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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 m?/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 nanopatrticle (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
(DI1Z) upto 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).



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 21t 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))M. 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 patients’
health!?, 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 dressingsfl, have the potential to not only
assist in wound healing but also monitor the healing process. As defined in green
chemistry, “green” refers to the products and processes that reduce or eliminate the
generation of hazardous substances[®. 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 monthsbl.

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!®l,
Chronic ulcers are most prevalent in elderly and diabetic patients. However, owing to
countrywide variations in politics and limited investment in research fundingl” in

combination with lack of public awareness, there is slow progress in targeting chronic
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wound healing conditions!®l. 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!”). 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.
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Figure 1.1 The increased prevalence of different wound types globally from 2011 to
20200

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 worldwidel’%, In developed countries, more than 1-
3% of total healthcare expenditure is taken up by the costs associated with caring for
chronic wounds!112, 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 31124, 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(*®l. In the next stage, inflammation occurs at the site of

polymorphonuclear leukocytes (PMNSs) influx when the injured blood vessels leak
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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 6, 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 stagell.

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 7],
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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
1x108 colony per gram of tissues[t®l. Typically, the microbes in chronic wounds
infections are in a biofilm statel*9l2021  Bjofilm related diseases are persistent
infections which developed slowly and rarely solved by immune defencesl?2. In a study
by James et.al 3], 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/?4?%l, 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 speciesl?®l. In addition, several types of
endogenous fungi including Malasezzia, Curvularia, and Candida also constitute an
important part in chronic wounds microbial burdenl?”]. 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[?!.

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!®l.

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!?el.
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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.all®).
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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.
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Figure 1.4 lllustration of molecular pathology of chronic wounds: molecular and
cellular mechanisms impaired in chronic wound healing (adapted from publication by
Eming et.al®]).
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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[??l. 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(?9l,
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Table 1.1 Typical chronic problems and their treatments!?9,

Chronic Treatments
problems
Odour Intervals of mechanical debridement to decrease the microbial burden on the wound surface, with topical antimicrobial
therapy like metronidazole®, 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®, 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?®
Uric acid Square wave voltammetry Blood and blister fluid?!!
Temperature Wireless carbon nanotube In vivo calf model??

temperature sensors

Disc displacement?!

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 pH(infection, healing marker)?24

markers

indicator dyes/inductance change
from pH sensitive hydrogel with

wireless transponder

buffer solutions
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pH and partial

oxygen!?s

pressure of Luminescence life-time  imaging Chronic wound in clinical

sensors with digital photography
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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?®l),

Type of Commercial products Applications Pros and cons

dressing

Gauze Vaseline® Gauze, Curity™, Surgical wounds and partial Cost effective but dry, cannot retain any
Xeroform® thickness burns moisture in wounds

Foams Allevyn®, 3M™ adhesive Chronic wounds Highly absorbent but not recommended

foam, Tielle™, Lyofoam®

for dry wounds
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Films Aclar®, Opsite®, Flexigrid™, Acute wounds, dry wounds Retains moisture, permeable to water
Tegaderm™, Cultifilm® vapour and oxygen but only for non-
exudative wounds
Alginates Algisite®, Sorbsan®, Moderate to high exudative Highly absorbent but requires a secondary

Tegagen™, Kaltostat®

chronic wounds

dressing, not for dry wounds.
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Hydrogels

XCell®, Restore™, Carrasyn®,

Curagel™, Purilon®, Nu-gel™

Dry wounds

Rehydrates dry wounds but can cause

over-hydration

Hydrocolloids

Aguacell™, Tegasorb™,

DuoDERM®, comfeel®

No-to-low exuding chronic
wounds and superficial acute

wounds

Reduces the frequency of dressing

change, not for heavily exuded wounds

Hydrofibers

Aguacel™

Chronic wounds

Highly absorbent but not for dry wounds

Others
(Tissue

engineered)

Alloderm™, 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!3940,
The antibiotics interfere with bacteria structure or metabolic pathway by either cell wall
inhibition like beta-lactams and glycopeptides!*l], metabolic pathway blockage in the
case of sulphonamides!*?, interference on protein synthesis such as tetracyclines!*3,
or inhibition of nucleic acids synthesis such as quinolone group*4. 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
clinicl*®l. 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 resistancel*61*7l. Nanoparticles perform the
bactericidal effect by contacting the bacterial cell wall via generating reactive oxygen
species (ROS) or releasing toxic metal ions*8l. Natural products such as honey,
essential oils, and chitosan are incorporated into wound dressings to enhance the
antimicrobial property in recent years*?“0l, 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®51, |t was
believed that the acidic pH of honey can aid macrophages to kill bacteria and prevent
biofilm formation®?, and low water content with high osmolarity provides an
unfavourable conditions for microbes to survive and grow!®3. In addition, hydrogen
peroxide can react with cell walls, lipids, and nucleic acids in bacteria, which is
responsible for bacteria inhibition®¥. 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®®. 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[®6l“%l, The antimicrobial peptides inhibit protein translation
through molecular chaperone folding by interfering with effector molecules and related

enzymes(®>7I58],

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

hydrogell®

Matrine-loaded Konjac
glucomannan/fish gelatin

composite hydrogel

Alkali processing E. coliand S. aureus
and thermal

treatment

Antimicrobial wound

dressings

Antimicrobial

Polycaprolactone (PCL)-coated

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

Antimicrobial mat for

nanofiber matl” gum arabin (GA)-polyvinyl albicans commercial dressings
alcohol (PVA) nanofiber mat
loaded with silver nanopatrticle

Sprayable hydrogel Mathacryloyl (GelMA)-dopamine  Chemically S. aureus Chronic wound treatment

dressing!™®

(DOPA)-conjugated polymer
encapsulated with antimicrobial

peptide

conjugate gelatin
with dopamine

motifs

Structurally nano-
engineered
antimicrobial peptide

polymers 79

Star-shaped peptide polymer
nanoparticles consisting of lysine

and valine residues

Synthesize by E.coli S. aureus
ring-opening

polymerization of

Combating colistin-
resistant multidrug-
resistant Gram-negative

pathogens.
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a-amino acid N-

carboxyanhydrides

Antimicrobial

coagulase [

Antimicrobial peptides

Antimicrobial S. hominis
peptides produced

by coagulate-

negative

staphylococcus

(CoNS) species.

Specific strategy for

rational microbiome

therapy

Human
cryopreserved viable

amniotic membrane

[81]

Amniotic membrane

Human term P. aeruginosa
placenta tissues

were procured and

processed at

Osiris erapeutics,

Inc. (Columbia,

MD) following its

proprietary

manufacturing

procedure.

Effective in wound closure

and reduction of wound-

related infections
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L-Glutamic acid L-glutamic acid loaded chitosan
Loaded Hydrogels hydrogels

Through Enhanced

Collagen Deposition

and Angiogenesis!®?

Preparation of L-
glutamic acid
loaded chitosan
hydrogel via
physical
crosslinking and
investigation of its
potential for
diabetic wound

healing

E.coli andS. aureus!®!

Improves collagen
deposition, and
vascularization, and aids

faster tissue regeneration

Natural and bio Nanostructured silicon surfaces
inspired nano- (super hydrophobic)®3!
structured

bactericidal

surfaces!®4

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 Hydrothermally etched titanium

ordered Titanium nanowire surfaces
nano-patterned
arrays mimicking the

dragonfly wing®!

Aantibacterial P. aeruginosa S. aureus
nanoarrays

fabricated on

titanium surfaces

using a simple

hydrothermal

etching

process

Surfaces that have
excellent prospects for

biomedical

applications

Nanostructured Poly(methyl methacrylate)
Multifunctional (PMMA) film

Surface with

Antireflective and

Antimicrobial

Characteristics!®’]

The nanostructure  E.coli

was

designed using
the rigorous
coupled-wave

analysis method

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®ll, high gas permeability to maintain sufficient oxygen
supply®®?, good moisture control to keep the wound bed moist and absorb excess
exudatel®3l, 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 MPal®4), optical transparency ( in the
wavelength ranging from 240-1100 nm®)), oxygen permeability®® 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!®®l. Due to its high biocompatibility and
non-toxicity, PDMS is widely used in personal care, medical devices and biosensor

applications!67168],

Porous polymeric matrices, such as polyurethane (PU)©970 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!’172, 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[’3l. Therefore, in the research
by Ethan Leel”®l, PDMS was selected as a sensor substrate without the second
covering, and exhibited high strength, elasticity and permeable to oxygen and water

vaporl74h7s],

In the 20" century, Winter!®8 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®l.

Flexible wound sensors can be categorized as types of physical and chemical chronic
wound sensors, including pH sensors, oxygen sensors, moisture Ssensors,

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

As indicated in Figure 1.5, work by Jin Zhou et.all®®! 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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control E. coli

IP. aeruginosa S. aureus

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.[5°]

Research on wound healing sensors includes biosensors for monitoring changes in
enzymes during the wound healing process!® (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
processi®(see figure 1.6 (b)). A smart bandage dressing!®? (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
patient’s 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®®. (b) Ultrathin suture strip
with integrated temperature sensors and thermal actuators®ll (c) lllustration of a

smart bandage 2.

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 lllustration of the integrated oxygen sensing and delivery patchl®3],

A new study by Ochoa et.al P 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®4®5L%€61 - whilst healthy skin is usually pH 5.5-6.5 (slightly acidic)®’l. 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 electrodel®8l. This technology
exhibits high sensitivity, increased stability and cost effectiveness®’l. However, it
requires complicated manufacturing methods and expensive materials. Another
electrochemical method proposed by Rahim Rahimi et.all®) (see figure 1.8 (a))
achieved an inexpensive and flexible PANI array of pH and AgCIl/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 substratel®®], (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!? (c) LGG-MXene electrode using layer-by-layer
fabrication methods and tested on a hand!*04,

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'°, When compared to plant cellulose, BC has a unique structure solely
consisting of glucose monomers, exhibiting great properties such as a unique
nanostructurel'3l, high water holding capacity®, high degree of polymerization*%%],
high mechanical strengthl%l, high crystallinity(°”l, biocompatibility and moisture
retaining ability via an ultra-fine network structure of non-aggregated

nanofibrils108l110911110] - Dyring the assembly of BC fibrils, the cellulose fibrils are
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synthesized by cellulose synthase enzymes which locate in the outer membrane of
bacterial cell walls. Cellulose fibrils are extruded from bacteria into medium and
crystallized into microfibrils and ribbons via inter-chain hydrogen bonds. The obtained
crystallinity results from the macro-structural assembly controlled by micro-assembly
of extruded BC ribbons!**1i112, Previous studies have revealed that BC as well as its
derivatives are promising materials in the biomedical, electronic and food industries*3l,
The chemical structure of BC is shown in the figure 1.9. BC is a linear polymer made

of glucose molecules.

M ol

Figure 1.9 Chemical structure of BC. [114]

Research suggests BC has a highly porous network structure (as shown in Figure
1.10), made of well-arranged nanofibres, resulting in hydrogel sheets with high surface
area and porosity, providing great possibility for incorporation with other substances,
which expands its application scopel*!®l. The synthetic process involves the secretion
of protofibrils of glucose chains through the bacterial wall, and aggregation to form
nanofibril cellulose ribbons'1€l. The properties of hydrophilicity, biodegradability, and

chemical-modifying capacity are due to the structure of cellulose formed™*”l, The term
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“biodegradability” is often defined as degradation of materials from biological reaction.
BC is biodegradable by the enzymes such as cellulase which can be found in nature,
however, there is absence of this enzymes in human body. BC can be degradable in
human body only by modification and functionalization to enhance the decomposition
and absorption in a living system. BC can degrade through surface erosion or bulk
erosion, due to the hydrolytically or enzymatically labile bonds!*8li11% BC based
biomaterials maintain the structure and functionality at the initial stage in physiological
environment, while the rapid mass loss can occur through hydrolytic reaction in the
amorphous region and breakdown of glycosidic bonds into short fragments when it
approaches the disappearance timel2%l, When more chains are fragmented, they are
metabolized and converted into oligomers resulting in decreased mechanical
properties, losing the functionality. Followed by which, the degraded products are

excreted or absorbed by the body!?1l,

Figure 1.10 SEM image of bacterial cellulose fibres 122
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BC, a nanomaterial produced by ubiquitous species of fermentation bacteria, mainly
by the bacterium Gluconacebacter xylinus (also named acetobacter xylinus), is a
highly crystalline linear polymer of glucosel'?3, However, other species of
Gluconacebacter, such as Agrobacterium tumefaciens, Rhizobiium spp., and Gram
positive Sarcina ventriculli, are also capable of biomaterial synthesis!'24:125], Produced
in a pure form without animal origins, BC has a unique nanostructure in which the
cellulose fibrils and anhydro glucose units interact with each other forming a crystalline
structure by internal and external hydrogen bonds, thus resulting in hydrating and
water-insoluble nanofibres, with diameters of 20-100 nm[*26111271 This feature proffers
increased moisture and water-holding capacities, combined with excellent physical
and mechanical properties. Therefore, BC has specialised biomedical applications
such as artificial skins!*?8l and temporary skin substitutes for cuts, burns, and chronic

wounds(1291130]

Figure 1.11 from research by Hsieh et.al '3Ushows a typical BC fabrication from static
growth in a 250 ml conical flask and 50 ml medium, in terms of glucose concentration,
pH level of culture medium and cultivation time (days). G. xylinus (ATCC 11142) in
Buffered Schramm & Hestrin's Medium (BSH) medium was used in their study. It is
notable that after rapid growth at first, on day 7 of cultivation, BC could yield 2.0 g/L.
Meanwhile, the production rate was greatly reduced after 7 days. However, following
investigation of glucose consumption, not all nutrients were completely consumed and

BC yields its maximum at around pH 6.3.
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Figure 1.11 Typical yield of static culture of BC (e), the glucose concentration (m)
and pH level of culture medium during the cultivation process (A) (reproduced from
publication by Hsieh et.al ['31)
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Figure 1.12 The BC yields (blank columns) and carbon utilization rate (pattern
columns) of K. xylinus ATCC 700178, K. xylinus ATCC 10245, K. hansenii ATCC
23769 and K. xylinus NBRC 13693 in different culture conditions. The statistical
significances (p<0.05) of BC yields and carbon utilization rate for the same strain in
different culture medium were calculated by the one-way analysis of variance
(ANOVA). Figure reproduced from a publication by Chen et.al 132,

As shown in Figure 1.12, another study by Chen et.al [*32 investigated BC yields and
carbon utilization of the four Komagataeibacter strains in their recommended medium
compared with HS medium. The results indicated that the HS medium is acceptable
for the four strains, and the mannitol and ethanol contained in MNT and 350 medium

can limit the BC yields by reducing the carbon consumption.
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1.3.2 BC properties

As introduced before, BC has a high degree of crystallinity (above 60%)133], where
most of its crystalline structure contains cellulose type | (70% contains cellulose type
la compared with plant cellulose)*34, The XRD fitting method is commonly used to
determine crystallinity values, which is not related to BC samples with different drying

methods (air dry or freeze-dried)32,
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Figure 1.13 The XRD spectra of BC synthesised by K. xylinus ATCC 700178, K.
xylinus ATCC 10245, K. hansenii ATCC 23769, K. xylinus KTH5655, K. xylinus
NBRC 13693 and K. xylinus ATCC 53524. Figure reproduced from publication by
Chen et.all**?,

59



Figure 1.13 shows the results of XRD characterizations of BC samples grown from six
Komagataeibacter. The results indicate that six BC samples exhibit 70-90%
crystallinity. The XRD patterns display three typical cellulose diffraction peaks which
are located at 14.5°, 17.0° and 22.7°, presenting the [100], [010] and [110] cellulose

type la crystalline planes(*32,

Since BC and BC nanocomposites are widely used as tissue scaffolds for cell seeding,
it was essential to test their compatibility with human cells. Studies have confirmed
that BC and some BC nanocomposites are compatible with different cells, such as
bone forming osteoblasts (OB)13], human embryonic kidney cells (HEK)!3¢], corneal
epithelial cellsi*¥”], human fibroblasts!*38], and keratinocytes!*3®l, In most studies, cell
adhesion cannot be achieved from native BC structures but can be achieved by
incorporation with surface modification by plasma or other biomaterials, such as
collagen!**9, As figure 1.14 indicates, after 24 h growth of keratinocytes and fibroblasts,
the area of BC is fully covered due to cell proliferation and spreading. Both results
indicate high biocompatibility of BC. However, as fibroblasts tends to detach from BC,
keratinocytes are more compatible with BC. This phenomena can be explained by
cohesion among keratinocytes, and adhesion of BC and keratinocytes affecting cell
attachment and spreading. The junctional structures like desmosomes, are comprised
of proteins such as E-Cadherin contributing to the intercellular adhesion of
keratinocytes'0l141 However, the contractile force in cells is stronger than adhesion
force between BC and fibroblasts, resulting in the failure to reach confluency on BC

film[t38],
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Figure 1.14 The microscopy of morphology and distribution of human keratinocytes
(A) and fibroblasts (B) grown on BC for 24 hi138],

1.3.3 BC in biomedical applications

Although BC biocompatibility has been proven, promoting attachment of cells and
proliferation in vitro, BC is not enough to be used in wound dressing, due to its hydrogel
properties in which poor rehydration ability is exhibited once it is in the dry statel114].
The poor rehydration ability of BC is attributed to hornification, an irreversible structural
changes caused by cocrystallization of BC fibres. When water evaporates, the fibres
gather together and aggregate, forming hydrogen bonds between adjacent crystalline
domains. However, the bonds will not break on resuspension in water without external
energy, which results in the hornification*42143, Wound dressings are capable of
accelerating the healing process and reducing the influence of debris by maintaining
the moisture and temperature of the wound bed. In addition, they provide both
permeability and protection of regenerated tissues(#41145 and maintain suitable
hydration['®,  Therefore, BC nanocomposites [46l are a suitable solution for
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improvement of the rehydration ratio. Table 1.5 summarises typical reinforced

biomaterials for BC composites in biomedical applications.
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Table 1.5 Typical reinforced biomaterials for BC composites in biomedical applications.

Reinforced Synthetic approaches Improved properties Applications Disadvantages
Materials
Chitosan#”] Immerse BC gel in Ch solution Biocompatibility, thermal Wound dressing and tissue N/A
followed by freeze-drying stability, strength, engineering scaffolds

antibacterial properties

Gelatin!48l Immerse BC gel in Mechanical properties, low Artificial articular cartilage Good properties
polysaccharide solution frictional coefficient only in wet state

Polyaniline In situ nano-assembly of BC Electronic conductivity, Tissue engineering scaffolds, Conducting
(PANI)12491{150] nanofibres and PANI biocompatibility deep brain stimulation electrodes, properties require

biosensors improvement

Poly(ethylene Immerse wet BC pellicle in Mechanical properties, Wound dressing, tissue Water retention is

glycol) (PEG)51 PEG aqueous solution biocompatibility engineering scaffolds not greatly

followed by freeze-drying improved
process
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Graphene Vacuume-assisted self- Mechanical properties, Biosensor, tissue engineering Conductivity

oxidel5? assembly technique electrical conductivity needs to be
improved
Collagen53l In situ addition Improved concentration of Tissue engineering scaffolds Lack of
elastase in vitro, antioxidant antibacterial
capacity properties
Aloe Vera gel% Static cultivation with BC Mechanical strength, Tissue engineering, wound Infections need to
crystallinity, water absorption healing be controlled

capacity and water vapour
permeability, improved
healing properties
Silver In-situ addition Antimicrobial capacity Tissue engineering, wound Mechanical
nanoparticle*4 healing properties need

to be improved

Copper In-situ and ex-situ method Antimicrobial capacity Wound healing Mechanical
nanoparticlets® properties need
improvement
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Gold

nanoparticlet*s®l

One-step bio-templated

method in aqueous

Highly sensitive detection of

hydrogen peroxide

Enzyme immobilization and

biosensor fabrication

Further

applications to

suspension immobilize other
enzymes
Montmorillonite Impregnate BC sheets with Mechanical and thermal Wound dressings The wound
(MMT)157] MMT suspension properties, water adsorbed healing

capacity

capabilities need

to be further

improved
Zinc-oxidel*s®l Immerse BC films into Antimicrobial capacity, Burns wound dressing /
suspension of ZnO healing properties
nanoparticles
Silk sericin(t59 Solution impregnation Healing properties, cell Wound dressing and tissue Mechanical

viability, biocompatibility

engineering

properties need

to be improved
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1.3.4 Antimicrobial BC composites

However, in addition to the improvement of the rehydration ratio, the most important
aim is to improve the antimicrobial properties of BC/BNC. It has been proven that
wound infection is a major problem in the healing process.['%% Various types of
solutions have been employed to deal with this problem. One solution involves BC-
chitosan composites which are proven to maintain moisture and offer enhanced
mechanical and antibacterial propertiesi*>4, Another solution is addition of silver
nanoparticles, in which silver ions interact with thiol groups of enzyme and proteins
involved in bacterial respiration and transport of nutrients, thus effectively preventing
wound infection[t611162] |dentically, the nanocomposites of cellulose/copper were also
found to have antibacterial activities, with increasing copper content in nanoparticle
forms instead of nanofibril forms[*>%l. In addition, nanocomposites such as BC/Pd,
BC/Pt, BC/Au, and BC/FeO have been investigated for addition of conducting
properties of BC which is required in cooperation of biosensors, display devices,
electronics and security papers!163l144.1156] BNC may also be loaded with antiseptics
such as povidone-iodine (Pl) and polyhexanide (PHMB)1%4 and the antibiotic
tetracycline hydrochloride (TCH)[1%1 to form nano-structured bio-composites. The high
ratio of nano-fibrils in BC provides a high porosity and surface area, which makes BC
a suitable material for physical interaction with antimicrobial agents and other active
compounds!6l1671 The interaction is physical or happens through definite hydrogen
bonding between BC and reinforced materials, where nano-particles or liquid
compounds can easily penetrate and be engrossed inside the porous BC nanofibrils
matrix. As the original structure of BC plays the most important role in this ex-situ
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synthesis method, BC obtained from static growth is often used for composite
synthesis, which is widely employed in a number of BC composites including polymers,
metals, metallic oxides, and liquid antimicrobials in various biomedical
applications('6€ll68] However, the major drawback of this ex-situ synthesis method is
the limited size of impregnated materials, which can only apply to nano-sized particles,
liquid components and hydrophilic materials. Although the impregnation of chemically
synthesized nanoparticles or antiseptics is cheap and simple, the penetrating
materials may not be homogeneously distributed inside the BC matrix. In addition, due
to the physical absorption, some chemical ingredients can remain on BC matrix after
completion of synthesis. Therefore, new BC composite synthesis routes need to be
identified to solve the problem!1¢7]. In situ BC composites synthesis utilizing a method
where reinforcement materials are added during the growth process of BC and
become part of BC fibril network, is often widely used in BC composites synthesis
processt®9170 However, this technique is limited to certain kinds of materials, and
not applied to some important antimicrobial agents such as silver, metal oixide,
nanoparticles and other materials due to their toxic effect on microorganismi¢7l, As
summarized in the table 1.6 below, BC membranes are incorporated with non-silver
or silver-based materials via in situ synthesis or ex situ synthesis, where the ex situ
method is mostly used. The release mechanism of ex situ method is often studied

using Korsemeyer-peppas equationt: Mt/Moo=k*t"

Where Mt is the amount of drug released at time t, M is the amount if drug released
as time approaches infinity, t is the releasing time, k is the kinetic constant, and n is

the diffusion exponent.
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The loading and release behaviour is mainly driven by diffusion of active antimicrobial
agents through the highly porous and swollen BC network. The amount of absorbed
active agent can be controlled by the concentration of loading solution. The increased
density of BC network fibrils can slow down the diffusional speed and rate of release.
The release kinetics can be described as the combination of diffusion and swelling
controlled processes!t’@i1%4, The mechanisms are the same when there are
interactions between BC and active agents, as it did in the case of Huang et.all173]
investigating the non-covalent bonds between berberine and BC, and Trovatti et.all174
reporting the intermolecular interactions of hydrogen bonds between cellulose and
lidocaine. The storage of in situ synthesis of BC composites are the same as ex situ
synthesis method, where resulted BC composites are either autoclaved and stored in

aseptic conditions or freeze-dried (in some cases oven-dried) before further

usell751[164][165][182]
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Table 1.6 Antimicrobial BC composites proposed in recent years.

Test method

Antimicrobial

Fabrication method

Categories BC composite

In situ synthesis on a rotating

The absorption and shake flask

properties

Percentage of bacterial

Non-silver based BC/chitosan17

drum

BC composite
composed of fabrics

method

reduction was 88.37%
against S. aureus, and
27.36, 69.26, 85.98%

against E. coli

Inhibition of

BC/PI64l BC was loaded by PI solution

In vitro direct contact test and
microplate laser nephelometry

(MLN)

Staphylococcus aureus

growth, lower than 7.5%
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BC/PHMB64 BC was loaded by PHMB

solution

In vitro direct contact test and
microplate laser nephelometry

(MLN)

Inhibition of
Staphylococcus aureus

growth at 7.5%

BC/TCH165] BC was loaded in TCH solution

The disk diffusion method and

plate count method

Diameters of inhibition
zone (DIZ) against E. coli,

S. aureus and B. subtilis

were 45.7 mm, 38.5 mm

and 34 mm

BC/NH!76] BC was immersed in 3-
aminopropyltrimethoxysilane
(10 mL)

in acetone then washed and

dried.

The standard

Dynamic Shake Flask Method

3.1 and 3.5 log reduction
of
the initial inoculated E.

coli and S. aureus

BC/Cul*4 Cu/BC was prepared by in situ

chemical-reduction method

The disk diffusion method

DIZ of Cu/BC against E.
coliand S. aureus are 3.0

and 4.0 mm
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BC/ZnO!™

BC monolayer and multilayer
films were incorporated with
5wt% ZnO nanoparticles by

ultrasound irritation method.

The disk diffusion method

ZOl against E. coli and
S. aureus 5.6 and 11.8

mm

BC/antibiotic fusidic acid

(F A)[178]

BC films were cut into pieces

and saturated with FA

The disk diffusion method

DIZ against S. aureus is

30 mm after 1h

BC/bovine lactoferrin

(BLF)17]

BLF was surface adsorbed onto

BC films

The disk diffusion method

1-log reduction in the S.

aureus

Silver-based BC BC/ sodium alginate(SA) [18%

composite

Introduce silver sulfadiazine

particles into BC/SA matrix

The disk diffusion method

DIZ against E. coli, S.
aureus and C. albicans

are 17, 20, and 15 mm

BC/AgNPL8Y]

AgNPs were photo-chemically

deposited on BC gel network

The disk diffusion method

The DIZ of the composite

against E. coli 6.5 mm

BC/laccase/AgNP182

laccase was immobilized onto

BC

The shake flask method

Display
about 92% (S. aureus)
and 26% (E. coli) of

bacterial inhibition
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Table 1.6 above, concludes that instead of BC/Chitosan, other BC nanocomposites
had greater antimicrobial activity against gram-positive bacterium. However, the
application of silver containing compounds can be hazardous to human health,
causing conditions such as Argyria or argyrosis!*83.Non-silver based nanocomposites
especially those loaded with antiseptics also showed greater antimicrobial properties
than others. Therefore, BC loaded with antiseptics is an important trend for further
antimicrobial improvement of BC composites in the future. There is still a large amount

of scope for chemical modifications.

1.4 Introduction of general characterization techniques

The aim of this section is to give introductions and summarise the analytical methods
used to characterize hydrogel materials in terms of physical, chemical and functional
properties. This includes a brief background overview including methodology, and

apparatus. The characterization methods involved are listed below:

e Structural characterization: material structure, surface morphology, surface
area, porosity, pore volume and elemental composition were analysed by Field-

Emission Scanning Electron Microscopy (FE-SEM), Energy-dispersive X-ray
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Spectroscopy (EDX), Brunauer—Emmett-Teller (BET), and Atomic Force
Microscopy (AFM).

e Chemical composition characterization: the functional groups of
materialswere characterized by Fourier transform infrared spectroscopy (FTIR).
The crystallinity and size of cellulose crystals were determined by X-ray
diffraction (XRD).

e Water-holding capacity (WHC) characterization: the water holding capacity
of materials were measured and calculated by related equations.

e Mechanical property characterization: The tensile strength of materials was
characterized using an Intron Tensile Tester. An in vivo stitching test was also
carried out to further investigate the mechanical behaviours.

e Electrical conductivity and pH sensing characterization: the electrical
conductivity and open circuit potential were measured by PalmSens and Auto-
lab potentiostats.

e Antimicrobial characterization: The antimicrobial properties of materials are
characterized by disk diffusion test, against different pathogenic bacterial
strains.

e In-vitro biocompatibility characterization: the biocompatibility of materials

was characterized by a cell-attachment test involving human fibroblast cell lines.

Scanning electron microscopy (SEM)

SEM is a type of electron microscope which produces images of samples via scanning

the surface with a focused beam of electrons interacting with atoms in the sample.
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This produces signals that provide information about the samples’ surface
morphologies, topography and composition. In order to be observed, samples are
coated with a conductive layer such as gold or carbon (normally 5-15 nm in thickness).
Meanwhile, samples should be able to sustain high vacuum by losing water molecules
or gasses. Samples were coated with gold of 20 nm thickness prior to SEM
measurement. A ZEISS Ultra 55 field emission gun scanning electron microscope
(FESEM) was used to take images of the inner nanostructures of the surface of BC

and BC nanocomposites.

A FESEM is suitable for observing material structures as small as 1 nm on the surface.
Magnification can be adjusted as required. It is suitable for characterizing particles
such as the nuclei of cells, polymers, coatings and electro-spun nanofibers. The
schematic of a typical FESEM working mechanism is illustrated in figure 1.15. Instead
of light, the FESEM works with electrons with negative charges which are liberated by
a field emission source and then accelerated in a high electrical field gradient. The
primary electrons are focused and detected by electronic lenses within a high vacuum
column, to produce a narrow scan beam bombarding the object. During this process,
secondary electrons are emitted by each spot on the object and caught by a detector
to produce an electronic signal. As a result, the signal is amplified and transformed to

a digital image which can be saved on a computer.
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Figure 1.15 A schematic of FESEM modules (adapted from Semnani [184])
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Atomic Force Microscopes (AFM)

AFM is a widely used technique enabling the imaging of most types of surface,
including polymers, composites, ceramics, glass and biological samples. Different
forces including adhesion strength, magnetic forces and mechanical properties can
also be measured and localized by AFM. An AFM involves a sharp tip which is
approximately 10 to 20 nm in diameter and attached to a Si or SisN4 cantilever. When
the tip moves in response to tip-surface interactions, the movement is measured by

focusing a laser beam with a photodiode.

The contact and tapping modes are the two basic modes an AFM operates with. The
AFM tip is continuously contact with the surface in a contact mode and this mode is
only used for force curve measurements. In a tapping mode, which is commonly used
for imaging, the cantilever is vibrated above the surface of sample and in intermittent
contact with the surface. Different from SEM which provides two-dimensional
projection of sample surface, the AFM can provide three-dimensional surface profile
without any pre-treatments which could cause irreversible damage of the sample. In
addition, the true atomic resolution in ultra-high vacuum in liquid environment can be
provided by AFM, which makes it higher resolution compared with SEM. However, the
image size of an AFM is in the order of micrometres and maximum scanning area

around 150 by 150 micrometres, due to the depth of field in the order of millimetres!8s,
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Fourier transform infrared spectroscopy (FTIR) characterization

FTIR is a technique used to obtain an infrared spectrum of absorption or emission of
a substance (powder or liquid).The data is converted into a spectrum via Fourier

transform.

Fixed mirror
| |

Beam|splitter MOVINg mirror

Source —{Collimator / H

Sample
compartment

Detector

Figure 1.16 A brief illustration of FTIR spectrometer components (adapted from
publication by Birkner [186))

As figure 1.16 indicates, a common FTIR spectrometer often contains an IR source,
collimator, sample compartment, detector, beam splitter, fixed mirror, moving mirror,
amplifier, A/D convertor and a computer. The sample is tested via radiation generated
by the source which passes the sample via interferometer and then reaches the
detector, followed by the amplifier and A/D convertor. This amplifies the signal and
converts it to a digital signal. After that, the signal reaches the computer, where the

Fourier transform is performed.
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Fourier transform is a mathematical method to transform one function into a new
function. The obtained interferogram is a plot of the intensity of signal versus optical
path difference (OPD) and after the Fourier transform, a plot of intensity versus

wavelength is generated, which forms the IR spectrum.

Tensile test

The mechanical properties of BC and BC nanocomposites are characterized by tensile
testing of the materials tensile strength and elongation. Tensile tests are carried out
according to the standard ASTM D638 with 1kN static load cell. Each sample is tested

five times to achieve maximum accuracy.
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Figure 1.17 Schematic diagram of a tensile testing machine (adapted from Sabarinathan
et.al 187)
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Tensile testing provides information about the mechanical properties of materials in
terms of the tensile strength (at yield and at break), Young’s modulus, tensile strain,

elongation and ductility, by measuring the force required to break a specimen by which

it stretches or elongates to the breaking point. As figure 1.17 illustrates, the dog
shaped specimen is fitted on the top and bottom by two cross pitch gripping jaws.
During the test, loads are applied gradually with an increment of 0.1kN. The sample
displacement is measured by a high-resolution encoder which transform signals to the
computer. The tensile tests performed in this thesis are all in accordance to ASTM
standard D638 and the hardware units of the machine initiated the related parameters

of gauge length, width, thickness and loading rate.

In addition to tensile test, compression test also allow the assessment of materials
mechanical behaviours. However, normally materials with high tensile strength tend
to exhibit low compressive strength. Therefore, compression testing is applied on
brittle materials and corrugated materials as they are often used in a load-bearing

capacity and the materials integrity under compressive forces is essentiall'88l,

Brunauer, Emmett and Teller (BET) surface area

The surface area and pore sizes of BC and BC nanocomposites are characterized by
nitrogen gas (N2) isothermal sorption technique at 77°K. The pressure changes in a
known volume as a function of partial pressure of N2, determining the amount of gas

absorption on a surface to form mono or multi layers.

The specific surface area of a porous material is determined by physical adsorption of
nitrogen gas on the surface by calculating the amount of absorbate gas resulting from

Van der Waals forces between the adsorbate gas molecule and adsorbate porous
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surface. The measurement is usually taken at the temperature of liquid nitrogen to
allow the amount of adsorbate gas to be measured in a volumetric and continuous

flow procedure.

The data results from the BET adsorption isotherm equation!*8:

L Gl VNI (1.3.1)

Va(22-1)] Vi€ ™ Py VmC

Where P is the partial vapour pressure of adsorbate gas in equilibrium with the surface
at 77.4 K (in liquid nitrogen), Po is saturated pressure of adsorbate gas, Va is volume
of gas adsorbed at standard temperature and pressure (STP), Vm is volume of gas
adsorbed at STP to produce a monolayer on the sample surface, C is the
dimensionless constant. For multi-point BET, in the P/Po range 0.025 to 0.30 can be
used to successfully determine the surface area with a minimum of three data points
(ideally five data points). When the relative pressure exceeds 0.5, the capillary
condensation is onset whilst only a monolayer is formed at exceedingly low relative
pressure. Therefore, the BET method is insufficient in obtaining data for the surface
area if the graph is not linear with a positive slope. The monolayer capacity Vm and

total surface area S, can be obtained using equations 1.3.2 and 1.3.3 below:

Vi = vinie (1.3.2)
§ = fmoavin (1.3.3)

Where Lav is Avogadro’s constant, Am is the cross sectional area of the adsorbate, My
is the molar volume. By setting the intercept to 0 as well as ignoring the value of C,
single BET can also be applied over the more accurate multipoint BET in order to

determine the appropriate relative pressure range.
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Thermogravimetric analysis (TGA)
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Figure 1.18 Schematic diagram of TGA (adapted from Unapumnuk et.al [19%)

TGA is a thermal analyst used for monitoring the sample mass against time or
temperature in a controlled furnace, where samples are analysed in a crescent or
decreasing temperature at an isothermal temperature or a constant rate. As figure
1.18 illustrates, a TGA comprises the radiant heating chamber, microbalance, the
furnace, gas feeding system, temperature controller, and a data acquisition system.
Before and during the test, the mass of sample is measured on the highly sensitive
microbalance when heated or cooled in the furnace controlled by a predetermined
program® A type K thermocouple placed in the middle of the heating system
monitors the reaction temperature. Nitrogen gas is introduced via a nozzle at a

controlled flow rate to purge gas in the heating system°l, The plot of TGA curve
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indicates specimen weight loss percentage against temperature which provides

thermal decomposition behaviour with residue amount as a function of temperature.

In this thesis, TGA (10 mg test samples for BC/BC nanocomposites) (TGA Q1000, TA
Instruments) were performed in an inert nitrogen atmosphere at a flow rate of 40

mL/min, heating rate of 10°C/min across a temperature range of 30 to 800°C.
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Differential scanning calorimetry (DSC)
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Figure 1.19 Schematic diagram of a heat-flux DSC (adapted from publication by Bibi
et.al 192 and Rai et.al [193))

DSC is a widely used technique to analyse the thermal response of BC/BC
nanocomposites by measuring changes in heat capacity due to exothermic or
endothermic reactions. In thermal set polymer characterizations, DSC is used to
identify the glass transition temperature thus determining the curing behaviour for
monomerst®, A heat-flux DSC is used in this work to characterize the thermal stability
of BC/BC nanocomposites. Figure 1.19 shows the schematic diagram of a heat-flux
DSC where two chambers (sample and reference) are heated at a controlled rate by
the main heaters under nitrogen gas with constant pressure. As the thermal events
occur, the temperature difference (AT) between two chambers is monitored and the

feedback heaters keep the chambers in thermal balance. The power signal from
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feedback heaters provides measurements of the heat capacity of the occurring thermal
events. In this thesis, DSC was used together with TGA to measure the thermal

behaviours of BC/BC nanocomposites.
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X-ray powder diffraction (XRD)
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Figure 1.20 Schematic diagram of XRD (adapted from Gianfrancesco [19°])

XRD is a highly versatile technique that has been used to provide chemical information
for crystalline materials in terms of identification of a crystalline phase, structure,
crystal orientation, average grain size and strain distribution. As figure 1.20 illustrates,
XRD patterns are generated by a goniometer rotating at specific angles when the
specimen is bombarded with X-rays. The distribution of atoms within the lattice in the
specimen determines the peak intensities of the resultant diffraction pattern(®l. The
crystal structure, degree of crystallinity and size of crystals of BC were investigated by
XRD. Dried BC samples were ground into powder for testing by powder XRD. During
characterization; the specimen is irradiated with an incident X-ray beam with a

wavelength around 1.5 A. When the specimen was impinged by an X-ray beam, a
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crystal is reflected by the layers of atomic planes which diffract only a fraction of the

incident X-ray amplitude*°6l,

The radiation source was Cu, which generated signals at 40kV and 30mA. The range
of diffraction angle (26 angle) was 3 to 40 degrees with a step size of 0.01. The
crystallinity index (Crl) was calculated according to the published equation by Segal

et.all297l:

Crl = Yooz"lam) (1.3.4)

ooz

where looz is the intensity at (002) peak and lam is the minimum intensity between (101)

and (002) peaks. Crystallite size (CrS) could be calculated by the Scherrer equation

as following:
kA
CrS = T (1.3.5)

where Kk is the shape factor (0.9), A is the X-ray wavelength(1.54°A), B is the line
broadening at half the maximum intensity (FWHM) in radians and 8 is the Bragg’s
angle. The spacing of atomic planes which is also called lattice planes, relates to the

Bragg’s law which can be expressed as follows:

nA = 2dsinf (1.3.6)
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In vitro biocompatible test

Biocompatibility of a biomaterial refers to the extent to which the material are not toxic
or injurious in biological systems. It is important for biomaterials used in chronic
wounds dressings to be submitted to a numerous pre-toxicity tests in vitro or in vivo.
However, in vitro toxicity tests are preferable to in vivo test. The newly produced
materials are examined outside the body in order to facilitate more reproducible clinical
evaluations of a medicinal product to be replicated and estimated™%I1%l |t is
necessary for the biocompatibility of a biomaterial to be evaluated and characterized

in the potential harmful effect before it is used on humans.

Traditional assays measured cytotoxicity by measuring the effects on cells during
exposure to toxic substances at multiple concentrations and time. The colorimetric 3-
(4,5-dimenthylthiazol-2-yl)-2,5-dipheyl tetrazolium bromide (MTT) assay is commonly
used to investigate the detrimental intracellular effects on mitochondria and metabolic
activities, utilizing the selective ability of viable cells to reduce tetrazolium bromide into
organic-soluble purple formazan crystals. The cytotoxicity screening is used to
investigate the extent of formazan crystal formation which depends on intact metabolic

activity[2001(201],

The cellular proliferation and cell viability assays are commonly used to monitor the
response and health of cells when cultured with newly-produced material. Cell
proliferation assays can be used to monitor the cells over time, the number of cell
divisions, the metabolic activities or the DNA synthesis. The rate of proliferation and
percentage of viable cells can be investigated using viability dyes such as trypan

bluel200,
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pH Sensitivity Test

A standard potentiometric electrochemical sensor is comprised of a working electrode
(WE) and a reference electrode (RE)®%4. It analyses samples through direct
measurement of electrochemical reactions. The fabricated pH sensor was connected

in WE, and commercial AgCI/Ag is used as RE.

The principle of the measured pH is based on Nernst’'s law, where it is found that a
potential difference occurs when a metal object is immersed into ionic solutions with
the same metal®®3l, The potential difference generated by the exchange of ions

between metal and liquid, E, is given as:

E = Eo+ () - In[M*] (1.3.7)

nF
Where R is the gas constant (=8.314JK*mol?), F is Faraday number (=96493 Cmol-
1), n is valency of the metal, [M*] is the metal ion concentration, T is the absolute
temperature in Kelvin, Eo is the normal potential difference when the solution contains
1 mole [M*] per litre. As hydrogen ions have similar properties to metal ions, this
equation can be applied to the electrode which is immersed in a solution containing

hydrogen ions. Therefore, this equation can also be expressed as:
E=Eo+ (o) In[H"] (1.3.8)

The theoretical pH voltage sensitivity is 59 mV/pH with a Nernstian response of a 1:1

proton: electron process (T=298 K), which is known as the Nernst limit[2031i204],
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Figure 1.21 The pH measurement system

As figure 1.21 illustrated, a pH measurement system consists of a measuring electrode
and a reference electrode. The voltage between the two electrodes is proportional to
the pH of the test solution. The temperature determines the potential contrast, thus a
temperature sensor is necessary to be put in pH measurement process. The heart of
measuring electrode is a thin piece of pH sensitive glass where a potassium chloride
buffered at pH 7 is sealed inside. The outer surface of pH sensitive glass contacts the
solution being measured, and the inner surface of the glass contacts the filling solution
while an electrical potential develops at glass-liquid interface. The pH of test solution
is determined only by the measuring electrode potential. The reference electrode
consists of the silver wire-silver chloride combination with the filling solution. A silver
wire plated with silver chloride is used to contact the test solution. The potential of
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reference electrode is determined on the chloride concentration in the filling solution,
for the reason that the electrode potential is constant when the chloride concentration

is fixed!209],
Ultraviolet-visible (UV-vis) spectrophotometer

UV-vis is a most commonly used technique applied to quantitative measurement of
solutions to determine the concentrations of known solutes. When lights of known
wavelength and intensity is passing through the measured sample, the final intensity
is measured by a detector. The particular wavelength can be calculated by comparing
the incident radiation (10) and the transmitted radiation (I). The absorption is used to

measure the concentrations of the known solutes by using the Beer-Lambert law:
A =logqo (170) =eXcXL (1.3.9)

Where A is absorbance, ¢ is the molar absorptivity (L/mol/cm), ¢ is the concentration

of the dissolved solute (mol/L), and L is the path length (cm)[2°8],
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Chapter 2 Experimental Section
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2  Experimental section
2.1 Preparation of BC samples

2.1.1 Bacterial strains for BC inoculation

Freeze-dried bacterial strains of Gluconacetobacter xylinus JCM 10150 were
purchased from Sigma-Aldrich (UK) and provided by Professor Ipsita Roy, and
Komagataeibacter xylinus DSM 2004, Komagataeibacter xylinus DSM 2325,
Komagataeibacter xylinus DSM 16663 were purchased from Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures GmbH and provided by
Professor John Ward. All reagents were purchased from Sigma-Aldrich (UK). Ultra-

pure Milli-Q water with resistivity of 18 mQcm- was used for medium preparation.

2.1.2 Culture medium for bacterial strains

Acetobacter medium was used in the cultivation of JCM 10150 with glucose (10wt./v.%)
as the carbon source, yeast extract (1wt./v%) as the nitrogen source, CaCOs3 (3wt./v%)
in 1L Milli-Q water. The pH of the medium was adjusted with HCI acid and NaOH
solution at 5.5, and the growth temperature was 30°C using an incubator. For DSM
2325, DSM 2004, Gluconobacter oxydans medium was used to cultivate the strains of
bacteria with glucose (10wt./v%), yeast extract (1wt./v%), CaCO3 (2wt./v%) in 1L
distiled water, pH adjusted to 6.8 and a cultivation temperature of 30°C.
Gluconacetobacter rhaeticus medium was used to cultivate DSM 16663, where the
medium includes glucose (5%wt./v%), yeast extract (0.5wt./v%) in 1L Milli-Q water,
with cultivation temperature at 30°C and pH adjusted to 6.5. Prior to cultivation, the
culture medium was sterilized in an autoclave at 121°C for 15 min and freeze-dried
bacterial strains were taken out and inoculated in a 1000 ml Erlenmeyer flask

containing 300 ml of culture medium. A small amount of bacteria was inoculated in 50
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ml flasks with 10 ml culture medium to maintain the viable bacterial population. Then
the flasks were placed inside a 30°C incubator for 5-7 days, while the small flasks for
bacterial population were only incubated for 3 days and put into a refrigerator for
bacterial stock. After 5-7 days of static growth, BC pellicles produced from different
culture conditions were collected and washed with distilled water, followed by heating
in 1M NaOH solution at 75°C for 2 h to be purified and further washed with Milli-Q
water until neutral pH was reached. Purified BC pellicles were observed in a light
microscope to confirm there are no bacteria remained on the surface. Purified BC
pellicles were stored in 4°C in deionized (DI) water for further use. Prior to
characterization, BC pellicles were cut into 3*3 cm square and freeze-dried with liquid

nitrogen overnight. The size and thickness of each sample was measured by a calliper.

2.1.3 Antimicrobial BC nanocomposites

Pure BC has no antimicrobial properties, as discussed in the introduction section of
this thesis. Therefore, in order to study the BC based nanocomposites for antimicrobial
wound dressing purposes and evaluate different antimicrobial activity, BC films
produced by K. xylinus DSM 16663 were incorporated with different antimicrobial
agents/materials. In this part, the incorporated antimicrobial agents/materials were
divided into organic and inorganic groups. For organic BC nanocomposites,
BC/Methylglyoxal (BC/MGO) and  BC/polydopamine/eggshell membrane
(BC/PDA/ESM) were synthesised and were main composites studied in this chapter
while BC/lysozyme was synthesized to make comparison with main nanocomposites,
while in inorganic nanocomposite materials, BC/silver nano-particles (BC/AgNP) were

synthesised to make comparison with main nanocomposites. In this chapter, bio-
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inspired BC/MGO and BC/PDA/ESM nanocomposites were proposed for the first time.

The thickness and size of all samples were measured by a calliper.

(1) BC/AgNP
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Figure 2.1 Fabrication process of BC/AgNP (1M and 0.1M).

Figure 2.1

illustrates the fabrication process of BC/AgNP (1M and 0.1M)

nanocomposite. This method was based on a publication by Li et.al 2°71. BC was

prepared by static growth from A. xylinus DSM 16663 and taken out after 7 days of

cultivation. After purification, the BC pellicle was cut into the 3*3 cm square shape and

stored at 4°C for further usage. The BC samples were immersed in 10 mL of silver

nitrate (AgNOs3) solutions (with concentration of 0.1 M and 1 M in DI water) for 24 hours.
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The BC samples were turned from yellow to brown in colour which indicates the AgNP
formation. A UV lamp can also be used to increase the speed of the colour change.
After impregnation, the positive charged Ag ions were bonded to negative charged BC
fibers and become AgNP after the exposure of UV light!2°8l, Then the BC samples were
autoclaved at 121°C for 10 min at 0.103 MPa. During the autoclave treatment, the
silver ions were reduced by cellulose end aldehyde and alcohol groups. All samples
were washed with DI water to remove the excess chemicals and stored in 4°C. Before
the disk diffusion test, the samples were punched by a biopsy punch into 6 mm round
shaped samples. For other characterizations, samples were freeze-dried using a -
50°C vacuum based freeze-dryer. During the autoclave process, the silver ions can
be reduced by cellulose aldehyde and alcohol groups. The resulting BC/AgNP

samples were dark and dry.
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Figure 2.2 Fabrication process of BC/lysozyme nanocomposite.
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Figure 2.2 shows a schematic of the BC/PDA/ESM fabrication process. Pellicles were
taken from the same culture medium and cut into the 3*3 square shape as described
above. Lysozyme enzyme and phosphate buffer (pH = 6.24, 0.1M) were obtained from
Sigma-Aldrich (UK). The method was based on work by Bayazidi et.al 2%9.1 mg/ml
concentration of enzyme was prepared using 0.1 M phosphate buffer solution. BC
samples were immersed in a prepared lysozyme solution and stored at 4°C for 24
hours. After punching into 6 mm round shaped samples, the BC samples were stored
in DI water at 4°C until further usage. The resulting BC/lysozyme sample exhibited the

same colour as the plain BC sample, which was semi-transparent.
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Figure 2.3 A schematic of the fabrication process of BC/PDA/ESM nanocomposite.

Figure 2.3 illustrates the fabrication process of BC/lysozyme nanocomposite. Hen
eggs were purchased from Tesco (UK). Dopamine hydrochloride was obtained from
Sigma-Aldrich (UK). The method was based upon published work by Liu et.al [210],

Fresh eggshells were cleaned with Milli-Q water (18.2 mQ-cm) and ethanol. Then the
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inner ESM were carefully removed from the eggshells using forceps. The obtained
ESM were washed with deionized (DI) water 3 times, cut into small pieces
(10 x 10 mm), and then immersed into DI water or an aqueous solution with a pH value
of 3 for 72 hours to dissolve residual calcium carbonate compounds and collagen. The
samples were then ground into powder. BC pellicles were cleaned with DI water, and
went through heating and immersion in DA solution at room temperature for 16 h. The
DA treated BC were incubated with an aqueous EM powder solution at 1mg/ml
concentration for another 18 h in darkness at room temperature. Finally, the composite
pellicles were washed with DI water and dried at room temperature. The resulting

BC/PDA/ESM formed a dark, gel-like membrane with white powder on the surface.
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Figure 2.4 Fabrication process of a BC/MGO nanocomposite.

Figure 2.4 illustrates the fabrication process of a BC/MGO nanocomposite. The BC
samples were taken from the same culture conditions of K. xylinus DSM 16663 as
described before. The purified BC pellicles were cut into 3*3 cm squares before dip-
coating in 20 ml 4% (v/v) MGO solution in DI water, 0.4% (v/v) MGO solution and 0.04%
(v/v) MGO solution for 48 hours. The samples were named BC/MGO (4%), BC/MGO

(0.4%), and BC/MGO (0.04%). The prepared samples were stored in 4°C and
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remained in a wet state until further use in tensile testing. For the disk diffusion test,
the wet samples were punched into 6 mm round-shape discs. The samples were
freeze-dried in a -50°C vacuum based freeze dryer for SEM, FTIR, and AFM
characterization. The freeze-dried samples were more yellow and had a stiffer surface

than plain freeze-dried BC, whilst the shrinkage remained the same.

2.2 Preparation of a BC based flexible sensor

2.2.1 Conductive BC aerogels

The purified BC pellicles grown from G. xylinus JCM10150 bacteria strain were cut
into 3*3 cm and frozen in liquid nitrogen (-196°C) before being freeze-dried in a bulk
tray at -48°C with a pressure of 0.04 mbar overnight. The freeze-fried BC aerogels
were pyrolyzed in a tube furnace with flowing argon under 600-800°C to generate
black, ultralight pyrolyzed BC (p-BC) aerogels. Another method was also used in the
freeze-drying process, where plain BC pellicles were immersed in tert-butanol solution
and stirred. The tert-butanol solution was replaced three times, every two hours to
exchange the water in the BC pellicles. The treated BC pellicles were stored in a
freezer (-15°C) for 24 hours before being placed in a freeze-dryer. Commercial

melamine foam was pyrolyzed in the same way for comparison.

2.2.2 p-BC/PDMS/PANI nanocomposite for pH sensing
Polyaniline ink was prepared in accordance with a publication by Rahimi et.al®®. The
polyaniline emeraldine base in 25 ml dimethyl sulfoxide solution was prepared to
ensure a uniform coating and was stirred in HCI solution in a vacuum chamber for 5

hours. Prior to coating, Polydimethylsiloxane (PDMS) was diluted with 50%
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cyclohexane at weight ratio 1:1 and the resulting p-BC/PDMS/PANI nanocomposite
was fabricated by infiltrating p-BC with a mixture of PANI ink and PDMS prepolymer
which is a viscous mixture of base/curing agent (10:1). Finally, the p-BC coated with
PDMS/PANI composite was degassed in a vacuum oven for 30 min and cured at room
temperature for at least 24 hours. Carbon paper and pyrolyzed melamine foam which

were used as comparison groups were also used in the same coating procedures.

2.3 Characterization

2.3.1 Structural characterization

1) SEM and EDX

A ZEISS Ultra 55 Field Emission Gun Scanning electron microscope (FESEM)
(Germany) was used to take images of the surface morphology of samples. Prior to
SEM characterization, freeze-dried samples were cut into small pieces (approximately
1*1 cm) were coated with gold of 20 nm thickness via a sputter. For conductive
samples; p-BC and p-BC/PDMS/PANI nanocomposite, SEM characterization was
taken without gold coating. Energy-dispersive X-ray spectroscopy (EDX) (ZEISS,
Germany) analysis was taken during the SEM imaging with a sample distance of 8.5

mm.

2) AFM

Freeze-dried samples with dimensions of 3*3 cm were characterized using an AFM
(Bruker Dimension Icon with ScanAsyst, USA) with tapping mode to give more details

on the surface morphology and surface roughness.

3) XRD

99



The crystalline structure of freeze-dried samples with dimensions of 3*3 cm were
characterized using a powder XRD (Bruker D8 Discover Diffractometer). The radiation
source was Cu at 40kV and 30mA. The diffraction angle range (26 angle) was 3 to 40

degrees with 0.01 step size.
4) BET

The surface area, pore size and pore volumes of samples were investigated using a
BET analyser (NovaTouch, Germany). Prior to characterization, the samples were cut
into a tiny piece with dimensions around 0.5*0.5 cm. freeze-dried using nitrogen at 77k
in a gas sorption system, followed by degassing at 200 °C under reduced pressure
before each measurement. In the analysis process, degassed BC sample was added
dead volume with Helium and then vacuumed again. After experiencing adsorption
isotherm in nitrogen gas, BC sample went through desorption process where nitrogen
gas was evacuated for desorption isotherm. Novatech 5.0 software was used to collect

the adsorption and desorption rate and then analyse all the parameters.

3 Vol 6. Desorption:
- volume: ion: Evacuate N2 for
1. Degas: 2. Evacuate: Add dead volume e . Z'dgdﬁg ;Etrmn. desorption
Heat and evacuate ~ Add vacu;m with He - Evacuate Adsorption isotherm istotherm
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Figure 2.5 The measuring process of BET (adapted from the publication[?11)
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2.3.2 Chemical composition characterization

1) FTIR analysis

The chemical composition of freeze-dried samples was grounded into powder.
analysed by a FTIR spectrometer (Perkin Elmer, USA) at wavelengths ranging from
400-4000 cm™ at a resolution of 2 cm™. Samples were cut into tiny chips and scanned

for 5 min for investigation of the spectrum of transmittance versus wavelength.

2.3.3 Thermal analysis

1) TGA analysis

The thermal stability and thermal degradation of samples were carried out by TGA
analysis (Perkin-Elmer 2000, USA) under a continuous nitrogen flow of 70 mL min-_.
Prior to testing, samples were chopped into tiny chips and 10 mg of sample was placed
into the system for testing across a temperature range from 30°C to 800°C at a heating

rate of 10°C per minute.
2) DSC analysis

The thermal behaviour of samples was characterized by DSC analysis (Perkin-Elmer,
USA), which monitors the difference of the power output between a sample and a
reference pan. The measurements were carried out in a nitrogen flow of 70 mL min,
across temperatures from 30°C to 500°C at a heating rate of 10°C/min. Prior to testing,
samples were grounded into powder and 10 mg of samples were weighed and sealed

in an aluminium pan. The thermal cycle of samples being tested was analysed.
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2.3.4 Mechanical tests

1) Tensile tester

The tensile strength of wet samples was tested by an Instron tensile tester (Instron
3400, UK) equipped with a 10kN load cell. Prior to testing, samples were cut into a
dumbbell shape with a gauge length of 10 mm according to ASTM D882 standard.
The thickness and width of each sample is measured by a vernier calliper. The tissue
paper is used to absorb extra moisture for each sample to be firmly clamped on the
machine. The test for each sample was carried out at least five times with a cross-

head speed of 1 mm/min.

2.3.5 Samples wettability

1) Estimation of water absorption capacity (WAC)

The moisture sorption behaviour of samples (3*3 cm in dimension) was investigated
by immersing BC samples in DI water at room temperature and measuring the weight
after removal of excess water on the surface. The samples were dried in an oven at
50°C overnight before testing. The moisture sorption was assessed by weight change,

and the final moisture content of a sample was:
WAC(%) = (=) x 100 (2.1)
0

Where W1 is the samples mass (g) in wet BC and Mo is dry weight (g) of BC.
The test was performed in triplicate.
2) Release profile in water

In order to investigate MGO release in water, BC/MGO (4%) sample (3*3 cm) which
loads the most MGO solution among three samples was placed into 30 ml DI water
and the aliquots (4 ml) of the supernatants were collected after 0, 0.5,1,2,3,4,5,24,30,
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and 48 h. The sampling volume was not replaced after each collection and the
concentrations of MGO in supernatants were measured by a Lambda 850+ UV/Vis
spectrophotometer (PerkinElmer, USA). For sample saturation test, BC/MGO (4%),
BC/MGO (0.4%) and BC/MGO (0.04%) (3*3 cm) were taken out after 24 and 48 h of
static impregnation and the absorbed liquid was squeezed out and measured by

spectrophotometry for MGO concentrations. The tests were performed in triplicate.

2.3.6 Antimicrobial test

1) Disk diffusion test

The antimicrobial activity of BC hanocomposites and control groups were tested by a
disk diffusion test against four common pathogenic bacteria in chronic wounds as
discussed in chapter 1 section 1.2.1; Micrococcus luteus (M. luteus) NCIMB 1327,
Pseudomonas aeruginosa (P. aeruginosa) DSM 8626, Staphylococcus aureus (S.
aureus) DSM 111729, and Escherichia coli (E. coli) DH5a. The test was performed by
a standard Kirby—Bauer Disk Diffusion Susceptibility Test Protocol. Prior to testing,
samples were punched into 6 mm round-shaped discs by a biopsy puncher. Around
1*10° CFU per plate test bacteria were cultured and prepared from Luria-Bertani (LB)
broth overnight and spread onto LB agar plates during the test. The samples were
tested against positive control samples which were dipped with Kanamycin (50 mg
mL™1) and Ampicillin (50 mg mL™), and control samples of plain BC. The specimen
was placed into a bacteria-spread LB agar plate and marked. After 24 hours cultivation
at 37°C in an incubator, the plates were taken out and the diameter of inhibition zones

was measured using a ruler. The tests were performed in triplicate.
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2.3.7 Electrical conductivity and pH sensing tests

1) Electrical conductivity test

The electrical conductivity of p-BC and p-BC/PDMS nano-composites with dimension
of 1*1*cm and thickness of 0.1 cm was measured by a PalmSens4 potentiostat
(Palmsens BV, Netherlands) at room temperature in air. The sample size was
measured by a standard calliper. In the test, the current and output voltage of each
sample was measured, and the electrical conductivity was calculated. This test was

performed in triplicate.

2) pH sensing test

The pH sensing test was carried out to investigate the pH sensitivity of samples (with
dimension of 1*1 cm, and thickness of 0.1 cm). This was measured by an Autolab
potentiostat (Metrohm, UK) at room temperature in air via open-circuit potential
measurement with different pH solutions (from 4-10) (Sigma-Aldrich, UK), which is the
pH level range associated with chronic wounds. A commercial Ag/AgCI reference
electrode (Metrohm, UK) was used for measurement, and a platinum electrode
(Metrohm, UK) was used as the counter. As figure 2.5 illustrated, the pH sensor was
clamped by an electrical connector and connected with a working electrode, immersed
partially in test solution. In vitro pH sensitivity testing was performed in simulated
wound fluid; composed of diluted phosphate buffer solution (PBS) and Male AB human
serum from the USA (Sigma-Aldrich, UK) in a 1:1 ratio. The test was performed in

triplicate.
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Figure 2.6 lllustration of setting of the pH sensitivity test

2.3.8 In vitro biocompatibility test

1) Culture of human dermal fibroblasts (HDF)

The procedures followed are standard operating procedure ISO (the International
Organization for Standardization) 10993-5:2009. Previous HDF cell (Sigma Aldrich,
UK) cultures were checked by a microscope to confirm there was no bacterial or fungal
contamination, and the spent medium was removed. The cell monolayer was washed
with phosphate buffer saline (PBS) (pH 7.4, 0.01M, Sigma Aldrich, UK) twice before
the trypsin (Trypsin-EDTA 1x including phenol red: 10.62 mg/L, NaHCO3: 350 mg/L,

Sigma Aldrich, UK) was pipetted onto the washed cell monolayer. The Corning® cell-
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culture flask (Sigma Aldrich, UK) was returned to the incubator and left for 10 min,
followed by examination of the cells via a microscope to ensure the cells were
detached and floating. The attached cells were released by gently tapping the flasks.
The cells were re-suspended in a small volume of fresh medium (EmbryoMax M2
medium 1%, Sigma Aldrich, UK), inactivating the trypsin and centrifuged at 2000 rpm
before cell counting (Corning® cell counter, Sigma Aldrich, UK). The number of cells
were inoculated in fresh medium flasks (Corning® cell-culture flask, Sigma Aldrich, UK).
The BC samples were punched into disk shapes with 6 mm in diameters to be fit into
a 96-well plate. A Corning® 96-well plate (Sigma Aldrich, UK) was used to seed BC
samples with HDF cell cultured, with 25,000 cells/mL(20 pl), 10,000 cells/mL(10 pl)
and 5,000 cells/mL(5 ul) on BC samples of different thickness (0.8 mm and 3 mm),

respectively. The 96-well plate was then placed into a 37°C incubator for 48 hours.

2) Phase-contrast light microscopy characterization of cells growth on BC

A phase-contrast light microscope (Agar Scientific Ltd, UK) was used to characterize

the HDF growth on BC.
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2.3.9 Ex vivo stitching test

In order to further investigate whether wet BC nanocomposite (with dimension of 3*3
cm and thickness of 0.1 cm) was a suitable skin substitute for larger and deeper
chronic wounds, an Ex vivo stitching test was carried out by collaborators on the skin
of the belly of a three-year old dead pig to assess whether BC/PDA/ESM
nanocomposite is suitable for being sewed onto skin thus allowing the further potential
application of temporary skin substitute. This test is to simulate temporary skin
substitute being sewed onto the skin. The suture size used in this experiment was
USP (United States Pharmacopeia) 3-0. As with the surgical stitching process, a
surgical thread was carried by a needle and used to sew BC samples on the surface
of skin. After stitching on four sides, a hooked tweezer was used to grip and stretch
the stitched BC sample via multi-directional force to test the mechanical behaviour.
After 10s testing both compression and stretching, repeated multiple times, the BC

sample was photographed and compared with the original sample.
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Chapter 3 BC Production
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3 BC production
3.1 Introduction

3.1.1 Aims and objectives

The aims of the work in this chapter were to present the bio-synthesis of BC grown
from different Acetobacter bacteria strains and investigation of the important
parameters which can affect the materials properties, to optimize the production of BC

materials.
The objectives of the work in this chapter were:

1) Fabrication of BC pellicles by static growth from Gluconacetobacter xylinus
JCM10150, Komagataeibacter xylinus DSM 2004, Komagataeibacter xylinus
DSM2325, and Komagataeibacter xylinus DSM16663, and comparison of
different BC properties

2) Characterization of BC morphology of the nano-porous network structure,
chemical composition, BET surface area, surface wettability, thermal stability

and estimation of the water absorption capacity.

The present chapter describes different BC materials cultured from different bacteria
strains and their comparisons. In this chapter, BC samples produced from four
different bacteria strains and comparisons in terms of different materials properties are

proposed for the first time.
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3.1.2 Introduction

BC is a nanofibrillar polysaccharide which can be produced by diverse bacteria in both
static and shaking culture conditions. As different carbon sources exist in different
bacterial culture mediums, the product efficiency may differ. In theory, carbons which
induce bacterial metabolism in glucose can be used for BC production(?12l213l214] - BC
can be produced as an extracellular proactive layer of the bacteria including
Acetobacter, Azotobacter, Agrobacterium, Achromobacter, Aerobacter, Sarcina,
Salmonella, Rhizobium, and Escherichial?'®l, The most well-known bacterial species
for BC production is the group of acetobacter bacteria; Komagataeibacter xylinus (K.
xylinus). This types of bacteria is classified as a-proteobacteria?'6l, However, K.
xylinus is not the only species that produces BC, other species in acetobacter such as
Komagataeibacter hansenii (K. hansenii), Komagataeibacter medellinensis,
Komagataeibacter nataicola, Komagataeibacter oboediens, and komagataeibacter
rhaeticus (K. rhaeticus), have been proven as strong BC producers!?1711218]i219]1220]
Studies show that Acetobacter sp.A9 strain isolated from apples can produce
maximum 2.2g/L BC 2211 and k. hansenii P2A in shaking conditions can produce 3.25
g/L BCP?2l and k. rhaeticus strain P 1463 extracted from Kombucha can yield 4.4 g/L
BC under static conditionsf??3l. The carbon sources used in the culture medium can
affect the BC water-holding capacity, porosity, crystallinity index and mechanical
propertiesi?4, It has been shown that whilst BC production can be improved via
addition of ethanol and acetic acid to culture medium, this can decrease the
crystallinity index, which reflects an inferior mechanical strengthl??4. It has been
reported that improved BC production can also be achieved by addition of vitamin C

into the culture medium!??°l, In addition, keeping the pH of the growth medium at an
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optimal level by adding buffers can contribute to an increased yield of BCP?9, In the
literature, G. xylinus and K. xylinus are the most common bacterial strains used for BC
production. Though both static and agitated culture are commonly used in BC
production, the static growth is a traditional method where cellulose is formed in the

form of a gelatinous pellicle at the interface between air and liquid[22.

In this chapter, BC samples produced from four Acetobacter bacteria strains
Gluconacetobacter xylinus (G. xylinus) JCM10150, Komagataeibacter xylinus (K.
xylinus) DSM 2004, K. xylinus DSM2325, K. xylinus DSM16663 were characterized
and compared in terms of surface morphology, chemical structure, crystallinity,

thermal behaviour and an in vitro cell biocompatibility test.
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3.2 Results and Discussions

3.2.1 BC fabrication

Figure 3.1 Cultured BC in acetobacter medium from G. xylinus 10150 (a) after 3
days, (b) after 5 days; BC pellicles after purification (c) taken out after 3 days of
growth, (d) taken out after 5 days of growth.

Figure 3.1 shows the BC grown from G. xylinus 10150 over different time-periods. As
indicated in the figure, a thin layer of BC can be grown after three days static cultivation,
and after five days growth, a much thicker BC pellicle was obtained. The thickness of
BC pellicles were additionally measured, where three-day incubated BC had a

thickness of 0.15-0.25 mm while the thickness of five-day incubated BC could reach
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an ultimate length of up to 0.75-0.8 mm. It was obvious that BC grown on the surface
layer of the medium turned out yellow and semi-transparent, whilst after removal and
purification, the BC pellicles became pale and more transparent. Figure 3.1 (d)
illustrates that G. xylinus 10150 could grow BC pellicles with great thickness and high

density, with good potential for mass production.
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Figure 3.2 Cultured BC in (a) gluconacetobacter rhaeticus medium from K. xylinus
DSM 16663 for 5 days, (b) gluconobacter oxydans medium from K. xylinus 2004 for
7 days, (c) gluconobacter oxydans medium from K. xylinus 2325 for 7 days; BC
pellicles after purification (d) taken out after 5 days of cultivation from K. xylinus
DSM 16663, (e) taken out after 7 days of cultivation from K. xylinus DSM 2004, (f)
taken out after 7 days of cultivation from K. xylinus DSM 2325; (g) freeze-dried BC
samples from K. xylinus DSM 16663.
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BC pellicles grown from three other bacterial strains; K. xylinus DSM 16663, K. xylinus
DSM 2325 and K. xylinus DSM 2004 are shown in Figure 3.2. In comparison with G.

xylinus JCM 10150, these three strains required a longer culture time to achieve their
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ultimate yield, where K. xylinus DSM 2325 and 2004 required a longer culture time
than K. xylinus DSM 16663. In addition, the daker medium colour of K. xylinus DSM
2325 and 2004 indicated the reaction of glucose and calcium carbonate in the culture
medium during the high temperature sterilization process. Meanwhile, Figure 3.2 (d),
(e) and (f) shows that a thicker, denser, clearer and more transparent BC pellicle was
formed in the K. xylinus DSM 16663 culture. Handling the BC pellicles showed that
BC grown from K. xylinus DSM 16663 was stiffer and more solid than BC grown from
the other two strains, while it was much the same compared with BC grown from G.
xylinus JCM10150. Figure 3.2 (g) showed the freeze-dried BC samples of K. xylinus
DSM 16663, which indicated that it retained most of the thickness as wet status,
forming ultra-light and foam-like aerogels. The measurement of BC production and
water holding capacity by four different bacterial strains is shown in Table 3.1
Compared with K. xylinus DSM 2004 and 2325, G. xylinus JCM 10150 and K. xylinus
DSM 16663 yielded a larger quantity of BC (1.69 and 1.72 g/L) with a higher water
retention capacity (99.4 and 99.3%). The detailed analysis of BC structures and

properties were described in the characterization section.

Table 3.1 BC production from different bacterial strains and calculated water holding
capacity.

Bacterial strain BC yield (g/L) WHC (%)

G. xylinus JCM 10150 1.69 + 0.02 99.4 +0.01
K. xylinus DSM 16663 1.72 +0.05 99.3+0.01
K. xylinus DSM 2004 1.18+0.1 98.6 + 0.02
K. xylinus DSM 2325 1.19+0.1 98.6%+ 0.01
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3.2.2 BC characterization

1) Surface morphology and chemical composition

The surface morphology of BC pellicles was characterized by SEM and a BET
analyser and FTIR and XRD were used for chemical structure characterisation. Figure
3.3 showed the SEM images of BC samples grown from different strains of bacteria.
Figure 3.3 (a)-(d) reveals the three-dimensional (3D) inter-connected nanostructure of
cellulose nanofibers with width dimensions around 50-500 nm. Surface morphology of
the four BC samples exhibited dense and porous nanostructures, where BC grown
from G. xylinus JCM 10150 had the finest structure compared with other K. xylinus
samples. The morphology observed was in good agreement with existing
literaturel227112281229] |t is notable that BC produced from K. xylinus strains were much
more affected by the freeze-drying method, where some of the fibrils were broken.
Therefore, in order to keep the optimal shape, for experiments conducted in the next
two chapters, BC samples were pre-treated with tert-butanol alcohol to allow the
exchange of water before freezing. In addition, instead of being frozen via liquid
nitrogen which can exert a large impact on the samples, sample were frozen at -15°C
overnight before being placed into a freeze-dryer. In order to verify the relationship
between sample thickness and density of nano-fibrils, BC produced from K. xylinus
DSM 16663 with different thickness (0.8 mm grown for 5 days and 3 mm for above 10
days) were characterized in SEM as well, as shown in figure 3.4. It was evident that
the thick BC sample exhibited much denser porous structure of cellulose nano-fibres

than the thin BC sample.
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Figure 3.3 SEM images of BC (a) grown from G. xylinus JCM10150, (b) K. xylinus
DSM 16663, (c) K. xylinus DSM 2325, (d) K. xylinus DSM 2004, (e) FTIR analysis of
BC chemical structures ( BC1: BC grown from G. xylinus JCM 10150, BC2: BC
grown from K. xylinus DSM 16663, BC3: BC grown from K. xylinus DSM 2325, BC 4:
BC grown from K. xylinus DSM 2004).

Figure 3.4 SEM images of BC grown from K. xylinus DSM 16663: (a) with thickness
of 0.8 mm and (b) with thickness of 3 mm.
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Table 3.2 Comparison of BET analysis of BC grown from different strains of bacteria.

Surface area Pore width
Pore volume (cm?3/g)
(m?/g) (nm)
BC-JCM10150 166.6 + 0.2 227+0.1 0.20+0.1
BC-DSM16663 155.8 + 0.1 277 +0.3 0.26 +0.1
BC-DSM 2325 116.7 £ 0.1 2.65+0.2 0.24 +0.2
BC-DSM 2004 108.6 + 0.1 2.11+0.1 0.18+0.1

BET analysis shown in Table 3.2 revealed that all four types of BC have high surface
areas (above 100 m?/g) and exhibit small pore widths and volumes, which corresponds
to the highly porous nanostructure previously observed in SEM. The results were
calculated by Novatech 5.0 software by applying multi-point BET method and DFT
(density functional theory) method. This explains the high water-holding capacity.
However, BC-JCM10150 and BC-DSM 16663 which were cultivated in 5% glucose
medium have a much larger surface area compared with the other two samples,
indicating they have denser structures. This corresponds to other results reported in
the literature. Krystynowicz et.al 239 discussed the influence of glucose concentration
on BC growth, where a reduced glucose content resulted in higher BC yields and

denser structures.
2) XRD and FTIR analysis

Based on SEM characterizations, all four BC show the typical characteristics of known
BC such as nanofibrils and inter-connected nanonetwork structures. In order to further
verify the properties of BC and draw comparisons, FTIR and XRD analysis were
performed. Figure 3.5 shows FTIR and XRD spectroscopy, indicating the chemical
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bonds and crystallinity of BC produced by different bacterial strains. The XRD patterns
of four BC are shown in Figure 3.5 (a). The figure indicates three typical diffraction
peaks at 14.5, 17.4, and 23.9°, which correlate with (101), (10 1)and (002)
polymorphism cellulose type 12312321233 Qwing to the sharpness of diffraction peaks
observed, it can be concluded that the four BC are semi-crystallinel?34, The larger
peaks at 14.5° than in 17.4° indicate all these cellulose samples contain mostly
lal?3%], The degree of crystallinity (Crl) and crystallite sizes (CrS) of four BC materials
determined by Segal’s equation[*®”l were calculated and are exhibited in Table 3.3. It
is obvious that BC grown from K. xylinus DSM 2325 had the highest Crl value which
was 69.38%, followed by BC grown from G. xylinus JCM10150 with a Crl value of
64.93%, and BC grown from K. xylinus DSM 16663 with a Crl value of 60.66%.
However, the degree of crystallinity in BC produced from K. xylinus DSM 2004 drops
to 59.77%. From crystallite sizes measured by XRD, BC produced from K. xylinus
DSM 2325 and DSM 2004 exhibit larger crystallite sizes in [002] compared with the
other two BC. Research by Watanabe et.al [23¢] suggests that the reduction of degree
of crystallinity and crystallite sizes can be attributed to the different culture conditions.
From BET and SEM results, BC samples cultivated from G. xylinus JCM 10150 and
K. xylinus DSM 16663 containing less glucose concentration in culture medium have
much denser nano-network structures and higher porosity, compared with the other
two BC samples. According to the findings by Zeng et.al [22”] and Shibazaki et.al [238],
BC with a larger accumulation of nanofibrils could alter the crystal structure due to the
dense network structure restricting the motion of cells, resulting in a lower degree of
crystallinity. From FTIR spectra (Figure 3.5 (b)), it is obvious that the peaks at 3300
cm? correspond to stretching vibration of intra and inter O-H bonds in cellulose

|[233]1239]1240]1234] "\which is in agreement with the XRD pattern. The peaks at 2900 cm?
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indicate C-H stretching of CH2 and CHs, while peaks at 1650 cm™ relate to H-O—H
bending of absorbed water, and peaks located at 1425, 1370, 1330 and 1275 cm™
correspond to the in-plane bending of the former C-H bond?*! and cellulose 11[2341242],
The peaks around 1160 cm™? are assigned to C-O-C antisymmetric bridge stretching
of 1, 4-B-D-glucosidel?34243l244] |t can be induced from XRD and FTIR analysis that
four BC specimen retain the features of cellulose | and high crystallinity which is in
correspondence of typical BC crystalline structures [231123211233] Thjs indicates excellent

mechanical properties in the four BC specimen.
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Figure 3.5(a) XRD characterization of BC produced by different strains of bacteria.
(b) FTIR spectra of BC produced by different bacterial strains (BC1 is G. xylinus JCM
10150, BC2 is K. xylinus DSM 16663, BC3 is K. xylinus DSM 2325, BC4 is K. xylinus
DSM 2004).
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Table 3.3 The Crystallinity of BC grown from different bacterial strains and the crystal
size of lattice [101], [101], and [002] in each sample.

CrS (nm)
Sample Crl (%)

[101] (nm)  [101](nm)  [002] (nm)
BC-JCM 10150 64.93 1.02 2.28 1.96
BC-DSM

60.66 2.12 0.57 2.41

16663
BC-DSM 2325 69.38 1.76 0.53 6.03
BC-DSM 2004 59.77 1.35 0.87 7.13

3) Thermal degradation

The thermal degradation of BC specimens was tested by DSC and TGA under inert
nitrogen atmosphere and presented in Figure 3.6. Figure 3.6 (a) shows the weight loss
curves of four BC specimens (BC-JCM10150, BC-DSM16663, BC-DSM2325 and BC-
DSM2004). In TGA curves, four BC samples experienced dehydration at around
100°C, depolymerization and pyrolytic decomposition at around 230 to 400°C. The first
minor degradations result from water desorption from the cellulose polysaccharide
structure. All BC samples show the degradation temperature at around 300 to 350°C,
resulting from the change in weight loss due to organic decomposition. The amount of
weight loss and temperature degradation differ owing to the various fermentation
methods and culture medium/?#%. DSC curves of four BC samples are showed in
Figure 3.6 (b). It is indicated that the endothermic event occurs between 50 to 180°C

for all samples due to the dehydration of surface water, the interaction between non-
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substituted hydroxyl groups and water. This indicates a transformation related to the
melting of the crystalline phase of cellulose?#61247] Subsequently, all BC samples
showed great thermal stability after water removal. The exothermic maximum occurred
between temperatures of 350 to 375°C, indicating the decomposition of BC samples.
The observed DSC curves correlate with the TGA curves, both of which reveal the

excellent thermal stability of BC samples.
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Figure 3.6 (a) TGA curves of BC grown from four strains of bacteria; (b) DSC
analysis of BC samples grown from four bacterial strains (AHm is the melting

enthalpy of BC samples and AH indicates the decomposition enthalpy of BC).
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In vitro biocompatibility test

Characterization in terms of the previously described materials properties indicate that
BC is an excellent candidate as a substrate for wound dressings. However, high
biocompatibility is also an important factor for wound dressing materials. In order to
further investigate the survival of cells in BC substrate with different nano-fibres
densities, , an in vitro cell study was performed on BC samples produced from K.

xylinus DSM 16663 with two different thicknesses (0.8 mm and 3.0 mm).

Figure 3.7 Morphology and distribution of HDF cells seeded on thin BC (BC-DSM
16663 with thickness of 0.8 mm) with density of (a) 5,000 cells/ml under
10xobjective, (b) 10,000 cells/ml under 10xobjective, (c) 25,000 cells/ml under
10xobjective, (d) 25,000 cells/ml under 20x objective for 48 hours observed using a
phase contrast microscope.
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Phase contrast microscopy in Figure 3.7 showed that living HDF cells seeded on thin
BC samples were comparable to HDF in culture medium after 48 hours incubation.
However, for HDF cells seeded on BC samples, the HDF cells were more prone to
being round-shaped, forming clumps of different sizes compared with normal
fibroblasts shapes . This suggests cells can not adapted to the BC surface. The cells
can grow but not fully spread and proliferated on BC samples. Large clumps were
formed by proliferative fibroblasts which is more obvious in Figure 3.7 (b). According
to Sanchavanakit et.al 138 this phenomenon occurs because the adhesive forces
between BC and fibroblasts is much weaker than the fibroblasts among themselves,
leaving groups of cells to roll up and grow less confluently on the BC surface. The
surface of plain BC does not promote cell adhesion and fails to promote the specific
absorption of proteins and subsequent cellular adhesion?*8l, As a result, the adhesion

to the BC surface is inadequate.
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Figure 3.8 Morphology and distribution of HDF cells seeded on thick BC samples
(grown from K. xylinus DSM16663 with thickness of 3 mm) for 48 hours with cell
density of (a) 25,000 cells/ml, (b) 10,000 cells/ml, (c) 5,000 cells/ml, observed under
a phase contrast microscope with 10x objective.

126



The phase contrast microscopy in Figure 3.8 that HDF grow on thick BC samples for
48 hours with different cell densities. It is obvious that only Figure 3.8 (a) exhibits a
few cells grown on a thick BC sample. Compared with results from thin BC in Figure
3.8, it is more difficult for HDF cells to grow and attach to thick BC samples. As the
subcellular proteins in HDF conduct forces to the ECM through integrin assemblies
and form contractile stress fibres in conjunction with myosin, the contractile force of
HDF plays an important part in HDF attachment!24912501 For thick BC with higher water
content and denser nano-network surface structures, resulting in less protein
adsorption in HDF growth, thus the contractile force between cells and BC are

considerably weaker.

3.3 Summary

In this chapter, the material properties of BC produced from four different strains of G.
xylinus and K. xylinus were fabricated and characterized. G. xylinus JCM 10150, K.
xylinus DSM 16663, K. xylinus DSM 2325, and K. xylinus DSM 2004 were cultivated
in different concentrations of yeast, glucose and carbon media with the pH adjusted to
the optimum levels for static growth under 30°C. BC produced from bacterial strains
were taken out and their materials properties characterised in terms of surface
morphology, chemical composition, porosity, water-holding capacity, crystallinity and
thermal stability. The SEM and BET results show that BC samples grown from G.
xylinus JCM 10150 and K. xylinus 16663 had the highest yielding and dense nano-
network structures with the highest surface area due to the lower glucose content in
the culture medium. In addition, this corresponds to a high water-holding capacity.
From FTIR and XRD analysis, four BC samples had a high degree of crystallinity,
around or above 60% and contained mostly cellulose type I. Whilst BC produced from

127



K. xylinus DSM 2004 and K. xylinus DSM 2325 have higher degrees of crystallinity
than other two, this can be attributed to the different types of medium used in bacterial
inoculation, where 10% glucose was used in the medium while others only contained
5% glucose. Lower glucose concentrations in BC culture media results in a reduction
in degree of crystallinity due to restrictions in cell motion imposed by the dense network
structure. Characterization via DSC and TGA curves on heat capacity and weight loss
revealed the excellent thermal stability of all BC samples. In vitro biocompatible cell
studies of HDF seeded on BC with different thicknesses demonstrates BC’s potential
biocompatibility, especially for BC with lower thicknesses. From all the
characterizations, although further in vitro and in vivo biocompatibility need to be
conducted, the fabricated four BC specimen with three-dimensional nano-network
structure exhibits a high water-holding capacity, high crystallinity, great thermal
properties, , making it an excellent potential material for wound dressings. In particular,
it can be found from this chapter that the BC pellicles grown from G. xylinus JCM10150
and K. xylinus DSM 16663 requiring low glucose concentrations and less incubation
time, were among the best in terms of the materials properties discussed above.
Therefore they were chosen for BC matrices in pH sensor and antimicrobial BC

composites discussed in the following two chapters.
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Chapter 4 Pyrolyzed BC Aerogels for pH sensing

Published work by author?53, copyright by Elvesier.com
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4 Conducting BC aerogels for pH sensing substrates
4.1 Introduction

4.1.1 Aims and objectives

Chapter 3 describes the four different BC grown by different strains of bacteria, where
BC grown from G. xylinus JCM10150 exhibited considerably dense nano-network
structure Therefore, by utilizing three dimensional (3D) nano structure of cellulose
nanofibrils, a conductive flexible pH sensor based on pyrolyzed BC aerogels is
proposed and discussed in order to investigate the potential applications of BC-derived

nanocomposites for flexible pH wound sensors.

Smart wound dressings often contain dressing materials with wound sensors. The aim
of this work was to fabricate the pyrolyzed BC (p-BC) aerogel as a conductive
substrate for application as a flexible wound pH sensor using a dip-coating technique.
Current flexible pH sensors in wound monitoring are fabricated by coating a
conducting flexible substrate with a proton-selective polymer (such as polyaniline
(PANI)). However, carbon aerogels are often used as a composite by incorporating
them with resin or elastic polymers in for flexible pH sensing applications due to its
poor mechanical properties. Same as freeze-dried BC samples, pyrolyzed BC
aerogels retained the 3D inter-connected nano-network structure but in carbon
nanofibers not cellulose. The 3D inter-connected nano-network structure of carbon
nanofibers can induce the electrons to move quickly, conferring high electrical
conductivity. In order to increase the mechanical strength, flexibility and
biocompatibility of pyrolyzed carbon aerogels, polydimethylsiloxane (PDMS) is

incorporated with p-BC acting as the sensor substrate.
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Nanocomposites based on pyrolyzed BC are of great significance for study and
optimisation for potential applications such as flexible sensors. Section 2.2 described
the methodology used for pyrolysis of BC samples and fabrication of BC/PDMS/PANI
nanocomposites as a flexible pH sensor. The objectives of this chapter were to
fabricate pyrolyzed BC aerogels, compare the electrical properties via different
pyrolysis temperatures, and investigate the pH sensitivity in commercial pH buffer
solution and in vitro human serum solution. Complete fabrication and further pH sensor

optimisation are introduced in the future work section.

4.1.2 Introduction to carbon aerogels and pyrolyzed BC

With the development of carbon materials, elastic carbon aerogels are a new trend in
sensor fabrication. Carbon materials are generally classified into three main categories:
graphic carbon (GC), soft carbon (SC) and hard carbon (HC) by the different hybrid
orbitals of the carbon atom; sp, sp? and sp? 2522531, 2D hexagonal crystalline carbon
materials such as carbon nanotubes, graphite and graphene oxide belong to the GC
category[®>4, Carbon materials pyrolyzed from organic compounds are in the SC and

HC categories where in this work, p-BC belongs to the SC category.

As introduced in chapter 1, chronic wounds often contain certain bacteria and their
biofilms which delay the healing process and lead to serious infections, spreading to
the bones or even systemic septicaemia which significantly threaten the patients’
health®?. In order to mitigate this risk, smart dressings, which refer to the use of
biochemical cues to generate a readable output for diagnostic or theragnostic value
by incorporating the biosensors into or near dressings!®, are capable of monitoring the

wound healing process for early detection. pH is a key indicative parameter in chronic
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wounds monitoring, as the changes in pH are often related to bacterial infections. The
pH value in chronic wounds is often higher than 7.4, due to the alkaline by-products
produced in the process of bacterial colony proliferation®4:[95119] whilst healthy skin is
slightly acidic, with pH 5.5-6.51%1. In order to promptly and effectively treat wound areas,
pH is measured at different locations over the wound area, however, chronic wounds
require multiple measurements throughout the wound area with high spatial resolution
which is beyond the capacity of most commercial probes. Recent pH sensors have a
solid-state design that replaces the glass probe with an electrode coated with a 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 electrodel®®. This technology exhibits high sensitivity,
increased stability and cost effectiveness!®’ but requires complicated manufacturing

methods and expensive materials.

In recent years, a new strategy has been proposed for coating proton-selective
polymers with conducting carbon deposited on a flexible substrate (such as
paper255]  polyethylene terephthalate?®®! and cotton thread?%”l). Owing to the
employment of pH sensitive nanomaterials (PANI), these have increased sensitivity
and decreased manufacturing cost®9125511257]  However, most of this research fails to
demonstrate a reversible, free-standing 3D platform for diagnostics and wearable
devices in chronic wounds. It still requires green, scalable and versatile methods to

lower the cost of the manufacturing process.

PANI is a widely used conductive and proton-selective polymer in pH sensor
fabrication, owing to its wide conductivity range (doping dependent) and unique
chemical structure of the materiall?>8l. PANI has three base forms: per nigraniline base
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(PNB) which is fully oxidized, emeraldine base (EB) which is half oxidized and
leucoemeraldine (LEB) which is fully reduced?>9. After protonation with acids, EB can
be transferred to highly conductive emeraldine salt (ES) by adding protons to the back
bone of PANIP8Y, Figure 4.1 reveals the reactions that cause reversible change of EB
to ES, where the protonation process takes place on the imine nitrogen sites, and the
polarons and bipolarons were formed during the doping process and function as the
charge carriers in the system. However, when ES is placed in an alkaline solution, the
deprotonation occurs and the conductivity decreases accordingly. This reversible
process is attributed to the existence of amine and imine groups in the PANI polymer
structure, which makes it the most suitable pH sensitive materials to be used in pH

sensors2611262]
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c1© c1®

Protonated polyaniline
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O+ QrlO-Om

Polyaniline (emeraldine) base

Figure 4.1 The protonation and deprotonation process of PANI[263],

Currently, taking advantage of the unique 3D nano-network structure of BC introduced
in chapter 1, pyrolyzed BC (p-BC) has been used as a precursor material for carbon

nano-fibres for stretchable conducting applications[?%4, super-capacitors[?65:[266] and
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lithium ion battery anodes!?¢71268]. The major advantages of using p-BC lie in its easy
fabrication, low-industrial cost and mechanically robust 3D carbon nano-network

structures.

In this chapter, a true 3D p-BC CNF aerogel as a precursor pH sensor and novel p-
BC/PDMS/PANI nanocomposite was proposed, which has potential to be used in
chronic wounds with high spatial resolution. Wound monitoring is proposed which

exhibited both high conductivity and pH sensitivity.

4.2 Results and discussion
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Figure 4.2 Photographs of (a) the fabrication process of p-BC/PDMS/PANI pH
sensor; (b) BC grown from A. xylinum, freeze-dried BC aerogel and pyrolyzed BC
aerogel samples.
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Figure 4.2 shows the fabrication process of the p-BC/PDMS/PANI pH sensor and BC
samples when taken out from cultivation, following freeze-drying and pyrolysis. As
Figure 4.2 (a) indicates, the BC pellicle was removed after it was fully grown in YGC
medium from G. xylinus JCM 10150 in a static condition for 5 days, followed by freeze-
drying and pyrolysis. Then the p-BC aerogel was dip coated in a pre-diluted PDMS
and PANI solution. Figure 4.2 (b) shows that BC samples experience at least 30%
shrinkage in size after freeze-drying and 50% after pyrolysis. Post freeze-drying, the
semi-transparent gel-like BC pellicle becomes a white foam-like aerogel. The foam-
like aerogel turns into a light and black carbon aerogel after pyrolysis under high
temperatures. The resulting flexible p-BC/PDMS/PANI nanocomposite has a similar
appearance to p-BC but better material strength which allows compression by the

fingers without breakage.

Figure 4.3 SEM images of (a) plain BC, (b) pyrolyzed BC aerogel, and (c)
PDMS/PANI coated p-BC aerogel; (d) EDX analysis of p-BC/PDMS/PANI
nanocomposite showing the types and amount of elements exist.
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The SEM images in Figure 4.3 (a-c), show that BC has a 3D nano-network structure
with interconnected nanofibers as in the previous chapter, p-BC has retained its 3D
nano-network and transformed into a 3D carbon nano-fibre network structure, which
can induce electrons to move faster!?64. In addition, this also guarantees p-BC the high
surface area for PANI/PDMS to be coated. Using pre-diluted PDMS during dip-coating
was helpful for maintaining thickness of resulted p-BC/PDMS/PANI nanocomposite,
as non-diluted PDMS may result in extra PDMS residues in p-BC precursor. The EDX
analysis in Figure 4.2 (d) confirms that in SEM, Si, C and O are the main three

elements which show the incorporation of PANI and PDMS on p-BC aerogel.
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Figure 4.4 FTIR characterization of p-BC/PDMS/PANI before doping (p-
BC/PDMS/PANI-EB) and after doping (p-BC/PDMS/PANI-ES).
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In order to verify the chemical structure of the p-BC/PDMS/PANI sample, the FTIR
spectra of p-BC/PDMS incorporated with PANI in emeraldine salt (ES) compared with
p-BC/PDMS doped with PANI in emeraldine base (EB), and PDMS are shown in
Figure 4.4. The peaks which shifted slightly from 1588 to 1580 cm™ and 1502 to 1496
cml, were assigned to the C=C stretching of the quinoid ring and benzenoid ring
respectively, indicating PANI-EB [?6% transformation into PANI-ES[279, In addition, the
peak intensity at 1496 cm™ is stronger than 1502 cm, further confirmation of the
presence of PANI in ES[?7H, The bands at 1408 and 1258 cm™ indicate asymmetric
and symmetrical deformations of the C-H in Si(CHs)2 , and the peak at 1015 cm™ could
be assigned to Si-O, confirming PDMS infiltration[?721273], The peaks at 844 and 790
cm suggest the deformation of C-H and Si-C bond stretching in PDMSI274, Therefore,

all of the above confirm the incorporation of PDMS/PANI on p-BC aerogels.

Table 4.1 BET measurement of freeze-dried BC and p-BC aerogel in terms of
specific surface area, mean pore diameter and pore volume.

Sample Specific surface area Pore diameter Pore volume
(m?/g) (nm) (cm®g)
Freeze-dried 155.820 £ 0.1 1.380 0.2 0.260 £ 0.1
BC
p-BC aerogel 166.640 £ 0.1 2.270+£0.1 0.200 £ 0.2

Table 4.1 exhibits the results of BET analysis performed on the freeze-dried BC and
p-BC aerogel. Technical data is reported based on the specific surface area, pore
diameter, and pore volume, respectively. It is notable that both types of BC aerogels
have ultra large surface areas, nano-scale pore sizes and relatively small pore

volumes, which are beneficial for potential applications as conducting substrates for
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pH sensing and likely provide a great surface area for PANI to be coated for higher pH
sensitivity. In p-BC aerogel, the highly porous structure of carbon nanofibers can
induce electrons to move quickly!?4, which is beneficial as a conducting substrate for
pH sensor and the high surface area can increase the amount of pH sensitive PANI
being fixed and coated. By allowing more functional sensing area, there is more
protonation occurs in the sensing process which is beneficial for increasing pH

sensitivity.
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Figure 4.5 Electrical characterization of p-BC/PDMS/PANI nanocomposite: (a) the
electrical conductivity test of BC aerogel pyrolyzed under 600°C, 700°C and 800°C,
(b) the calculated electrical conductivity of p-BC pyrolyzed under 600°C, 700°C, and
800°C.
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The conductivity test in Figures 4.5 (a) and (b) show the p-BC had increased
conductivity with increasing pyrolysis temperature, and both p-BC/PDMS and p-BC
had similar conductivity even when pyrolyzed at temperatures under 800°C.
Additionally, p-BC with higher pyrolysis temperatures revealed higher output currents
thus higher conductivity, whilst p-BC/PDMS still has great conductivity even when
infiltrated with a certain amount of PDMS polymer. The reason for this phenomena is
that higher pyrolysis temperature results in the higher graphitization of BCI?64,
However, although infiltration of PDMS decreased the conductivity of the

nanocomposite, it showed little effect on the pH sensing activity.
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Figure 4.6 (a) The open-circuit potential measurement for p-BC/PDMS/PANI
nanocomposite pH sensor in response to pH levels ranging from 4 to 10 in
commercial pH buffer solutions; (b) The measured sensor response to various pH
levels between 4 and 10. The data showed a linear response (r’=0.997) with an
average sensitivity of -50.4 mV/pH.
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Figures 4.6 (a) and (b) show the sensor response for increasing and decreasing pH
levels where there are great changes in output potential. It indicates that the proposed
p-BC/PDMS/PANI composite has experienced steady pH sensitivity lasting for 5
minutes and the open-circuit potential has decreased with increased pH level
(decreased H*). The linear reduction has indicated a pH sensitivity of -50.4 mV/pH
with coefficient of determination R? as 0.997, which is near-Nernst limit. The response
time of the sensor is less than 20s. It also indicates that acidic solutions enabled more
protonation in PANI. The results of the pH sensitivity test agree with existing
literatures8L65L1275] However, none of those pH sensors are three-dimensional which
limits their use in deep wound beds, and our proposed p-BC/PDMS/PANI is easy
fabricated , bio-derived and low-cost nanocomposite, which has great potential for

smart wound monitoring materials for chronic wound beds.
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Figure 4.7 In vitro pH sensitivity test for open-circuit potential by placing fabricated
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In order to simulate wound exudate to the maximum extent, in vitro pH sensing tests
were additionally performed for our sensor by incorporating human serum into PBS
buffer solutions (with different pH levels), which had a reportedly similar chemical
environment to wound healing tissues!?7%! after debridement. Compared with figure 4.6,
figure 4.7 (a) indicated the sensor tested in commercial pH buffer solutions responded
similarly, where both indicate steady pH sensitivities for 5 minutes and response time
less than 20s for pH level from 4 to 7. The potentiometric response as a function of pH
level in Figure 4.7 (b) showed an average linear relationship between 4 to 7, with a
sensitivity of -28.2 mV/pH and r? equal to 0.987. However, different from the sensor
tested in commercial buffer solutions in figure 4.6, the sensor tested in human serum
showed pH performance only in acidic solutions as the acidic solution allows the best
observation of proton change. In addition, the in vitro test was not applied to pH levels
above 7 due to the inconspicuous changes in OCP values in comparison with the
acidic environment. The results indicate protonation can be affected by the high serum
protein load that is able to bind to a lot of protons and this becomes more apparent
under alkaline conditions. Therefore, as the reduced pH sensitivity in human serum,
this pH sensor needs further optimization on sensing ability by allowing larger
functional surface area of incorporated PANI to carry out more protonation to reduce
the effect of human serum, in order to be used in real clinical applications. In this case,
further experiments can be done in sensor optimization by various methods such as
increasing the mechanical strength by employing folded carbon nanotubes to avoid
the decrease of surface area instead of infiltration of PDMS, or using electrochemical

deposition methods to dope PANI onto carbon aerogels to improve the fixation of PANI.
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4.3 Summary

In this chapter, a nature-derived, cost-effective, and flexible 3D pH sensor was
developed for use in chronic wound monitoring. The fabrication process developed is
simple and green without chemical contamination. The sensor performance was
tested in both commercial pH buffer solutions and in vitro wound simulated fluid, which
showed a linear potential and sensitivity of -50.4 mV/pH and 28.2 mV/pH, with stable
response at different pH levels. Further experiments on optimizations of sensing
substrate can be performed in future to minimize the effect of proteins in human serum
on protonation. The p-BC/PDMS/PANI nanocomposite showed great potential for

integration with low-cost wound dressings in pH monitoring.
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Chapter 5 Antimicrobial BC nanocomposites
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5  Antimicrobial BC nanocomposites
5.1 Introduction

5.1.1 Aims and objectives

The aim of the work reported in this chapter was to produce antimicrobial BC
nanocomposites using dip-coating or surface polymerization methods. BC has no
antimicrobial properties and thus only by incorporation with antimicrobial
materials/agents can it be used in chronic or infected wound dressing applications.
Herein, the concept of antimicrobial BC nanocomposites are introduced based on
the recent development of BC based wound dressings. In this chapter, the inorganic
BC nanocomposites like BC/AgNP and organic BC nanocomposites such as
BC/lysozyme fabricated by ex situ synthesis, BC/polydopamine/eggshell membrane
(BC/PDA/ESM) fabricated by surface polymerization of PDA, BC/methylglyoxal
(BC/MGO) fabricated by ex situ synthesis, are introduced, and their antimicrobial
activities investigated. This chapter is composed of four parts: a literature review,
experimental methods, results and discussion and conclusions. Since most has been
reviewed in chapter one, section 1.2.2, the literature review above includes a brief

review of organic BC nanocomposites, especially nature-based materials.

5.1.2 Organic antimicrobial BC nanocomposite properties

As discussed in chapter 1, due to the limited antimicrobial spectrum of organic
antimicrobial BC composites, and possible side effects caused by antibiotics and
AgNP, there is a need to develop natural materials and greener methods for
antimicrobial BC composite fabrication. The BC used in this chapter was produced

from K. xylinus DSM 16663.
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Eggshell membrane (ESM) has nowadays become a promising nature-derived
material for chronic wound healing. Recent studies showed an ESM-positive effect in
a rat skin wound model by decreasing the wound closure time via binding MMP-9
which is key to delayed wound closurel?’8l. Due to its similarity to the native
extracellular matrix, ESM which is composed of collagen type I, V and X, is highly
biocompatible and widely used in biomedical applications, such as bio templates,
sorbents, biosensing and burn treatmentsl?’l, It has been found that ESM has been
used to promote wound closure and accelerate the early stage healing process[?78l. It
has also been prepared as a wound dressing via incorporation with polyurethanel?8%,
However, natural ESM is neither soluble nor fusible, meaning that reformation of
natural ESM into various shapes and sizes is difficult. ESM kick-starts the healing
process by virtue of distinct properties. Its properties help reduce tissue damage in a
chronic inflammation scenario. Moreover, it binds matrix metalloproteases (MMPS) to
reduce their presence in the wound. MMPs are a key risk factor in delayed wound
healing. Highly significant, ESM promotes formation of new connective tissue and
microscopic blood vessels[?78l,

Marine mussels have naturally tight adherence to solid surfaces in the sea via
secretion of proteins containing 3,4-dihydroxyphenyl-L-alaine (DOPA) and lysinel?81],
Inspired by the mussel adhesiveness, it was found that dopamine (DA) could undergo
oxidative self-polymerization under alkaline conditions to form polydopamine (PD) for
biomolecular and cellular attachment. This chemical reduction was conducted by the
catechol group in PD. Therefore, DA is able to create a polymerized layer on various
materials surfaces via self-polymerization?8l283]  which is used to fabricate

BC/PDA/ESM nanocomposite in this chapter.
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Honey, especially Manuka honey has been studied for therapeutic management of
chronic wounds in both in vitro and in vivo research[?84281[286] Different from plain
honey, Manuka honey contains a unique component, methylglyoxal (MGO), which can
act as an antimicrobial agent during wound healing!?8711288112891290]  The antimicrobial
properties of MGO in multiple forms; solution?®l], hydrogel?®2, polymer, polymer
fibres??3l and non-woven fabricl?°® have been investigated. It has been found that
MGO at a concentration of 0.0054 mg/cm=? was sufficient to reach 100% colony
forming pathogenic bacteria reduction. Rabie et.all?®¥ found that MGO can damage
the structural integrity and function of bacterial DNA and proteins by disrupting
glutathione (GSH) homeostasis, thus altering the membrane permeability leading to
cellular lysis.

Therefore, inspired by the naturally antimicrobial Manuka honey, it is of great interest
to study the degree to which MGO coated BC offers antimicrobial protection against
broad-spectrum bacteria compared with other antimicrobial BC composites. In this
report, we prepared BC/MGO composites by dip-coating MGO solutions onto BC
membrane to produce BC/MGO (4%), BC/MGO (0.4%), BC/MGO (0.04%) samples
with different MGO concentrations (v/v in H20) (see section 2.1.3 for detailed
descriptions and illustration of the fabrication process), and tested against a broad
spectrum in a range of bacteria including Gram-positive; Micrococcus luteus (M.
luteus), Staphylococcus aureus (S. aureus) and Gram-negative Pseudomonas

aeruginosa (P. aeruginosa) and Escherichia coli (E. coli).

Table 5.1 compares the antimicrobial activities of typical BC incorporated organic and
inorganic antimicrobial agents. It is evident that BC incorporated with inorganic
antimicrobial agents such as AgNP and CuO exhibited greater antimicrobial activity

than organic agent incorporated BC nanocomposites.
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Table 5.1 Summary of antimicrobial properties of typical BC incorporated organic
and inorganic antimicrobial agents.

Incorporated Synthesis Characterizat Antimicrobial property Applications
Materials methods ion methods
Antimicrobia Carbodiimi  Agar diffusion  Significant reduction in growth of Wound
| peptide ¢- de method S. epidermidis infection
poly-L- chemistry prevention
Lysine [2%] dressings
Copper Hydrother  Disk diffusion  Significant antimicrobial response  Wound
oxide [2%] mal method on S.aureus, S.enterica dressings
deposition
Silver AgNPs Disk diffusion  Exhibits 99.9% antimicrobial Food
nanoparticle  reduction method & activity for 72 h against a mixed packaging,
[297] from broth diffusion  culture of broth bacteria and fungi  wound
AgNO3 method dressing,
hospital bed
lining, surgical
apparel
Lysozyme Physical Agar diffusion  Good antimicrobial activity Active
[209] absorption  method against a broad range of packaging
method microorganisms

5.2 Materials and methods

Materials are described in chapter 2 section 2.1.3.

The characterization methods are described in chapter 2 section 2.3.
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5.3 Results and discussion

(1) BC/AgNP (BC/lysozyme for comparison in disk diffusion test)

SEM and EDX analysis
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Figure 5.1 SEM image of BC/AgNP (a) low magnification, (b) high magnification;
(c) the EDX analysis of elements in BC/AgNP.

The SEM and EDX results in Figure 5.1 show the surface morphology and elements
in BC/AgNP. It is evident from Figure (a) and (b) that the nano-scale particles (with
diameter of 100-500 nm) are embedded into the BC nano-network surface. Figure 5.1
(c) confirms that the nano-sized particles are silver whilst the large percentage of

oxygen corresponds to the BC fibres.
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Antimicrobial test
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Figure 5.2 Disk diffusion test of BC/AgNP against (a) M. luteus, (b) P. aeruginosa; (c)
the measured diameter of inhibition zone (DIZ) of five samples (sample 1: BC/AgNP
(1M), sample 2: BC/AgNP (0.1M), sample 3: plain BC, sample 4: BC with Kanamycin
(50 mg/ml), sample 5: BC/lysozyme.
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Figure 5.2 indicates that the BC/AgNP has great antimicrobial activity against both
Gram-positive M. luteus, and Gram-negative P. aeruginosa. In addition, the BC
incorporated with a higher concentration of AgNP (1M) exhibits almost the same
antimicrobial activity compared with BC/AgNP (0.1M). However, compared with
positive control groups (BC/kanamycin), the antimicrobial activities of BC/AgNP
nanocomposites are less pronounced. The BC/lysozyme has great antimicrobial
activity against Gram-positive M. luteus but no antimicrobial activity against Gram-
negative P. aeruginosa. Compared with BC/AgNP, BC/lysozyme has a larger DIZ
value indicating greater antimicrobial activity against M. luteus. These results correlate

well with existing publications!2%81299],
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(2) BC/PDA/ESM

SEM characterization

The BC/PDA/ESM (can also be in the form of BC/ ESM) was characterized via SEM
in terms of surface morphology and structure. Figures 5.3 (a) and (b) show
photographs of plain BC and BC/ESM nanocomposite. BC/PDA/ESM was darker in
colour with less transparency, indicating full oxidation of DA during PDA self-
polymerization. Figures 5.3 (c) and (d) show SEM images of plain BC compared with
BC/PDA/ESM. From SEM images, while some EM particles aggregate on the surface,
the BC/PDA/ESM still retains the typical nano-network structure. The EM particles

were larger than BC nanofibrils, with diameters of approximately 500-800 nm.
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Plain BC

Figure 5.3 Photograph of (a) BC, (b) BC/PDA/ESM; SEM characterization of (c) BC,
(d) BC/ESM.
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FTIR analysis
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Figure 5.4 FTIR characterization of BC/PDA/ESM, BC/PDA and BC samples.

Figure 5.4 and Table 5.2 show the FTIR spectrum and chemical bond assignments of
BC/PDA/ESM, BC/PDA and BC samples. As discussed in chapter 3, the peaks at
3344 cm and 2800 cm™ were correlated with O-H and C-H stretching and the peak
at 1100 cm™ corresponds to C-O-C stretching, which indicate the cellulose structure
of BCI178li181l |n BC/PDA, the peak at 1700 cm can be assigned to C=C stretching,
indicating the incorporation of PDARI0Y, The peaks at 1600, 1492 and 1198 cm'?
correspond to the amide | (C=0 stretching), amide Il (CN stretching/NH bending), and

amide Il (CN stretching/NH bending) of glycoprotein in ESM[27°1210] Meanwhile, the
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broad peak around 3344 cm in BC/PDA/ESM spectrum also indicates the phenolic

hydroxyl stretching of catechol groups!?791i210],

Table 5.2 Summary of main absorption bands and chemical bond assignment for
FTIR spectra of BC, BC/PDA, and BC/ESM samples.

Peak wavenumber (cm™) Chemical bonds Materials
3344 O-H stretching BCl24111244]
2800 C-H stretching
1605 C=C stretching PDAI[300][301]
1600 Amide | (C=0 stretching) ESM[7e1210]
1492 Amide Il (CN

stretching/NH bending)

1198 Amide Il (CN

stretching/NH bending)

157



Tensile test
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Figure 5.5 Tensile test to determine the mechanical properties of BC/ESM, BC/PDA
and BC samples.
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Table 5.3 Measurements of mechanical properties of BC, BC/PDA, BC/PDA/ESM in
terms of tensile strength and elongation.

Materials Tensile strength (MPa) Elongation (%)
BC 2.02 £ 0.30 63.8 £ 1.50
BC/PDA 251+£1.10 2450+ 1.12
BC/PDA/ESM 2.71£1.30 2241 +£1.52

In order to test the mechanical properties of wet BC, BC/PDA and BC/PDA/ESM, the
tensile test was performed (Figure 5.5) and tensile strength as well as material
elongation were measured (Table 5.3). It is evident that all BC based samples show
high tensile strength which can be attributed to the existence of the inter-connected
nano-network structure of BC nanofibers via strong hydrogen bonding. However, BC
had the lowest tensile strength combined with the highest elongation, indicating more
ductile and flexible mechanical behaviour compared with BC/PDA and BC/PDA/ESM.
By the same token, BC/PDA is more ductile and flexible than BC/PDA/ESM
nanocomposite. The results can be attributed the presence of phenolic hydroxyl in
catechol groups of ESM and PDA which increase the crystallinity of materials, resulting

in increased strength!302],
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Disk diffusion test
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Figure 5.6 Disk diffusion test of BC (sample 3), BC/PDA (sample 1), BC/PDA/ESM
(sample 2) and BC/kanamycin (50 mg/ml) (sample 4) against: (a) M. luteus, (b) P.
aeruginosa; the measurement of DIZ of: (c) sample 1 against M. luteus, (d) sample 2
against M. luteus, (e) sample 1 against P. aeruginosa, (f) sample 2 against P.
aeruginosa, (g) sample 3 against M. luteus, (h) sample 4 against M. luteus (i) sample
3 against P. aeruginosa, (j) sample 4 against P. aeruginosa; (k) summary of DIZ of
four samples against two bacteria strains.

The antimicrobial activities of BC/PDA and BC/PDA/ESM were characterized via a
disk diffusion test, where plain BC was used as a negative control group.
BC/kanamycin (50 mg/ml) was used as a positive control group. Figure 5.6 (a) and (b)
show the results of the disk diffusion test against Gram-positive M. luteus and Gram-
negative P. aeruginosa. Antimicrobial activity was measured by the DIZ value shown
in Figures 5.6 (c)-(j). Therefore, after 24-hour incubation, BC/PDA and BC did not
exhibit any antimicrobial activity against two pathogenic bacteria, whilst BC/PDA/ESM
showed good antimicrobial activity against Gram-positive M. luteus and slight
antimicrobial activity against Gram-negative P. aeruginosa. However, compared with
positive control groups, the antimicrobial activity of BC/PDA/ESM was less effective
especially against Gram-negative bacteria with biofilms. According to work by Ahlborn
et.all®%], the main components in eggshell membranes responsible for antimicrobial
activity are lysozyme ovo-transferrin and beta-NAGase which are more effective
against Gram-positive bacteria. However, this requires further research. It is evident
from previous results that BC/AgNP, BC/PDA/ESM have comparable antimicrobial
activity against M. luteus and less activity towards P. aeruginosa. Therefore,

BC/PDA/ESM can be used as antimicrobial chronic wound dressings if incorporated
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with other stronger anti-bacterial agents to achieve further broad spectrum

antimicrobial property.

Ex-vivo stitching test

Figure 5.7 Images of the mechanical behaviour of the BC/PDA/ESM membrane by
stretching with a hooked sharp tweezer on pig belly skin on a time scale (from 1s to
5s).

In order to further investigate the potential application of BC/PDA/ESM nanocomposite
in temporary skin substitute , a wet sample was stitched and tested on a dead pig belly
skin on a timescale from 1s to 10s. A sharp tweezer with hook was chosen to
investigate the durability. As shown in figure 5.7, the sample can be easily sewed onto
the skin. The sample is highly durable and can be firmly stretched by the sharp tweezer
without any breakages. The excellent mechanical strength results from the three-
dimensional inter-connected nano network structure of cellulose fibres. In addition, the
gripping test with the same hooked tweezer was also carried out on the same sample,
as shown in figure 5.8. It is evident that when gripped and scraped with the sharp
hooked tweezer, the BC/PDA/ESM nanocomposite material still retains original shape
without any surface cracks. Therefore, the high durability make BC/PDA/ESM a great

candidate as a potential temporary skin substitute material for large non-healing
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chronic wounds, though further in vivo animal tests should be performed to investigate

the biocompatibility.

Figure 5.8 Images of the mechanical behaviour of BC/PDA/ESM by gripping with a
hooked tweezer on a pig belly skin on a time scale from 1s to 5s.
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(3) BC/MGO

SEM and FTIR characterization
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Figure 5.9 Characterization of nanostructure and elemental composition of BC and
BC/MGO: (a) SEM image of freeze-dried BC sample. (b) SEM image of BC/MGO
nanocomposite; photographs of (c) untreated BC (d) BC/MGO samples (BC/MGO
(4%) (e) BC/MGO (0.4%) (f) BC/MGO (0.04%)). (g) FTIR spectrum of BC, BC/MGO
(4%), BC/MGO (0.4%), BC/MGO (0.04%).

As demonstrated in the photographs of pristine BC membrane and BC/MGO
composite (Figure 5.9, (c)-(f)) both untreated plain BC and BC/MGO membranes were
soft and translucent, whilst BC/MGO with a higher MGO content was more yellow.

SEM images of MGO/BC confirmed the presence of nano-meter fibrils (circa. 60-200
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nm in diameter) and 3D inter-connected structures (Figure 5.9 (b)), in good agreement
with the structural characteristics of plain BC (Figure 5.9 (a)). In comparison with the
plain BC sample, the MGO/BC sample indicated a change in surface morphology,
where MGO acted as a coating filling the voids and covering the fibril network of the
original BC. FTIR analysis showed the presence of C-O-C at 980 cm™, C-H bending
at 1088 cm1[3%4, C-O stretching and OH stretching at peaks of 1058.75 and 3351.75
cm?, indicating the chemical structure of the plain BC2%l, In addition, the second line
in the FTIR analysis showed the existence of a peak associated with C=0 stretching

at 1750 cm [%I which confirmed the incorporation of MGO into the BC.
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AFM characterization

To further investigate and compare the surface morphology between BC and BC/MGO
with different MGO coating concentrations, AFM characterization was also performed.
As shown in figure 5.10 (a) and (b), the mean diameter of the BC fibres is circa. 50
nm, which was in accordance with other publications 9711208, Meanwhile, BC/MGO
nanocomposites in figure 5.10 (c)-(h) show similar fibril diameters to the plain BC,
however, the surface roughness of the nanocomposites increased with increasing
MGO content. In this case, figure 5.10 (g) and (h) reveal the most obvious difference
in the surface morphology of BC/MGO nanocomposites from the plain BC, where the
roughness is the highest, circa. 114 nm. Furthermore, some knots are observed
around the fibre-net, indicating that the incorporation of MGO coating on BC could
increase the surface roughness by interpenetrating the nano-network structure,
caused by the excellent physical absorption properties of the interconnected nano-

network of the plain BC.
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Figure 5.10 AFM images of: (a) BC (c) BC/MGO (0.04%) (e) BC/MGO (0.4%) (g)
BC/MGO (4%) and 3D surface images of: (b) BC (d) BC/MGO (0.04%) (f) BC/MGO
(0.4%) and (h) BC/MGO (4%).
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Thermal stability testing
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Figure 5.11 TGA curves of BC, BC/MGO (4%), BC/MGO (0.4%), BC/MGO (0.04%).

To understand the thermal decomposition behaviour of BC and BC/MGO composites,
TGA was performed. Figure 5.11 shows the weight loss curves (TG) of BC, BC/MGO
(4%), BC/MGO (0.4%), and BC/MGO (0.04%), indicating that dehydration occurred
below 100°C and depolymerization and decomposition of glucosyl units between 320
to 400°C[3091[31018111[312] \When BC coated with MGO was analysed using TGA, the
nanocomposite is less stable than plain BC, with degradation at 320-370°C, whilst
plain BC degraded at 380 - 400°C. This may be attributed to weaker hydrogen bonding

and decreased crystallinity with increasing MGO content.
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Tensile testing
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Figure 5.12 Tensile tests to determine the mechanical properties of untreated BC,
and treated BC (BC/MGO 4%, BC/MGO 0.4% and BC/MGO 0.04%).

Since mechanical strength is a key property of materials used in wound dressing
applications, the tensile strength was tested in untreated BC as well as BC/MGO with
various MGO concentrations in the wet state. The tensile properties of the samples
were illustrated in figure 5.12 and summarised in table 5.4. BC based samples
exhibited high tensile strength due to the interconnected nano-network structure with
strong hydrogen bonding interactions313.Compared with other BC/MGO samples, the
untreated BC sample appeared softer, more ductile and flexible. Whereas BC/MGO

samples seemed harder and more brittle with increasing MGO concentration.
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BC/MGO 4% with the highest coating concentration of MGO exhibited the highest

tensile strength but lowest extension, which might be attributed to the presence of the

strong carbonyl group due to increased crystallinity of the materials®14. Overall, all

BC/MGO samples exhibited good mechanical properties, which make them promising

flexible wound dressing materials.

Table 5.4 Mechanical properties of untreated BC, and BC/MGO (4%), BC/MGO
(0.4%) and BC/MGO (0.04%).

Materials Tensile strength Elongation (%)
(MPa)
Untreated BC 2.02 +0.229 63.8 + 1.453
BC/MGO (4%) 6.32 + 0.231 29.59 + 0.768
BC/MGO (0.4%) 5.13 + 1.640 38.97 + 1.859
BC/MGO (0.04%) 4.36 + 1.341 55.33 + 1.596
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Release profile

In order to investigate release behaviours of MGO loaded in BC via static
impregnation method, the release profile of BC/MGO (4%) has been studied by
measuring MGO concentrations collected from the supernatants when after being
placed in DI water for different time (0, 0.5, 1, 2, 3, 4, 5, 24, 30 and 48 h), and
guantified by a UV/Vis spectrophotometry. The figure 5.13 (a) shows the release
profile of BC/MGO (4%) in water for different time intervals. As indicated, when
placed in water, the BC/MGO (4%) went through fast release in 5 hours with
released MGO concentration up to 1.6%. After 24 h, it experienced slow release and
released MGO concentration reached 2.6% in 48 h. The fast release occurred at the
beginning due to the MGO residue left on BC surface after fabrication. However,
after surface MGO had been released in water, it went into slow release after 24 h.
The slow release behaviour of BC can be attributed to its inter-connected nano-
network structure trapping part of MGO solution inside. Moreover, the hydrophilicity
of BC nanofibrils can result in the wide internal surface area of interstitial space of
wet BC pellicle, which allowed physical adsorption of impregnated MGO solution. In
order to study whether the static impregnation method reaches the saturation of
MGO in samples, the MGO concentration of three samples BC/MGO(4%),
BC/MGO(0.4%) and BC/MGO(0.04%) impregnated for 24 and 48 h were measured
and quantified by a UV/Vis spectrometry as well. The results in figure 5.13 (b)
indicates the three samples can nearly reach the MGO saturation after impregnation
for 48 h in static. While after being impregnated for 24 h, all samples can still reach
above half of the saturated concentration. The results confirm BC has conducted
physical adsorption during the impregnation process and can reach the adsorption

saturation after 48 h impregnation time.
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Figure 5.13 (a) cumulative release profiles (mean = SD, n=3) of BC/MGO(4%) in

BC/MGO(0.04%)
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water, (b) the MGO concentrations measured in samples immersed in different MGO
solutions via static impregnation for 24 and 48 h.
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Disk diffusion test
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Figure 5.14 Disk Diffusion test of BC/MGO samples against (a) M. luteus, (b) P.
aeruginosa, (c) S. aureus, (d) E.coli (sample number 1: BC/MGO (4%),
2:BC/MGO(0.4%), 3:BC/MGO(0.04%), 4: plain BC, 5: antibiotic positive control
(kanamycin (50 mg/ml) for (a) and (b), ampicillin (50 mg/ml) for (c) and (d)), (e)
Diameter of inhibition zone measured for each sample against different strains of
bacteria.

In this work, the antimicrobial property of MGO coated BC nanocomposites against M.
luteus, P. aeruginosa, S. aureus, and E. coli were investigated using the disk diffusion
test (figure 5.14 (a)-(d)). For each plate, a positive control group of two antibiotics,
dipped BC and a plain BC control group were tested for comparison. The efficiency of
antimicrobial activity was measured by the diameter of clear zones of inhibition (DIZ)
around the round-shaped cut samples after 24 h of incubation at 37°C. After 24 h
incubation, the DIZ values of MBC4% with the highest MGO concentration were 1.43
+0.13cm, 1.23+0.03cm, 1.71 £ 0.06 cm, and 1.55 + 0.05 cm (see figure 5.14 (e)),
while the positive control groups had DIZ values of 1.27 £+ 0.14 cm, 1.0 £ 0.05 cm, 0.52
+0.04 cm and 0.85 £ 0.1 cm. The control groups of plain BC had no zones of inhibition
for all the samples, against M. luteus, P. aeruginosa, S. aureus, and E. coli,
respectively. In addition, it was also obvious from figure 5.14 (e) that BC/MGO
nanocomposites were slightly more effective against Gram-positive than Gram-
negative strains contained in biofilms while it was still lethal towards multi-antibiotic-
resistant S. aureus (MRSA). Across all strains of bacteria tested, the antimicrobial
activity was more pronounced at increased MGO concentrations. This indicated that
MGO coated BC, with at least 0.04% concentration was sufficient to reduce the activity
of most pathogenic bacteria which most likely to exist in the mid to late stage of chronic
wounds. Table 5.5 summarises recent publications on the antimicrobial properties of
BC nanocomposites. Compared with results from existing literature, it is obvious that

in non-silver based organic antimicrobial BC composites, our proposed MGO/BC is
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greatly efficient against broad-spectrum bacteria. This performance is better than

inorganic metal-oxide based BC composites. Although still incomparable with

antiseptic or antibiotic based BC composites, the strong and broad-spectrum

antibacterial properties of BC/MGO render it a promising antimicrobial wound dressing

material or skin substitute for chronic wound care.

Table 5.5 Summary of DIZ in common wound dressing materials proposed in recent

literature.
Materials Diameter of zone of Type of wounds
inhibition (DIZ) (mm) Applications
E.coli S. aureus
Nano-particle Chitosan/Gelatin/FesO4 nano- 211 202 Normal wounds
based nano- fiore membrane %9
composites i
Chitosan/poly(N- 300 32+0 Infected wounds
vinylpyrrolidone)/TiO2
nanocomposite 16
Alginate hydrogel/zinc oxide 16+1 18+2 Infected wounds
nanoparticle compositel**”!
Chitosan—hyaluronic acid/nano 132 14+2 Diabetic wounds
silver composite spongel®®l
P pong 10 + 2 for
MRSA
silver nanoparticle hydrogel 104 + 10.8+0.7 Burn wounds
0.7
Natural Lawsonia Inermis-gelatin-starch 445 £ 3.34 Burn wounds
antibacterial nano-fibrous dressing®?"! 0.13
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agents based Hypericum perforatum /chitosan 29+ 1.97 £ 0.05 Normal wounds
composites filmst324 0.1
Curcumin nanocompositel3?2 19+0 14+0 Infected wounds
poly(e-caprolactone)/poly(lactic 780 104+0 Normal wounds
acid)/Thymol nanofibrous
matsB2
BC based BC/ tetracycline hydrochloride  47.5+0 3850 Infected wounds
nano- (TCH)1651
composites — - :
BC/antibiotic fusidic acid (FA)17®! / 30+0 Infected wounds
BC/Copper nano-particle®?4 21.3 % 20.0+0.8 Long-term
15 infected wounds
BC/Zinc oxidel®?d] 27+0 28.6 +1.15 Burn wounds
BC/Silver nano-particle!*44 2.03+0 3.46+0 Normal wounds
Silver-based Silver 930 13+0 Infected wounds
commercial
Sulfadiazine!*6%
wound
. Acticoat (319 9.7+0 10.3+0
dressings
The BC/MGO nanocompositel?’”] 155+ 17.1+0.6 Chronic wounds
proposed 0.5
BC/MGO
nano-
composite
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5.4 Summary

This chapter described the fabrication of inorganic BC/AgNP antimicrobial
nanocomposite, organic BC/lysozyme, BC/PDA/ESM and BC/MGO nanocomposite,
followed by investigation of the surface morphology, chemical composition,
mechanical properties and antimicrobial activities. In addition, all the synthetic
procedures were simple, green and cost-effective. The results show that BC/AgNP,
BC/lysozyme and BC/PDA/ESM have limited effect on Gram-negative bacteria where
BC/lysozyme and BC/PDA/ESM have little or no antimicrobial activity against P.
aeruginosa. This may be attributed to the extra support provided to the bacterial cell
walls of gram-negative bacteria due to the existence of biofiims. Compared with
BC/AgNP, BC/lysozyme, BC/PDA/ESM nanocomposites, the BC/MGO with highest
concentration (4% MGO) exhibited the great antimicrobial activity against both Gram-
positive and Gram-negative pathogenic bacteria, even against MRSA. This makes it
the best potential material for antimicrobial chronic wound dressings amongst the four
BC nanocomposites proposed here. Furthermore, mechanical properties are another
important factor — with all four nanocomposites presented in this chapter maintaining
the excellent mechanical strength associated with plain BC due to the 3D inter-
connected nano-network structure. From the in vivo stitching test of BC/PDA/ESM,
little abrasion was observed on the material’s surface either by stretching or gripping
via sharp hooked tweezers. This also makes it a potential candidate for use as a
temporary skin substitute in large diabetic foot ulcers. However, related in vitro cell
tests including cell attachment, cell proliferation, and cytotoxicity testing are required
to further investigate the biocompatibility and biodegradability of these materials.
Additionally, an in vivo wound healing assay, performed on animals is a necessary

further step associated with this research.
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Chapter 6 Conclusions and Future Work
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6 Conclusions and Future work

6.1 Conclusions

In order to meet the urgent demand for bio-mass based natural materials for smart
wound dressing materials, BC and BC-derived nanocomposites were fabricated and
characterized according to their different uses. This thesis provides a potential
platform for BC and BC based nanocomposite materials used in smart wound dressing

applications, which allow acceleration of wound healing and pH monitoring.

The first chapter provides the primary background of chronic wounds, wound types,
smart wounds dressings, BC synthesis and properties, BC based antimicrobial wound
dressings, and an introduction to the characterisation techniques performed during
this project. In this chapter, the recent development of BC and non-BC based chronic
wound dressings were investigated and compared according to their fabrication
methods, characterization and specific applications. It can be concluded that there still
remain challenges for recent technology concerning nature-derived smart chronic
wound dressings. For antimicrobial dressings, silver or silver nanoparticle based
wound dressings may have hazardous side effects to human health, following long
term use. Natural antimicrobial agents provide a better solution but still require further
optimisation to improve their efficacy. Smart bandages have the advantages of various
wireless products that can facilitate real-time monitoring to improve the wound healing
environment but require further investigation into the potential side effects of sensing

materials and their reusability and accuracy.

Chapter 2 provides the experimental details and methodology for fabrication of BC
and BC based nanocomposites. In this chapter, the fabrication and characterization

methods used in this research project are described in detail.
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Chapter 3 involves a breakdown of BC grown from four different Acetobacter xylinus
strains (G. xylinus JCM 10150, K. xylinus DSM 16663, K. xylinus DSM 2325, and K.
xylinus DSM 2004), which were cultivated in different concentrations of yeast, glucose
and carbon medium with pH adjusted to the optimum levels. The four BC samples are
characterized in terms of surface morphology, porosity, chemical composition,
crystallinity and thermal stability. The results indicate the four BC samples exhibit large
surface area, high water-holding capacity, high crystallinity, and great thermal
stability, . However, lower glucose concentrations in the BC culture medium results in
a reduced degree of crystallinity due to the dense network structure restricting cell
motion. In vitro biocompatibility cell studies of HDF seeded on BC of different
thicknesses demonstrates potentially biocompatibility of BC, especially for BC with
lower thickness. It has been found that BC grown from G. xylinus JCM10150 and K.
xylinus DSM16663 requiring low glucose concentration, have exhibited the best water
holding capacity, crystallinity, surface area and thermal stability. Therefore, G. xylinus
JCM10150 was chosen for p-BC fabrication and K. xylinus DSM16663 was chosen for

antimicrobial BC composites.

Chapter 4 proposed a p-BC-based flexible 3D pH sensor for monitoring the pH of
chronic wounds pH. The sensor performance was tested in commercial pH buffer
solutions and in vitro wound simulated fluid, showing a linear potential and sensitivity
of -50.4 mV/pH and 28.2 mV/pH, respectively. In spite of the lower pH response in
simulated wound fluid, the p-BC/PDMS/PANI nanocomposite showed great potential
for integration with chronic wound dressings as smart wound dressings for monitoring
the pH levels in a wound bed. Chapter 4 describes the four different types of
antimicrobial BC nanocomposites, BC/AgNP, BC/lysozyme, BC/PDA/ESM, and

BC/MGO. The results of disk diffusion tests indicate BC/MGO with high concentrations
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of MGO (4%), exhibited the greatest, broad-spectrum antimicrobial activity, including
against MRSA. The release profile of BC/MGO (4%) has also been investigated and
it indicates that BC nanofibrils can trap part of MGO solutions via physical adsorption
thus resulting in slow release profile after 24 h. In addition, BC/MGO samples can
almost reach the MGO saturations after 48 h impregnation in static, which further
confirms the adsorption behaviours of BC nanofibrils and made it a great candidate
material for static impregnation. This provides a potential platform for BC/MGO to be
used in antimicrobial chronic wound dressings. Ex vivo stitching tests were carried out
for BC/PDA/ESM nanocomposite confirming its potential application as a temporary

skin substitute.

The three experimental chapters describe the BC production from four different
bacteria strains, novel BC/MGO and BC/PDA/ESM nanocomposites in potential
applications of antimicrobial wound dressings and p-BC/PDMS/PANI for wound pH
sensors. This PhD project is utilizing BC unique inter-connected nano-network
structure to achieve designated functionalities, which confirms BC is a potential
element/material in applications for smart wound dressings. However, more
experimental works on in vitro cell biocompatibility tests, in vivo biocompatibility and
wound healing tests need to be performed to assess how far it takes to achieve the

realistic chronic wounds dressings applications in clinic.

6.2 Future work

For BC production and antimicrobial BC nanocomposites, some of cell work such as
cytotoxicity test, cell proliferation test and cell viability test remained incomplete due
to limited access to collaborative labs as a consequence of the coronavirus pandemic.

Medical products should be thoroughly tested before introduction to human body to
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prevent possible negative effects. Therefore, biocompatibility testing of BC and BC
nanocomposites is essential for future studies. In order to fully investigate the
biocompatibility of BC specimen, further in vitro and in vivo biocompatibility tests need
to be performed. In vitro biocompatibility tests may include cell attachment testing, cell
viability tests, cell proliferation tests and cytotoxicity testing, to distinguish between
quiescent/senescent and actively dividing cells to study the toxicity or irritancy
potential of materials. Following completion of these in vitro cell tests, in vivo tests on
animal skin may be performed to be complementary and further probe the
biocompatibility on a final product, taking into account the human exposure conditions,
the toxicity of chemical compounds and the presence of degradable materials. To test
the functionality of novel BC based wound dressings, in vivo wound healing assays
also need to be performed to further understand the effectiveness of nature-based
wound dressings compared with commercial or other antibiotic based/inorganic wound

dressings.

Meanwhile, for BC derived flexible pH sensors, the mechanical strength of p-BC
carbon aerogels also need to be optimized and pH sensitivity improved in simulated
wound fluid where high loads of proteins are prevented from binding extra protons in
the protonation process. Long-term stability tests in simulated wound fluid at different
pH levels can also be performed to test their functionality during long-term monitoring.
In addition, the flexible pH sensors can be incorporated in a complete wireless sensing
system with antimicrobial wound dressings for further testing. In vitro biocompatibility
tests may be performed to investigate if the final composites are compatible with

human wound areas without causing allergies.

In conclusion, the need of nature-based materials is on the rise within the developing
world due to the threat of chemical contamination or potentially hazardous side effects.
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Hence, this research is of great significance because it may allow people to lead

healthier lives.
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