterility when incubated with TSB growth media and in aerobic and anaerobic 

conditions on blood and chocolate agar. This is interesting as silk is produced 

aseptically on the benchtop, and after storage for 14 days once produced, all samples 

did not contain microbial growth (Figure 3-1, 3-7). This result was reinforced by the 

spiking of sterile silk with known pathogens, Staphylococcus aureus and 

Pseudomonas aeruginosa. After spiking silk solutions  ³ 4 % (w/v), no viable bacterial 

cells were seen, suggesting that aqueous silk fibroin could impede bacterial growth 

and survival, thought to be due to the glycine present in the silk chains. However, 

many questions remain that require further work. For example: 

1. How does aqueous silk fibroin interact with other bacterial cell types? 

2. Does the processing of the silk affect the bactericidal effects? If silk is reverse 

engineered with other chemical agents such as sodium hydroxide (DeBari, et 

al., 2021) 
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3. Do the antimicrobial properties of aqueous silk fibroin translate across other 

formats such as hydrogels? 

The work in this chapter provided a baseline measurement of the antibacterial effects 

of silk fibroin, but this work disagreed with some literature. Previous work in the area 

has found mixed results on the antibacterial effects of silk fibroin (Seves, et al., 1998), 

but the work reported in this thesis is unique in the processing of silk and bacterial 

strains studied. To address the contradictory results some future experiments can be 

undertaken to review the effects of silk. The sterility studies performed in this thesis 

were also monitored visually, where in future the use of a spectrophotometer to 

quantify the turbidity of the TSB solution. The sterility was verified with the use of 

blood and chocolate agar to back up these results.  

The final objective was to investigate the versatility of silk fibroin and explore the 

uses out-with conventional biomaterials in an adjacent avenue (Chapter 4). Curcumin 

has been used previously for wound healing applications, so the ability of silk fibroin 

films to incorporate this could be beneficial for wound dressings. The curcumin and 

anthocyanin loaded films were able to detect contaminants in water through 

displaying colour changes in response to the environment. This could also be useful 

in a wound dressing context as bacterial infections in wounds could alter the alkalinity 

of a wound bed. There are many questions that still require answering, however. 

Examples are:  

1. What other contaminants could be detected with the loaded films? 

2. How can the colour change of the silk boat be detected consistently in 

different solutions? 
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3. What is the lifespan of the silk boats in contaminated water and how quickly 

do the boats degrade? 

The work in the final chapter was more focussed on the environmental sensing 

capabilities of the silk films produced. To verify the translation of these films to 

wound dressing sensing abilities, future work can be done to monitor the effects of 

the curcumin and anthocyanin topically, and the release from the silk films. Work 

should also be done to monitor the ability of silk hydrogels to incorporate these 

agents and exhibit beneficial colour changing or anti-inflammatory effects. The 

micropatterning work discussed in this chapter was very preliminary but the 

promising ability of silk to incorporate these micropatterns is encouraging for future 

research. The cell studies were only performed with the hydrogels and imaged once, 

so more work should be done in this area to verify the cells ability to adhere to the 

surface of patterned and non-patterned hydrogels, and these cells can be 

characterised to determine the effects of the patterned hydrogels on them.  

  



236 
 

5.2 Recommendations for future research 

This project explored the application of silk fibroin in a wound environment to 

potentially improve healing processes and shorten the time it took to recovery. The 

project provides a strong starting point for future development into topical 

application of silk fibroin to improve prospects in wound management but requires 

further work and development before a final judgement can be made. 

The project was impacted by the Covid-19 pandemic and university closure which 

means there were many limitations in the work undertaken. The main project 

affected was the micropatterning of hydrogels and films, and as discussed, the 

origami work was undertaken as a team to maximise outputs during restricted 

laboratory access. 

To further investigate the micropatterning, I would recommend further imaging is 

performed to map the depth of the patterns. This work would also benefit from in 

vitro studies to monitor how live cells navigated the surface. This could involve 

morphological studies such as imaging and live-mapping of the cell distribution. 

Fibroblast cells could be stained to show the actin filaments which would indicate the 

movement and attachment of the cells. As part of this study, I would recommend 

surface wettability and water contact angle to be measured on the micropatterned 

surfaces. This would allow understanding of the effects that these features have on 

the cell attachment and motility. Studies have already indicated that cells can be 

aligned in micropatterns and if silk hydrogels can be adapted to have similar results 

this would be ideal for wound healing applications (Wang, et al., 2017, Youn, et al., 

2021). Longevity studies would also need to be performed to identify the lifespan of 
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the hydrogels in situ, determining how the gel breaks down over time and how long 

the pattern lasts. I have shown that hydrogels release silk over time in water and PBS, 

so it is expected that the hydrogel will degrade. It would be interesting to know if the 

cells remain in the aligned state also. Finally, I would recommend bacterial studies 

are done on the micropatterned surfaces. Studies have indicated that in nature, 

micropatterns disrupt the formation of biofilms and can reduce bacterial adherence. 

Regarding silk release from hydrogels and the resultant effect on cells, these studies 

would benefit from a wider variety of cell types being tested with the silk fibroin. 

Although fibroblasts are a key cell type in skin and wound remodelling, other cell 

types such as keratinocytes, macrophages, and endothelial cells are key in the 

proliferative stages of wound healing (Wilkinson & Hardman, 2020). As such, it would 

be beneficial to understand how the presence of silk fibroin influences these cell 

types too to build a greater picture of the potential implementation in wound care. 

This work would also benefit from in vivo studies to monitor wound closure with the 

application of hydrogels or aqueous solution. The ability of the silk films to retain dyes 

was investigated, and this work would benefit from future studies investigating the 

ability of films and hydrogels to bind to drugs and monitor their release profiles as 

the biomaterial degrades. Relevant drugs could include antibiotics, such as penicillins 

or clindamycin, or antiseptics, such as iodine or chlorhexidine, that could be 

beneficial in a wound environment (Norman, et al., 2016).  

Another recommendation for future work to further investigate the sterility and 

antibacterial effects of aqueous silk fibroin would be to test it with other bacterial 

cell lines that would be relevant in a wound environment such as Klebsiella 
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pneumoniae and Proteus mirabilis (Puca, et al., 2021). Bessa et al. (2015) found 

Proteus mirabilis in 10% of wounds cultured, third most commonly after 

Staphylococcus aureus (37%) and Pseudomonas aeruginosa (17%). Proteus mirabilis 

is a rod-shaped bacterium that commonly develops antimicrobial resistance which 

could be important to tackle if silk was to be used as a wound care agent (Shelenkov, 

et al., 2020). Antimicrobial resistance (AMR) is on the rise in other strains of bacteria, 

and new antibacterial agents are required to tackle the growing resistance amongst 

pathogenic bacteria (Murray, et al., 2022). As such, it would also be advisable to 

monitor the effectiveness of silk against bacterial strains with known antibiotic 

resistance, such as methicillin resistant Staphylococcus aureus (MRSA). Another 

future experiment could involve imaging the bacterial cells after exposure to silk 

through electron cryotomography to assess the morphology of the cells. This could 

help determine the mechanism through which silk appears to render the bacterial 

cells unviable. If the mechanisms employed by silk are unique, it could prove useful 

in the fight against AMR and reduce the mutations amongst bacteria to develop 

resistance to antibacterial agents. 

The eco-sensing aspect of silk fibroin films could be further investigated with other 

natural dyes loaded onto films and in a greater array of contaminated waters. The 

ability of the colour change to be assessed by an arial imaging device on a body of 

water should also be recorded. This could indicate future uses of the eco-sensor 

canoe as the movement of water, what is beneath the surface of the water and a 

change in the colour of the boat may require more advanced imaging than a 

conventional camera.  
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5.3 Conclusion 

In summary, this thesis demonstrates the diverse properties of silk fibroin and 

explores the potential future applications in wound care. Silk fibroin released from 

hydrogels has been shown to be biocompatible and can aid wound closure by 

stimulating fibroblast movement. Aqueous silk fibroin solution has been shown to 

possess antimicrobial properties and inherent sterility with the potential to reduce 

bacterial viability when inoculated or contaminated with bacteria. Again, this is 

desirable in wound care applications. Silk can be manipulated into origami structures 

and show great potential for loading chemicals. The curcumin, when loaded onto silk 

films, still exhibits colour change properties when exposed to environmental pH 

changes. Overall, this work explores the multipurpose uses of silk fibroin, although 

further work demonstrating these properties with more cell types and pathogens 

would improve our understanding of the potential applications of this ancient 

material. This thesis serves as a strong foundation for future research into aqueous 

silk fibroin hydrogels and films for more targeted wound care.  
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