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Abstract 

In recent years, there has been an upward trend for novel biomass based green 

materials for dressing chronic wounds, which can assist in wound healing and 

monitoring. This research focuses on candidate components for smart chronic wound 

dressings based on bacterial cellulose (BC), which is comprised of two parts: 

antimicrobial BC nanocomposites for wound dressing, and a BC-derived pH sensor 

for monitoring chronic wounds.  This research demonstrates a novel ability to utilise 

BC and BC-derived nanocomposites in potential applications for smart wound 

dressings. 

In the chapter regarding BC production, samples grown in static from four different 

Acetobacter bacterial strains are characterized and compared for the first time. SEM 

and BET results demonstrate a large surface area (>100 m2/g) and XRD analysis 

reveals high crystallinity (>60%). In vitro cell tests indicate potential biocompatibility. 

In the BC based pH sensor chapter, a pyrolyzed BC (p-BC) aerogel was incorporated 

with polyaniline (PANI) and polydimethylsiloxane (PDMS), exhibiting near-Nernst pH 

sensitivity (50.4 mV/pH). In the chapter on antimicrobial BC nanocomposites, the 

inorganic BC/silver nanoparticle (BC/AgNP) and organic BC/lysozyme, BC/eggshell 

membrane (BC/ESM), BC/methylglyoxal (BC/MGO) nanocomposites were fabricated 

and characterized, with BC/ESM and BC/MGO nanocomposites proposed for the first 

time. The antimicrobial properties were tested via a disk diffusion method, with 

BC/MGO exhibiting the greatest antimicrobial activity, with diameters of inhibition zone 

(DIZ) up to 17.1 ± 0.6 mm against S. aureus and 15.5 ± 0.5 mm against E. coli. Tensile 

tests show the nanocomposites still retain the high tensile strength of plain BC (>2 

MPa).  
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These results indicate that BC and BC-derived nanocomposites are promising 

candidate materials for smart wound dressings. The future work will focus on more 

detailed in vitro biocompatibility tests and in vivo wound healing assays.  
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Impact Statement 

Since the 21st century, non-healing or hard-to-heal chronic wounds have been a social 

burden to human health and society. In clinical settings, long-term suffering creates 

an urgent need for advanced smart dressings which can accelerate healing and 

effectively monitor wounds. Since antibiotics are susceptible to multi-resistant 

pathogens and novel silver or nano-particle based wound dressings may have adverse 

side effects, naturally derived bio-mass based materials are attractive for treatment 

and monitoring of infectious wounds. For over half a century, research on chronic 

wound dressings or smart wound dressings (particularly those fabricated by natural 

materials) show great potential for benefiting the health, prosperity and well-being of 

society. However, there still remains an urgent challenge to meet the growing need for 

safe and environmentally sustainable technologies for wound healing. Our research 

on nature-derived biomaterials gives a versatile and tuneable platform for designing a 

new generation of bio-mass based composites for smart chronic wound dressings that 

promote healing and facilitate monitoring during clinical treatment. Additionally, the 

inherent high biocompatibility and degradability of natural bio-composites provides 

opportunity for further applications as temporary skin substitutes or tissue scaffolds.  

The aims and objectives of our research are and will remain fundamental to achieving 

this impact.   
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1. Introduction 

1.1 Overview 

 

Wound healing is a dynamic, complicated process involving the replacement of  

damaged structures with new cells and tissues. Unlike normal wounds which heal in 

a short time, chronic wounds require extensive therapy and monitoring of the healing 

process due to the overexpression of ECM (extracellular matrix) proteases (such as 

metalloproteinase-9 (MMP9))[1]. This may be attributed to certain bacteria and their 

biofilms which delay the healing process and lead to serious infections that can spread 

to the bones or cause systemic septicaemia which significantly threatens the patientsô 

health[2]. Therefore, to minimise this risk, smart dressings, which refer to the use of 

biochemical cues to generate a readable output for diagnostic or theragnostic value 

via biosensor incorporation into or near dressings[3], have the potential to not only 

assist in wound healing but also monitor the healing process. As defined in green 

chemistry, ñgreenò refers to the products and processes that reduce or eliminate the 

generation of hazardous substances[4]. Therefore, wound dressings and sensors 

based on naturally derived green materials and fabrication methods are required to 

avoid possible potential hazards to human health. Bacterial cellulose (BC), also known 

as bacterial nanocellulose, is a natural green material that is a suitable candidate for 

non-healing chronic wounds, with high water-holding capacity, biocompatibility, and 

strong mechanical properties. By taking advantage of the unique three-dimensional 

(3D) nano-structure of BC, antimicrobial wound dressings and pH sensors were 

fabricated in this project where the inherent material properties of BC grown from 

different bacterial strains were additionally investigated.  The hypothesis of this project 

is that BC can be used as candidate components or materials in application of smart 
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dressings for chronic wounds to achieve the designated sensing or dressing functions 

by utilizing its unique nano-network structure and incorporating with other materials 

via green fabrication methods. Therefore, the research objectives were: 

1)  Growth of BC from four different bacterial strains in different culture mediums 

in static and comparison of the material properties among the resultant BC pellicles in 

terms of; surface morphology, water-holding capacity, chemical structure and thermal 

stability. Investigation of in vitro biocompatibility of human fibroblasts on BC of variable 

thickness.   

2) Fabrication of BC based antimicrobial nanocomposites with inorganic materials 

and organic agents, and characterisation of material properties, chemical structure, 

and antimicrobial activity.  

3) Fabrication of pyrolyzed BC (p-BC) aerogels for wound pH sensing applications, 

during which the material properties, electrical conductivity, pH sensitivity in 

commercial buffer solution and in vitro wound simulating fluid were investigated. 

1.2  Chronic wounds 
 

Chronic wounds are wounds which do not progress through a normal orderly and 

timely repair process, where the repair process fails to respond and restore functional 

integrity after three months[5].    

Chronic ulcers are a societal burden due to the long-term and serious suffering caused 

to patients, which are estimated to affect approximately 1-2% of the population[6]. 

Chronic ulcers are most prevalent in elderly and diabetic patients. However, owing to 

countrywide variations in politics and limited investment in research funding[7] in 

combination with lack of public awareness, there is slow progress in targeting chronic 
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wound healing conditions[8].  In medical settings, there is a lack of available therapies 

for non-healing wounds and extra-cellular matrix as well as scar formation. This is due 

to limited understanding of the molecular basis of tissue repair and the lack of 

appropriate animal models for the precise replication of human conditions[7]. Therefore, 

there is an increasingly urgent need to improve treatments via enhancement of  the 

inherent regenerative properties of tissues. Normal wound healing from skin injuries 

involve extensive communication between the different skin compartments and the 

underlying extracellular matrix. Chronic wounds are barrier defects which are 

incapable of regaining structural and functional integrity on an appropriate timescale. 

 

Figure 1.1 The increased prevalence of different wound types globally from 2011 to 
2020[9] 

 

The prevalence of all types of wounds are increasing exponentially, with chronic 

wounds increasing at the second largest rate, as shown in figure 1.1. Chronic wounds 
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have an associated economic burden, whereby medical care costs and productivity 

losses are increasing every year worldwide[10]. In developed countries, more than 1-

3% of total healthcare expenditure is taken up by the costs associated with caring for 

chronic wounds[11][12]. Due to an aging population, chronic wounds caused by diabetes 

are on the rise, inducing significant societal economic impact.  

 

 

1.2.1 The wound healing process 

 

The normal cutaneous wound healing process following skin injury involves extensive 

communication of different compartments of skin and their extracellular matrix (ECM), 

where restoration of a new functional epidermal barrier occurs efficiently [8]. During this 

process, the epidermis, dermis, local vascular structures and immune systems play a 

coordinated role in the stages of wound healing [13][14]. Figure 1.2 illustrates the healing 

stages of a normal wound. In the first stage, following tissue injury, hemostasis occurs 

as the initial response where the wound is being closed by clotting. When hemostasis 

starts, the blood leaks out of the body and blood flow is restricted when blood vessels 

constrict. After that, the exposed collagen and skin elements in ECM start to contact  

with platelets in order to seal the broken wall of blood vessels, which results in the 

release of clotting factors, essential growth factors and cytokines. Then the 

coagulation begins and the threads of fibrins are reinforced with the platelets which 

act like a molecular binding agent. As a result, the platelets adhere to the sub-

endothelium surface. After that, the first fibrin strains start to adhere and mesh, when 

the blood is transformed from liquid to gel status and blood cells are trapped in wound 

area by clotting or thrombus[15]. In the next stage, inflammation occurs at the site of 

polymorphonuclear leukocytes (PMNs) influx when the injured blood vessels leak 



23 
 

transudate which causes localized swelling. Phagocytosis begins when neutrophils 

enter the wound site, thus foreign materials, bacteria and damaged tissue are removed. 

After that, monocytes quickly differentiate into macrophages,, where leukocyte 

effectors continue phagocytosis and mark the transition of the inflammatory phase into 

the proliferative phase of healing by releasing an array of growth, angiogenic and 

inflammatory factors. Late inflammatory response comes into effect after the early 

inflammatory response. Endothelial cell migration and proliferation occur when 

microvascular endothelial cells are activated by pro-angiogenic factors [16]. The 

interactions between cell to cell, cell to ECM, and cell to growth factor are orchestrated 

during angiogenesis. In chronic wounds, this process is interrupted and there is an 

imbalance between pro-and anti-angiogenic factors. While in the normal wound 

healing process, inflammatory cells such as macrophages are involved in 

angiogenesis because they secrete mediators including pro- and anti-angiogenic 

factors.  

In the next stage, after the wound site is cleaned, the fibroblasts migrate and deposit 

new ECM indicating the proliferative phase. During this phase, numerous chemotactic 

signals and growth factors are released at the wound site, indicating the start of 

fibroblast migration producing matrix proteins which support cell migration. After 

cellular replication and migration which only occur in the early proliferative phase of 

fibroblasts, collagen synthesis begins in the late stage by collagen cross-linking 

involving hydroxylation and glycosylation of lysine residues and proline, responsible 

for vascular integrity and the strength of new capillary beds. A new network of blood 

vessels is built for the granulation tissue to receive sufficient nutrients and oxygen. 

Fibroblasts start attaching to the collagen and fibronectin in the ECM. The contract of 

wounds is caused by myofibroblasts via griping and pulling wound edges together 
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through the same mechanism as smooth muscle cells. Epithelial cells resurface the 

injury in the final phase of proliferation stage[15]. 

In the final stage of wound healing, remodelling occurs when the collagen is degraded 

and broken into pieces to be further digested by proteases via collagenase enzymes. 

Weeks later, the collagen levels peak and remodelling continues for several months 

influencing the scar formation process of a healed wound [17].    
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Figure 1.2 Stages of wound healing (adapted from a publication by Banerjee 
et.al[17]). 
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1.2.2  Typical chronic wound types 

 

Acute wounds such as cuts, surgical site incisions and abrasions, can recover within 

a short period of time without the aid of antimicrobial intervention. However, as 

characterized by the failure to wound closure in a timely and predictable manner, 

chronic wounds are regarded as clinically infected when the microbial load exceeds 

1×106 colony per gram of tissues[18]. Typically, the microbes in chronic wounds 

infections are in a biofilm state[19][20][21]. Biofilm related diseases are persistent 

infections which developed slowly and rarely solved by immune defences[22]. In a study 

by James et.al [23], biofilms have been demonstrated in around 60% of chronic wounds, 

which are almost ten-fold higher than acute wounds. The existence of biofilms in 

chronic wounds can affect host cellular, immune and inflammatory elements such as 

cytokines, neutrophils, macrophages, and metalloproteases[24][25].  In the chronic 

wounds area, two or more species of pathogenic bacteria normally occupy the 

infection site including aerobic Staphylococcus aureus (S. aureus) , Pseudomonas 

aeruginosa (P. aeruginosa),  and streptococci which are the primary causes of 

infections. Other anaerobic bacteria found in wound infections include Klebsiella 

pneumoniae, Enterococcus spp, Enterobacter spp, Acinetobacter baumanii (ESKAPE 

pathogens), Staphylococci, and Proteus species[26]. In addition, several types of 

endogenous fungi including Malasezzia, Curvularia, and Candida also constitute an 

important part in chronic wounds microbial burden[27]. The progress and outcome of 

chronic wounds healing are known to be affected by the interactions between bacterial 

species, bacterial and fungal species in the wounds microbial environment. 

Particularly, higher inflammatory responses are linked with co-infection of P. 
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aeruginosa and S. aureus, leading to the increased antimicrobial tolerance, thus 

contributing to the non-healing state of chronic wounds[25]. 

According to various underlying causes, chronic non-healing wounds have three main 

categories: diabetic foot ulcers, venous leg ulcers, and pressure ulcers. Other types 

of chronic wounds such as arterial ulcers, are also common. Images of typical chronic 

wounds are shown below in figure 1.3. The main causes of chronic wounds are 

vascular insufficiency, diabetes mellitus, and local-pressure effects from complications 

by diabesity. However, other causes such as compromised nutritional or 

immunological status, advanced age and chronic mechanical stress can also lead to 

chronic non-healing wounds[8].  

Venous ulcers are the most common chronic wound. They  are typically located on the 

lower extremity and have  a shallow shape. The features of a typical venous ulcer are 

edema, hemosiderin staining and lipodermatosclerosis. They are usually assessed by 

their arterial status using the ankle-branchial index or toe-branchial index. Other 

assessment methods including angiography, lower extremity arterial duplex 

ultrasonography and segment limb pressure can be used. Pressure ulcers are typically 

located over bony prominences and often in a superficial to deep shape. Types of 

assessment include computed tomography, magnetic resonance imaging and 

radiography. Diabetic foot ulcers are normally located on the plantar of foot, in a 

superficial to deep shape. As with venous ulcers, they are usually assed via the ankle-

brachial index or toe-brachial index, a bone scan, lower extremity arterial duplex 

ultrasonography or magnetic resonance imaging[28].   
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Figure 1.3 Images of typical types of chronic wounds: (a) venous leg ulcer, (b) 
arterial ulcer, (c) diabetic foot ulcer, (d) pressure ulcer (figure adapted from 
publication by Eming et.al[8]). 
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1.2.3 Chronic wound healing 

The normal wound healing process involves three progressive stages. Early stages of 

wound healing include haemostasis and activation of keratinocytes and inflammatory 

cells. This is followed by proliferation and migration of keratinocytes, proliferation of 

fibroblasts, matrix deposition, and angiogenesis. The final stage of healing consists of 

remodelling of the ECM, leaving scars and restoring a protective barrier. However, it 

the chronic wound healing process has a more complicated mechanism, involving 

various types of cells locally at the site of the wound as well as systemically. 

Furthermore, the use of animal models which are not precisely correlated to human 

tissues contribute to the difficulty of finding healing therapies. As figure 1.4 shows, 

chronic wounds have hyper-proliferative and non-migratory epidermis, unresolved 

inflammatory cells, biofilm formation and infection. The overexpression of proteases 

interferes with essential repair mechanisms. Fibroblasts are senescent. Therefore, in 

chronic wounds, the angiogenesis, stem cell recruitment and activation and ECM 

remodelling are all greatly reduced compared to normal wounds.  

 

Figure 1.4 Illustration of molecular pathology of chronic wounds: molecular and 
cellular mechanisms impaired in chronic wound healing (adapted from publication by 
Eming et.al[8]). 
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Local care of chronic wounds involves debridement and proper wound dressings. 

These steps are essential to prepare the wound bed to accept a skin graft or flap, or 

for closure. Table 1.1 shows local treatments for chronic problems such as odour, 

bleeding, itching, excess exudate, pain and infection[29]. These treatments are for the 

most common chronic wounds types such as diabetic foot ulcers, venous leg ulcers 

and pressure ulcers. The frequency of most of these treatments are required in a daily 

basis[29]. 
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Table 1.1 Typical chronic problems and their treatments[29]. 

Chronic 

problems 

Treatments 

Odour Intervals of mechanical debridement to decrease the microbial burden on the wound surface, with topical antimicrobial 

therapy like metronidazole[30], and/or with odour absorbing dressing with soaks of acetic acid or Darkin solution. 

Bleeding Non-adherent dressing is placed on the wound to reduce the bleeding, with a second layer of alginate dressing. Malignant 

wounds can be controlled with topical hemostatic agents or sucralfate[31], and gentle pressure of elastic bandages, with focal 

points of bleeding treated with silver nitrate, hand-held cautery, or local anesthetic with epinephrine. 

Pruritis/itching Keep the skin moisturized and protected, topical corticosteroid creams can be added if necessary. 

Exudate Place an absorptive dressing over the nonadherent dressing to control the drainage and reduce periwound maceration. 

Pain The World Health Organization analgesic ladder; supplemental doses of a short-acting agent 
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Some typical markers and wound healing approaches are shown below in table 1.2: 

Table 1.2 Summary of markers and wound monitoring approaches. 

Category Marker Approach Test Condition 

Infection Pyocyanin Square wave voltammetry Broth culture[20] 

Uric acid Square wave voltammetry Blood and blister fluid[21] 

Temperature  Wireless carbon nanotube 

temperature sensors 

In vivo calf model[22] 

 Disc displacement[23]  Picrosirius red staining, atomic force 

microscopy (AFM), transmission 

electron microscopy (TEM), Fourier-

transformed infrared 

microspectroscopy (FTIRM) and 

circular dichroism 

In vivo female rat model 

Healing 

markers 

pH(infection, healing marker)[24] indicator dyes/inductance change 

from pH sensitive hydrogel with 

wireless transponder 

buffer solutions 



33 
 

pH and partial pressure of 

oxygen[25] 

Luminescence life-time imaging 

sensors with digital photography 

Chronic wound in clinical 
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1.2.4 Current wound dressings 

 

Most of current commercial wound dressings are developed to provide protection 

from bacterial infections and assist in the wound healing process themselves by 

incorporating antibiotics, antiseptics or silver. As table 1.3 show below, different 

categories of wound dressings are in use for different types of wounds. The main 

advantages and disadvantages of each commercial dressing type are discussed as 

well.  
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Table 1.3 Summary of currently available wound dressings (adapted from publication by Han et.al[26]). 

Type of 

dressing 

Commercial products Applications Pros and cons 

Gauze Vaseline® Gauze, CurityTM, 

Xeroform®  

Surgical wounds and partial 

thickness burns  

Cost effective but dry, cannot retain any 

moisture in wounds 

Foams Allevynö, 3MTM adhesive 

foam, TielleTM, Lyofoam® 

Chronic wounds Highly absorbent but not recommended 

for dry wounds 
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Films Aclar®, Opsiteö, FlexigridTM, 

TegadermTM, Cultifilmö 

Acute wounds, dry wounds Retains moisture, permeable to water 

vapour and oxygen but only for non-

exudative wounds  

 

Alginates Algisiteö, Sorbsan®, 

TegagenTM, Kaltostat® 

Moderate to high exudative 

chronic wounds 

Highly absorbent but requires a secondary 

dressing, not for dry wounds. 
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Hydrogels XCell®, RestoreTM, Carrasyn®, 

CuragelTM, Purilon®, Nu-gelTM 

Dry wounds Rehydrates dry wounds but can cause 

over-hydration 

Hydrocolloids AquacellTM, TegasorbTM, 

DuoDERM®, comfeel® 

No-to-low exuding chronic 

wounds and superficial acute 

wounds  

Reduces the frequency of dressing 

change, not for heavily exuded wounds  

Hydrofibers AquacelTM  Chronic wounds Highly absorbent but not for dry wounds 

Others 

(Tissue 

engineered)  

AllodermTM, Biobrane®, 

Dermagraft®, Apligraf®, 

Myskin®, Transcyte® 

Skin substitute, severe chronic 

wounds 

Can address deficient growth factors and 

cytokines but expensive  
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(1) Antimicrobial chronic wound dressings 

As introduced in section 1.2.2, chronic wounds are often presented with polymicrobial 

environment as well as various fungi, which affects the wound healing progress and 

leads to non-healing wound status. Therefore, one important category of chronic 

wound dressings is targeting antimicrobial activity which can prevent long infections in 

wound beds, thus accelerating the healing process. The antimicrobial agents used to 

functionalise wound dressings can be categorised into three main types: antibiotics, 

nanoparticles, and natural products. Due to the toxicity and lack of uptake by host cells, 

less than 1% antibiotics are used in the clinic, which includes beta-lactams, 

tetracyclines, quinolones, glycopeptides, aminoglycosides and sulphonamides[39][40]. 

The antibiotics interfere with bacteria structure or metabolic pathway by either cell wall 

inhibition like beta-lactams and glycopeptides[41], metabolic pathway blockage in the 

case of sulphonamides[42], interference on protein synthesis such as tetracyclines[43], 

or inhibition of nucleic acids synthesis such as quinolone group[44]. However, the use 

of antibiotics can also increase the number of multidrug resistant bacteria and more 

than 70% of bacteria in wounds display resistance at least one of the antibiotics in the 

clinic[45]. Nanoparticles such as silver nanoparticles, iron dioxide nanoparticles, zinc 

oxide nanoparticles and titanium dioxide nanoparticles, are regarded as promising 

alternatives to antibiotics due to the bactericidal activity against broad-spectrum 

bacteria strains without triggering bacterial resistance[46][47]. Nanoparticles perform the 

bactericidal effect by contacting the bacterial cell wall via generating reactive oxygen 

species (ROS) or releasing toxic metal ions[48]. Natural products such as honey, 

essential oils, and chitosan are incorporated into wound dressings to enhance the 

antimicrobial property in recent years[49][40]. The acidity, low water content, as well as 
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the presence of hydrogen peroxide, antimicrobial peptide bee defensin-1, phenolic 

acids and flavonoids of honey attributes to the antimicrobial activity[50][51]. It was 

believed that the acidic pH of honey can aid macrophages to kill bacteria and prevent 

biofilm formation[52], and low water content with high osmolarity provides an 

unfavourable conditions for microbes to survive and grow[53]. In addition, hydrogen 

peroxide can react with cell walls, lipids, and nucleic acids in bacteria, which is 

responsible for bacteria inhibition[54]. The antimicrobial property of essential oils can 

be attributed to phenolic compounds, which attacks phospholipids in cell membranes 

and lipids on cell walls, leading to cell lysis and loss of cellular processes[55]. The 

antimicrobial property of chitosan results from the electrostatic interactions between 

positively charged amino groups of glucosamines in chitosan and negatively charged 

peptidoglycans on cell walls, giving rise to internal osmotic imbalance and 

microorganisms inhibitions[56][40]. The antimicrobial peptides inhibit protein translation 

through molecular chaperone folding by interfering with effector molecules and related 

enzymes[57][58]. 

Table 1.4 summarises current novel antimicrobial materials for chronic wound 

dressings including natural products and nanoparticles. Novel natural product like 

Matrine and star-shaped peptide are employed in the wound dressing materials as 

well.  It has been investigated that Matrine can suppress candidate related infections 

by controlling yeast-to-hypha conversion[42], and phenol-soluble peptide allows rapid 

shedding of bacteria from biofilms[45]. Inspired by nature, nanostructured bactericidal 

surfaces are also a promising strategy for multi-antibiotic resistant bacteria inhibitions 

without causing antimicrobial resistance, via contact killing mechanism. The presence 

of sharp nanostructures can pierce into the bacterial cell wall when they contact or 

rupture it, thus killing the bacteria[59][60]. This indicates a trend towards increasingly 
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nature-derived or bio-inspired materials research which exhibit different antimicrobial 

spectrum to be used potentially in chronic wounds. In addition, combating colistin-

resistant, multi-drug resistant Gram-negative bacteria is still a challenge and of great 

significance due to increases in side effects associated with antibiotics.
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Table 1.4 Current antimicrobial materials for chronic wounds dressings. 

Products Materials Methods Antimicrobial spectrum Applications 

Konjac glucomannan 

hydrogel[76] 

Matrine-loaded Konjac 

glucomannan/fish gelatin 

composite hydrogel 

Alkali processing 

and thermal 

treatment 

E. coli and S. aureus  Antimicrobial wound 

dressings 

Antimicrobial 

nanofiber mat[77] 

Polycaprolactone (PCL)-coated 

gum arabin (GA)-polyvinyl 

alcohol (PVA) nanofiber mat 

loaded with silver nanoparticle 

Electrospinning S. aureus, E. coli, P. aeruginosa and C. 

albicans 

Antimicrobial mat for 

commercial dressings 

Sprayable hydrogel 

dressing[78] 

Mathacryloyl (GelMA)-dopamine 

(DOPA)-conjugated polymer 

encapsulated with antimicrobial 

peptide 

Chemically 

conjugate gelatin 

with dopamine 

motifs 

S. aureus Chronic wound treatment 

Structurally nano-

engineered 

antimicrobial peptide 

polymers [79] 

Star-shaped peptide polymer 

nanoparticles consisting of lysine 

and valine residues 

Synthesize by 

ring-opening 

polymerization of 

 E.coli S. aureus Combating colistin-

resistant multidrug-

resistant Gram-negative 

pathogens. 
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‌-amino acid N-

carboxyanhydrides  

Antimicrobial 

coagulase [80] 

Antimicrobial peptides  Antimicrobial 

peptides produced 

by coagulate-

negative 

staphylococcus 

(CoNS) species. 

S. hominis   Specific strategy for 

rational microbiome 

therapy 

Human 

cryopreserved viable 

amniotic membrane 

[81] 

Amniotic membrane Human term 

placenta tissues 

were procured and 

processed at 

Osiris  erapeutics, 

Inc. (Columbia, 

MD) following its 

proprietary 

manufacturing 

procedure. 

P. aeruginosa  Effective in wound closure 

and reduction of wound-

related infections 
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L-Glutamic acid 

Loaded Hydrogels 

Through Enhanced 

Collagen Deposition 

and Angiogenesis[82] 

L-glutamic acid loaded chitosan 

hydrogels 

Preparation of L-

glutamic acid 

loaded chitosan 

hydrogel via 

physical 

crosslinking and 

investigation of its 

potential for 

diabetic wound 

healing 

E.coli andS. aureus[83] Improves collagen 

deposition, and 

vascularization, and aids 

faster tissue regeneration 

Natural and bio 

inspired nano-

structured 

bactericidal 

surfaces[84]  

Nanostructured silicon surfaces 

(super hydrophobic)[85] 

Fabricated using 

the deep reaction 

ion etching 

technique 

E. coliand S. aureus self-cleaning and anti-

bacterial surfaces in 

diverse applications such 

as microfluidics, surgical 

instruments, pipelines and 

food packaging. 
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Hierarchically 

ordered Titanium 

nano-patterned 

arrays mimicking the 

dragonfly wing[86] 

Hydrothermally etched titanium 

nanowire surfaces 

Aantibacterial 

nanoarrays 

fabricated on 

titanium surfaces 

using a simple 

hydrothermal 

etching 

process 

P. aeruginosa S. aureus  Surfaces that have 

excellent prospects for 

biomedical 

applications 

Nanostructured 

Multifunctional 

Surface with 

Antireflective and 

Antimicrobial 

Characteristics[87] 

Poly(methyl methacrylate) 

(PMMA) film 

The nanostructure 

was 

designed using 

the rigorous 

coupled-wave 

analysis method 

E.coli Suitable for the production 

of protective optical 

and hygienic polymer films 

for the displays of portable 

electronic devices 
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(2) Chronic wound sensors 

a. Wound sensor substrate 

Wound dressing materials require high flexibility to conform to the wound without 

restricting patients movement[61], high gas permeability to maintain sufficient oxygen 

supply[62], good moisture control to keep the wound bed moist and absorb excess 

exudate[63]. In addition, materials in direct contact with the wound bed should be soft 

enough to avoid mechanical discomfort and should not interfere with the epithelisation 

process. Silicon elastomers such as polydimethylsiloxane (PDMS) are proposed as 

suitable materials for stretchable and flexible sensors. PDMS, a widely used silicon-

based organic polymer, is particularly known for its excellent rheological properties, 

high compliance (with an elastic modulus of 1-3 MPa[64]), optical transparency ( in the 

wavelength ranging from 240-1100 nm[65]), oxygen permeability[64] and its 

hydrophobicity which prevents the wound moisture being overly absorbed compared 

with cotton based wound dressing substrates. Most importantly, it can be reversibly or 

irreversibly bonded to other materials such as glass or silicon, preventing overall 

leakage by integrating in microfluid devices[66]. Due to its high biocompatibility and 

non-toxicity, PDMS is widely used in personal care, medical devices and biosensor 

applications[67],[68].  

Porous polymeric matrices, such as polyurethane (PU)[69],[70], are promising dressing 

materials for wound care compared with either foam or sponge dressings which offer 

good absorbency fine-tuning via control of the pore size and thickness for targeted 

wound healing. The good mechanical properties of foam or sponge dressing products 

are also key to negative pressure wound therapy[71],[72]. To prevent leakage of  topical 
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medicines, the second covering such as a hydrophobic backing is important and can 

also serve as a barrier against bacterial contaminations[73]. Therefore, in the research 

by Ethan Lee[73], PDMS was selected as a sensor substrate without the second 

covering, and exhibited high strength, elasticity and permeable to oxygen and water 

vapor[74],[75].  

In the 20th century, Winter[88] found that maintaining wound moisture improves  the 

progress of wound healing. This subsequently became a key parameter for wound 

dressing design especially for dry wounds. Current development of technology 

suggests the next significant advancement in wound care is the use of wound healing 

and monitoring sensors as diagnostic tools to revolutionize wound care practice. The 

main type of wound that would greatly benefit from sensor technology are chronic 

ulcers, which are especially difficult to treat and highly susceptible to infection, 

potentially causing long-term patient suffering. Sensor innovation in the management 

of these wounds has the potential to impact clinical practice, patient outcomes and 

economic policy[3].  

Flexible wound sensors can be categorized as types of physical and chemical chronic 

wound sensors, including pH sensors, oxygen sensors, moisture sensors, 

temperature sensors, bacteria sensors, enzyme sensors and mechanical sensors. 

As indicated in Figure 1.5, work by Jin Zhou et.al[89] describes a bacteria sensing 

system that responds by releasing an encapsulated antimicrobial from within an 

attached vesicle. By detecting the toxins and lipases which actively damage cell 

membranes, the tissue damage around infected wounds can be observed. However, 

this work eventually aimed to produce responsive dressings, releasing antimicrobials 

and an observable colour change in infected wound areas. 
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Figure 1.5 (A) Polypropylene fabric impregnated with vesicles containing carboxy-
fluorescein under low UV intensity light in the presence of various bacteria. (B) The 
mechanism for bursting of vesicles by bacteria releasing the fluorescent dye or an 
antimicrobial agent: (i) vesicle prior to rupture, (ii) toxins from bacteria lyse the 
vesicle wall and (iii) release of vesicle contents.[89] 

 

Research on wound healing sensors includes biosensors for monitoring changes in 

enzymes during the wound healing process[90] (see figure 1.6 (a)), where the biosensor 

comprised of two fluorescent proteins connected with a short peptide linker detects 

proteases enzymes, by changes in fluorescent signal. Temperature sensors are used 

to provide programmable delivery of local heating and electrical stimulation using 

systems composed of integrated single crystal silicon nanomembrane (Si NM) diode 

and microscale joule heating elements during the wound healing and suturing 

process[91](see figure 1.6 (b)). A smart bandage dressing[92] (see figure 1.6 (c))which 

is composed of pH and temperature sensors printed on a disposable bandage strip 
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that can be disposed of after use, and wireless electronics which include an inkjet 

printed circuit board with antenna made on a kapton tape that can be detached and 

reused on another bandage. There are two types of sensing mechanism used in the 

system: a capacitive sensor which detects the bleeding and pressure levels on the 

wound; a resistive sensor measuring pH levels. The detachable electronics involves a 

transmitter embedded with microcontroller, a capacitance to digital converter (CDC), 

and an LED to signal the status of the bandage and battery power. The sensor 

capacitance is compared to a reference capacitance in the CDC, and the CDC outputs 

logic high when the sensor capacitance is greater than the reference capacitance 

caused by bleeding or external pressure. Then the change of resistance in sensor is 

converted into voltage change through another port of the microcontroller. The bottom 

electrode which are made of carbon ink by a screen printing method, reacts with 

hydronium ions in the case of an acid or hydroxide ions in  the case of the alkaline, 

resulting in the change of conductivity. Carbon acts as a conductor with free electrons 

as the charge carriers. The adsorption of hydrogen ions in the case of acid leads to 

the reduction of concentration of electrons on the surface of the electrode, while the 

effect of hydroxide ions is opposite. The bandage can communicate wirelessly to a 

patientôs smart phone which can then connect to remote health monitoring over the 

mobile network or the internet. 
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Figure 1.6 (a) Biosensors that monitor enzymatic wounds by sensing the neutrophil 
elastase concentration via changes in fluorescent signal[90]. (b) Ultrathin suture strip 
with integrated temperature sensors and thermal actuators[91] (c) Illustration of a 
smart bandage [92]. 

  

 

However, these studies still indicate most wound healing sensors are in need of 

complex design and fabrication methods or lack flexibility and comfort in compensation 

for their functionality. These are areas which can be improved upon in the future. . 
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Figure 1.7 Illustration of the integrated oxygen sensing and delivery patch[93]. 

 

A new study by Ochoa et.al [93] illustrated in figure 1.7 proposed an integrated flexible 

oxygen sensing and delivery patch for chronic foot ulcers, that monitor via a layer-by-

layer technique. Through the catalysis of hydrogen peroxide, oxygen can be generated 

in a gel substrate by 13% (5 ppm) in 1 h.  This can assist oxygen delivery during the 

chronic wound healing process. Meanwhile, a phosphorescent oxygen-sensitive ink is 

applied to enable the optical sensing of oxygen delivery in a wound region. This novel 

platform takes advantage of flexible microsystems and enables mass production at 

low cost fabrication. However, this is only suitable for shallow and early-stage chronic 

wounds, and its ability to be reused requires further investigation.  
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(3) Wound pH sensors 

For chronic wounds, while there are various important biomarkers, pH is a key 

indicative parameter which allows early detection of infections, since bacteria are often 

responsible for a change in pH. The pH value in chronic wounds is often higher than 

7.4 because of the alkaline by-products produced in the process of bacterial colony 

proliferation[94],[95],[96], whilst healthy skin is usually pH 5.5-6.5 (slightly acidic)[97]. In 

order to promptly and effectively treat wound areas, pH is measured at different 

locations across the wound, however, chronic wounds are in need of multiple 

measurements throughout the wound with high spatial resolutions which is beyond the 

capacity of most commercial probes. 

Recent pH sensors have a solid-state design replacing the glass probe with an 

electrode coated with pH sensitive film (metal oxide or conducting polymer). This 

technology is based on the principle that valence changes occur in the oxygen atoms 

of the metal oxide, which is caused by absorption of hydrogen ions from the test 

solution, generating a potential relative to the reference electrode[98]. This technology 

exhibits high sensitivity, increased stability and cost effectiveness[97]. However, it 

requires complicated manufacturing methods and expensive materials. Another 

electrochemical method  proposed by Rahim Rahimi et.al[99] (see figure 1.8 (a)) 

achieved an inexpensive and flexible PANI array of pH and AgCl/Ag reference 

electrodes fabricated on a paper substrate. The PANI is doped with hydrogen ions to 

form PANI emeraldine salt, giving high electrical conductivity. The electrical potential 

of sensing electrode is increased  by the resulting surface charge relative to the 

reference electrode. However, when the sensing electrode is immersed in the alkaline 

solutions, the captured hydrogen ions are neutralized, causing the decrease of 

electrical potential/charge on PANI surface. This has increased sensitivity as well as 
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decreased the manufacturing cost, however it still requires expensive laser assisted 

fabrication and the lifetime is not long enough due to the use of paper. Novel smart 

bandages embedded with flexible pH wound sensors are developed as showed in 

figure 1.8 (b) and (c). Figure 1.8 (b) illustrates the fabrication process of a multi-layered 

wound alkalinity monitoring system DETEC® pH device, testing discarded wound 

dressings without contact with the entire wound bed. This bandage can be used as an 

aid for home health care outside clinical facilities. However, the reliability of this 

technology requires further testing with greater numbers of patient samples. In addition, 

although it provides an early indication of whether the treatment is effective, the device 

cannot be reusable, and monitoring does not occur in real-time. Another study in figure 

1.8 (c) proposed a flexible uric acid (UA), pH and temperature sensor by 

functionalizing a 3D porous laser-guide graphene (LGG) electrode on 2D multi-layered 

MXene nanosheets (PANI is doped in a pH sensor array), which has enhanced 

detection of various wound parameters at the same time. However, though it is a novel 

and promising technology, further investigations on in vitro and in vivo biocompatibility 

tests may be required  to confirm biocompatibility before use in contact with wound 

areas. 

In summary, recent advancements in wound pH sensors can be categorized as pH 

indicative sensors and electrochemical sensors, where the electrochemical sensors 

can provide real-time monitoring and more accurate sensitivity. In electrochemical 

sensors, PANI is often selected as a pH sensitive layer and biocompatible, oxygen-

permeable  PDMS is employed as flexible substrate.    
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Figure 1.8 Flexible pH sensors: (a) fabricated on paper substrate[99], (b) fabricated 
via a DETEC® pH testing scheme where the dressing is removed from the wound 
and placed on the dressing holder on the device with a colour map indicating pH 
pattern for wound management[100].(c) LGG-MXene electrode using layer-by-layer 
fabrication methods and tested on a hand[101].  

 

 

 

1.3 Bacterial cellulose (BC) 

1.3.1 BC introduction 

Bacterial cellulose (BC), also called microbial cellulose, is a polysaccharide, produced 

by aerobic bacteria in both synthetic and non-synthetic mediums through oxidative 

fermentation[102]. When compared to plant cellulose, BC has a unique structure solely 

consisting of glucose monomers, exhibiting great properties such as a unique 

nanostructure[103], high water holding capacity[104], high degree of polymerization[105], 

high mechanical strength[106], high crystallinity[107], biocompatibility and moisture 

retaining ability via an ultra-fine network structure of non-aggregated 

nanofibrils[108],[109],[110]. During the assembly of BC fibrils, the cellulose fibrils are 


































































































































































































































































