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Abstract
Wounds that remain in the inflammatory phase for a prolonged period of time are
likely to be colonised and infected by a range of commensal and pathogenic
microorganisms. Treatment associated with these types of wounds mainly focuses
on controlling infection and providing an optimum environment capable of facilitating
re-epithelialisation, thus promoting wound healing. Hydrogels have attracted vast
interest as moist wound-responsive dressing materials. Hydrogels facilitate wound
healing due to unique properties and 3D network structures which allows
encapsulation of healing agents. In the current study, biosynthetic bacterial cellulose
hydrogels

synthesised

by

Gluconacetobacter

xylinus

(ATCC

23770)

and

subsequently loaded with antimicrobial healing agents, were characterised for their
wound healing properties. Loading parameters were optimised based on
experimental findings. Natural bioactive materials with wound healing properties
such as curcumin are attracting interest due to the emergence of resistant bacterial
strains. The hydrophobicity of curcumin has been counteracted by using solubility
enhancing cyclodextrins. In this study, water soluble curcumin:hydroxypropyl-βcyclodextrin supramolecular inclusion complex was produced by a solvent
evaporation method. The ratios of solvents to solubilise curcumin and hydroxypropylβ-cyclodextrin were tested for the production of the inclusion complex with optimum
encapsulation efficacy. The results confirmed that hydroxypropyl-β-cyclodextrin
enhanced the aqueous solubility of curcumin and allowed loading into bacterial
cellulose to produce antimicrobial hydrogels. Silver is a broad spectrum natural
antimicrobial agent with wide applications extending to proprietary wound dressings.
Based on the broad spectrum antimicrobial properties of silver, silver nitrate-loaded
and silver zeolite-loaded bacterial cellulose hydrogels were produced. Recently silver
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nanoparticles have also attracted attention in wound management. A novel green
synthesis of nanoparticles was accomplished in this study using a natural reducing
agent, curcumin which is a natural polyphenolic compound, well known as a wound
healing agent. In addition to physicochemical properties, these hydrogels were
characterised (in vitro) for wound management applications. The results indicate that
both silver nitrate and silver zeolite-loaded biosynthetic hydrogels possess
antimicrobial activity against both Staphylococcus aureus and Pseudomonas
aeruginosa.
bacterial

Furthermore,
cellulose

the

hydrogels

curcumin:hydroxypropyl-β-cyclodextrin-loaded
possess

unique

properties

including

haemocompatability, cytocompatability, anti-staphylococcal and antioxidant abilities.
In addition to high cytocompatibility, curcumin reduced silver nanoparticles-loaded
bacterial cellulose hydrogels dressings exhibited antimicrobial activity against
representative wound infecting pathogenic microbes Pseudomonas aeruginosa and
Staphylococcus aureus. In conclusion, the results presented support the potential
use of all the investigated bacterial cellulose hydrogels for wound management
applications as dressings.
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Chapter 1
Introduction

1

1.1

Microbial Drug Resistance (MDR)

Uncontrolled pathogenic microbial colonisation has posed challenges in regular
treatment leading to disease, disability and even death. Oral, systemic and topical
administration of antimicrobial agents, including antibiotics, is the common practice
to tackle this challenge. Antibiotics are the class of antimicrobials produced by
microorganisms that are capable of inhibiting the growth of other microbes.
Nowadays, antibiotics are also produced by synthetic alteration to accomplish similar
tasks [Radecka et al., 2015]. Based on their action, antibiotics can be bacteriostatic
(inhibit cell growth) or bactericidal (kill the cells). With several antibiotics having been
developed and used to control unwanted bacterial colonisation. The widespread use
of antibiotics for both clinical and nonclinical settings has resulted in increased levels
of antibiotics in the environment. A study undertaken on the antibiotic consumption in
76 countries between years 2000 to 2015 revealed 65 % increase in the use of
antibiotics in clinical practice, agriculture and live-stock farming [Klein et al., 2018].
Orally administered antibiotics are not completely metabolised in human and animal
body and up to 90 % could be excreted in the environment through urine and faeces
[Du and Liu, 2012; Hiller et al., 2019]. As a result of ubiquitous occurrence of these
antibiotics, bacteria developed resistance and now several multi-resistant strains
(superbugs) like methicillin-resistant Staphylococcus aureus (MRSA), vancomycinintermediate

Staphylococcus

aureus

(VISA)

and

carbapenem-resistant

Mycobacterium tuberculosis have emerged [Hiller et al., 2019]. Increasing numbers
of antimicrobial resistant strains compounded with slow development of new
antimicrobial agents has raised serious concerns [Schulz et al., 2019]. In Europe
alone, more than 25000 patients die annually from bacterial infections due to
reduced effectiveness of existing antimicrobials [Radecka et al., 2015].
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1.1.1. Gram positive (+ve) and Gram negative (–ve) bacteria

Different types of bacteria display varied sensitivities to different antimicrobial
agents. In order to understand the varied sensitivities and the mode of action of
antimicrobial agents, it is imperative to understand different types of bacteria. Based
on the difference in the structure of the cell wall outside the plasma membrane,
bacteria are broadly classified as Gram +ve and Gram –ve. The inner cytoplasmic
membrane of both Gram +ve and Gram –ve bacteria are similar; it’s the outer cell
envelopes that vary in these bacterial groups. In most Gram +ve bacteria, there is a
relatively thick continuous cell wall composed of peptidoglycans (20 to 80 nm) with
covalently attached teichoic acid. Teichoic acids are highly negatively charged polyol
phosphate polymers only found in certain Gram +ve bacteria (like Staphylococcus,
Streptococci spp.) and are absent in Gram –ve bacteria. Contrary to this, Gram –ve
bacteria have a thinner (5 to 10 nm) peptidoglycan layer with no teichoic acid. The
peptidoglycan layer in Gram –ve bacteria is less crosslinked as compared to the one
in Gram +ve bacteria.

Also, in Gram –ve bacteria, there is an additional outer

membrane (7.5 to 10 nm thick) outside the peptidoglycan layer, which is anchored
noncovalently to lipoprotein molecules. This outer membrane has channel proteins,
mainly porin, that control the passage of hydrophilic molecules and there exists the
hydrophobic pathway that is responsible for limiting the penetration of certain
antimicrobial agents. The outer membrane has a coating of lipopolysaccharides
(LPS) with negatively charged phosphate groups. These LPS are pyrogenic and play
a vital role in pathogenesis of Gram –ve bacterial infections [Li et al., 2017, Salton
and Kim, 1996]. These surface structural differences in these groups contribute to
varied sensitivity to different antimicrobial agents.
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1.1.2. Types of antimicrobial agents

An antimicrobial is an agent that either destroys pathogens or inhibit their growth in
order to avoid potential damage to the host. When an antimicrobial agent inhibits
bacterial cell growth, it is classed as a bacteriostatic agent and when it kills the
bacterial cells, it is classified as a bactericidal agent [Radecka et al., 2015].

After the success of Ehrlich in developing Arsphenamine as an antimicrobial drug,
many more compounds with antimicrobial properties were discovered. The discovery
of penicillin as the first antibiotic revolutionised the field and many new antibiotics
were discovered and developed. Most bactericidal antibiotics kill bacterial cells by
interfering with the vital cellular processes. This could be by inhibiting nucleic acids,
translation or cell wall disruption [Radecka et al., 2015]. Due to the emerging
antibiotic resistance, new antimicrobial agents with non-antibiotic origin have also
been explored and used to control infections [Kateel et al., 2018; Cao et al., 2019].
Various

botanical

and

zoological

natural

compounds,

metal

complexes,

nanotechnological materials and synthetic polymers endowed with distinct and
multifaceted antimicrobial properties to which many opportunistic pathogens are not
resistant have been searched as antimicrobial agents. Below is the list of major
classes of antimicrobial agents with a brief overview on their mode of action (Table
1.1):
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Table 1.1. Different major group of antimicrobial agents with examples and mode of action.
Antimicrobial
agents group
Antibiotic

Class
of
antimicrobial drug
β-lactams





Example of drugs

Mode of action

Primary target

Target organisms

References

Inhibition of bacterial cell wall
synthesis

Penicillin binding protein

Gram +ve and Gram –ve bacteria

Radecka et al., 2015;
Ullah and Ali., 2017;
Wong et al., 2012






Amoxicillin
Cefotaxime
Meropenem
Lorabid

Tetracyclines



Doxycyclin

Inhibition of bacterial protein
synthesis

30S ribosome

Aerobic Gram +ve and Gram –ve
bacteria

Radecka et al., 2015;
Ullah and Ali., 2017

Quinolones



Ciprofloxacin

Inhibition of bacterial DNA
replication and transcription

Topoisomerase II and IV

Aerobic Gram +ve and Gram –ve
bacteria; some anaerobic Gram –
ve bacteria

Radecka et al., 2015;
Ullah and Ali., 2017

Macrolides



Erythromycin

Inhibition of bacterial protein
synthesis

50S ribosome

Aerobic and anaerobic Gram +ve
and Gram –ve bacteria

Radecka et al., 2015;
Ullah and Ali., 2017

Sulphonamides



Sulfanilamide

Antimetabolite in folic acid
synthesis

Competitive inhibitor of
dihydropteroate
synthase

Gram +ve and Gram –ve bacteria

Ullah and Ali., 2017;
Wong et al., 2012

Glycopeptides/
glycolipopeptides



Vancomycin

Inhibition of bacterial cell wall
synthesis

Peptidoglycan units

Gram +ve bacteria

Radecka et al., 2015;
Wong et al., 2012

Aminoglycosides



Gentamicin

Inhibition of bacterial cell wall
synthesis

30S ribosome

Aerobic Gram +ve and Gram –ve
bacteria

Radecka et al., 2015;
Ullah and Ali., 2017

Lipopeptides



Polymixin B

Inhibition of bacterial cell wall
synthesis

Cell membrane

Gram +ve and Gram –ve bacteria

Radecka et al., 2015;
Wong et al., 2012

Streptogramins



Dalfopristin,
quinopristin

Inhibition of bacterial protein
synthesis

50S ribosome

Aerobic and anaerobic Gram +ve
and Gram –ve bacteria

Radecka et al., 2015;
Ullah and Ali, 2017

Phenicols



Chloramphenicol

Inhibition of bacterial protein
synthesis

50S ribosome

Some Gram +ve and Gram –ve
bacteria

Radecka et al., 2015

Penicillins
Cephalosporins
Carbapenems
Carbacephems

5



Rifamycin,
linezolid

Inhibition of bacterial RNA
synthesis, Inhibition of bacterial
protein synthesis

DNA-dependent RNA
polymerase; 50S
ribosome

Plant-based
antimicrobials



Curcumin

Inhibition of cell division

FtsZ protein

Gram +ve and some Gram –ve
bacteria

da Silva et al., 2018

Animal-based
antimicrobials



Honey

Multifacted:
Enzymatic production of hydrogen
peroxide; osmotic effect; pH;
enzymatic activity

Hydrolyses linkages in
peptidoglycan of
bacterial cell wall

Gram +ve and Gram –ve bacteria

Khan et al., 2018;
Kateel et al., 2018

Multifacted:
Destabilisation of bacterial cell
membrane; interaction with nucleic
acids and enzymes; production of
ROS

Cell membrane;
enzymes; nucleic acids

Aerobic and anaerobic Gram +ve
and Gram –ve bacteria

Cao et al., 2019

Disruption of bacterial cell wall,
inhibit intracellular functions

Cell membrane;
enzymes; proteins;
nucleic acids

Gram +ve and Gram –ve bacteria

Zhang and Galo, 2016;
Cao et al., 2019

Hydrolyse adhesins; rupture cell
wall

Cell membrane

Gram +ve and Gram –ve bacteria

Cao et al., 2019

Cell membrane disruption

Cell membrane

Gram +ve and Gram –ve bacteria

Lou et al., 2018

Others
Ansamycins,
oxazolidinones
Non-antibiotic

like

Antimicrobial metal:



Metal ions
Metal
nanoparticles

Antimicrobial
peptides (AMPs)




Silver (Ag)
Ag nanoparticles




Omiganan
Human
cathelicidin
peptide LL37

Antimicrobial
enzymes



Proteolytic
Polysaccharide
-degrading

Synthetic polymers




Subtilisins
Lysozyme



Polyionenes

Ullah and Ali, 2017
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1.1.3. Tackling microbial drug resistance (MDR)

Undoubtedly, the discovery of antibiotics was the important achievement in modern
medicine to control infections. The majority of existing antibiotics work mainly by
targeting the bacterial cell wall, DNA replication and translational processes
[Ruddaraju et al., 2019]. However, the emergence of microbial drug resistance
strains has severely affected the treatment of bacterial infections. Drug resistance
could be developed by various ways like intrinsic resistance for a particular antibiotic
or multiple antibiotics. This information gets transferred by genetic elements like
bacterial naked DNA and plasmids and results in the development of single or
multiple drug resistant strains. Also, the sequential mutations in microbial
chromosomes DNA can cause drug resistance. These mutated chromosomal genes
can also transfer from one bacterium to another through the uptake of naked DNA
(transformation) [Radecka et al., 2015]. Once the bacterial resistance is developed,
the normal type gets eradicated by drugs but the drug resistant strains can survive
and spread the resistance genes.

Microbial resistance has developed for nearly all the conventional antibiotics
produced during the Golden era (1940s to 1970s). Only three new classes of
antibiotics have been marketed since then, with none for Gram –ve bacteria [Coates
and Hu, 2015]. In light of these issues, the use of non-antibiotic therapies,
combination therapy of antibiotic-antibiotic and antibiotic-non-antibiotic have been
developed. The non-antibiotic antimicrobials, like metals (silver) and natural and
biological products (Curcumin), attributed to their multifaceted mode of action are
inhibiting antibacterial drug resistance and used to control infections [Cao et al.,
2019]. Moreover, the dynamic advancement of nanotechnology in recent years
7

provided the opportunities to fabricate metal nanoparticles (silver nanoparticles) for
the targeted drug delivery for appropriate time at the right place, in the right
concentrations. Unlike the use of chemical reducing and capping agents for metal
nanoparticle production, the benefit of medicinal plants in phyto-nanotechnology has
drawn significant research interest. It involves the production of nanoparticles using
natural compounds such as aloe vera, neem extract and lemonglass (Verma and
Mehata, 2016). Curcumin is another natural plant product that has attracted wide
research interest as a reducing and capping agent for nanoparticle synthesis. These
Green synthesised antimicrobial metal nanoparticles are reported to inhibit bacterial
strategies of drug resistance mechanisms [Ruddaraju et al., 2019], thus enabling the
control of infections without the risk of developing drug resistance.

1.2.

Wounds and Wound management

A wound is an injury that disrupts the integrity of the epidermis as a physical barrier,
thereby interrupting its normal anatomical structure and physiology [Han, 2016].
Dermal injury can be caused by acute trauma or surgical event. The resultant
damage can affect local epidermal tissue, the vascular network and, depending on
the nature and depth of the wound, dermal intricate structure may also get damaged.
In the case of surgical incisions, as the tissue loss is minimal and the healing
process is rapid, unless there is an underlying pathological condition hindering the
healing process. In the case of acute trauma associated with substantial dermal
matrix loss, allowing the defect to be filled with granulation tissue is the primary
approach followed for the repair process. The reparative process is protracted when
the defect area is large, due to increased demand for production of dermal matrix
forming cells for healing [Martin, 2013a].
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1.2.1. The Wound Healing Process
Wound healing is a continuous process that follows a complex series of cellular and
biochemical cascades occurring in orderly, sequential but overlapping phases to
repair and regenerate the damaged tissue [Martin et al., 2013]. The healing process
occurs in the following four stages (Figure 1.1): exudative, inflammatory, proliferative
and regenerative. Various growth factors, cytokines, chemokines and other
biomolecules are involved in this process [Tejiram et al., 2016; Dealey, 2012; Paul
and Sharma, 2015] and their role in wound healing are summarised in Table 1.2.
The exudative stage, also called coagulation and haemostasis, consists of stopping
blood loss and preventing excessive bleeding (Figure 1.1a). Although the act of
bleeding is beneficial; washing the damaged tissue and reducing microbial invasion,
it is controlled by haemostatic reflex vasoconstriction (local and systemic) and by the
formation of insoluble fibrin plug, to prevent excessive blood loss. As blood interacts
with exposed collagen and other components of the extracellular matrix, activated
platelets release clotting factors and aggregate into a plug-like matrix, thus
controlling blood loss [Wang et al., 2018]. Once haemostasis has been achieved, the
inflammatory (or resorptive) stage begins with an increased infiltration of phagocytes
(neutrophils and macrophages) (Figure 1.1b). The presence of neutrophils is time
restricted to the early stages of healing, whereas macrophages persist through all
phases from exudative to regenerative [Lucas et al., 2010]. Within 24-36 hours postinjury, neutrophils migrate into the wound site and initiate phagocytic activity of
macrophages by releasing proteolytic enzymes, chromatin, protease ‘traps’ and freeradical reactive oxygen species (ROS), with concurrent localised inflammation, heat
and redness. The combined activity of neutrophils and macrophages helps to clear
damaged and/or necrotic tissues, particulate contaminants and microorganisms from
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the wound site [Tymen et al., 2013; Velnar et al., 2009; Singh et al., 2017a]. To
enable the healing process to progress, neutrophils are removed from the wound site
by apoptosis, phagocytosis (by macrophages), and disposal from the surface by
sloughing or autolytic debridement. Modified monocyte macrophages arrive at the
wound site 48-72 hours post-injury and phenotypically change into reparative tissue
macrophages [Lucas et al., 2010; Qing, 2017; Koh and DiPietro, 2011] that both
promote and resolve inflammation as well as removing apoptotic cells (by
phagocytosis) [Velnar et al., 2009; Singh et al., 2017a]. Macrophages stimulate
angiogenesis and granulation tissue formation in the later stages [Häkkinen et al.,
2015]. Infected wounds typically become halted in the inflammatory stage and
hence, fail to follow the normal healing process [Kasuya and Tokura, 2014]. Wound
debridement, which involves the removal of non-viable, hyperkeratotic tissue and
microorganisms, is a vital stage of the healing process [Koehler et al., 2018].
Once autolytic debridement is successfully achieved and the immune response has
resolved, wound healing progresses into the proliferation stage, which is the phase
of tissue formation (Figure 1.1c). During this stage, tissue repair starts and wound
closure is initiated. The wound site is filled with granulation tissue and
epithelialisation from the wound edges takes place. The epithelial cells around the
wound edges divide mitotically and migrate until a continuous sheet of cells is
formed. Collagen (type III) formation by fibroblasts acts as a provisional matrix and
provides strength to the newly formed granulation tissue, which is responsible for
scar formation [Martin et al., 2013; Morton and Phillips, 2016]. To ensure the supply
of oxygen and nutrients to newly formed tissue, angiogenesis also occurs at this
stage, with a microvascular network of new blood capillaries forming from the
surrounding viable blood vessels [Singh et al., 2017a; Schreml et al., 2010].
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(a)

Exudative stage

(b) Inflammatory stage

External trauma
Platelets

Platelets
Clot formation

Localised
swelling

Platelet plugs

Platelet plug
Fibroblasts
Fibroblasts

Microbes

Microbes

Dilated
Blood vessels
(red)
Lymph vessel
(green)

Neutrophils
Blood vessels
(red)
Lymph vessel
(green)

(c) Proliferative stage

(d) Regenerative stage
Microbes

Microbes

Fibroblasts

Macrophages

Keratinocytes

Fibrin
matrix

Angiogenesis

Scar
Formation

Macrophages

Keratinocytes
__

Inflammation

Neutrophils

_

Reduction of
wound size

Fibrin in
granulised zone

Fibrin
matrix

Blood vessels
(red)
Lymph vessel
(green)

Regenerated
cells

Vessel repair
complete

Figure 1.1. Illustration of the stages of wound healing, (a) Exudative stage with the formation of blood clot (b)
Inflammatory stage, marked with oedema, pain and inflammation (c) Proliferation stage with granulation tissue
formation and (d) Regenerative stage, characterised by scar tissue formation.

The final stage of wound healing is regeneration where normal dermal architecture is
restored and scar tissue tensile strength increased (Figure 1.1d). Inflammatory cells
clear from the regenerated area whilst collagen undergoes remodelling to increase
the tensile strength of the tissue [Martin et al., 2013].
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Table 1.2. Important mediators in wound healing process, with their respective receptors, cell sources, targets and roles in wound healing.
Factor

Family

Receptors

Cells

Function

PDGF

PDGF-BB

Tyrosine kinase:
α-receptor
β -receptor

Platelets
Fibroblasts
Endothelial cells
Macrophages
Keratinocytes

Chemotaxis

Additional:
PDGF-AA
PDGF-AB
PDGF-CC
PDGF-DD)

Level in acute
wounds
Increased levels

Level in chronic
wounds
Decreased levels

Reference

Increased levels

Decreased levels

Singh et al., 2017a;
Barrientos et al., 2008;
Yoo et al., 2018;
Joao et al., 2016

Increased levels

Decreased levels

Singh et al., 2017a;
Barrientos et al., 2008;
Yoo et al., 2018;
Joao et al., 2016;
Ramanathan et al., 2017

Increased levels

Decreased levels

Singh et al., 2017a;
Barrientos et al., 2008;
Yang et al., 2017;
Joao et al., 2016
Ramanathan et al., 2017
Ram et al., 2015

Proliferation of
fibroblasts

Singh et al., 2017a;
Barrientos et al., 2008;
Yang et al., 2017

Promote blood vessel
maturation
Matrix deposition
Reepithelialisation

FGF

FGF-2 or
bFGF

Tyrosine kinase:
FGFR 1-4

Additional:
FGF-7
FGF-10
KGF

Keratinocytes
Mast Cells
Fibroblasts
Endothelial cells

Angiogenesis
Formation of
granulation tissue
Reepithelialisation

Total: 23
members
EGF

EGF
TGF-α
HB-EGF
Additional:
Amphiregulin
Epiregulin
Betacellulin
Neuregulins

VEGF

VEGF-A
Additional:
VEGF-B
VEGF-C
VEGF-D

Tyrosine kinase:
EGFR
HER2
HER3
HER4

Platelets
Macrophages
Fibroblasts

Formation of
granulation tissue
Reepithelialisation
Increases tensile
strength in wound

Tyrosine kinase:
VEGFR-1
VEGFR-2
VEGFR-3

Platelets
Endothelial cells
Macrophages
Lymphocytes
Neutrophils
Keratinocytes

Vasculogenesis
Angiogenesis
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VEGF-E
PLGF
TGF-β

TGF-β1
Additional:
TGF-β2
TGF-β3

Serine-threonine
kinases:
TGFβRI
TGFβRII

Platelets
Macrophages
Fibroblasts
Keratinocytes

Angiogenesis
Chemotaxis

Increased levels

Decreased levels

Singh et al., 2017a;
Barrientos et al., 2008;
Ramanathan et al., 2017;
Ram et al., 2015

Increased levels at
initial healing stages

Persistent
Increased levels

Singh et al., 2017a;
Barrientos et al., 2008;
Ram et al., 2015

Reepithelialisation
Anabolism of ECM
Collagen production
by stimulating
fibroblasts
Cellular proliferation
and differentiation

Proinflammat
ory cytokines

IL-1
IL-6
Additional:
TNF-α
IL-8
IL-11
IL-27

ICAM-1
IL-6Rα

Monocytes
Neutrophils
Macrophages
Keratinocytes

Chemotaxis
Inflammation (except
IL-27)
Reepithelialisation
Collagen synthesis
Synthesis and
breakdown of ECM
Regulation of immune
response

Abbreviations: PDGF: Platelet-Derived Growth Factor, FGF: Fibroblast Growth Factor, KGF: Keratinocyte Growth Factor, EGF: Epidermal Growth Factor;
TGF-α: Transforming Growth Factor-alpha; HB-EGF: Heparin binding EGF, VEGF: (Vascular Endothelial Growth Factor), PLGF: Placenta Growth Factor,
TGF-β: (Transforming Growth Factor- β); IL: (Interleukin); TNF-α: Tumor Necrosis Factor-alpha
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1.2.2. Types of wounds
Healthy wound healing follows the sequential stages, but completeness and length
of time for wound healing depends on several factors, including, but not limited to,
general health, underlying long-term disease states such as diabetes, an impaired
(HIV) or altered immune response (patients undergoing immunosuppression
therapy) and/or a high level of microbial burden on and around the wound [Kiritsi and
Nystrom, 2018; Guo and DiPietro, 2010]. These factors dictate whether the wound is
acute or chronic. The principles, processes and stages of acute and chronic wound
healing are different. Acute wounds like abrasions, minor cuts and burns, bites,
lacerations have high mitogenic activity, high levels of growth factors (Table 1.2) and
low cytokines [Tort et al., 2019; Okur et al., 2020]. Moreover, a well organised extra
cellular matrix (ECM), timely controlled angiogenesis and generally low microbial
burden support the healing process. These wounds are characterised with short
inflammatory stage with the normal progression through different stages of healing,
hence they generally heal within 8-12 weeks [Demidova-Rice et al., 2012]. Contrary
to this, chronic wounds like diabetic foot ulcers, pressure ulcers, venous leg ulcers,
arterial ulcers are difficult to heal. Even though the underlying pathologies of different
types of chronic wounds vary, they share common features like low mitogenic
activity, low levels of growth factors (Table 1.2), low responsive cell population
resulting in limited proliferation and migration, impaired angiogenesis and persistent
infections [Demidova-Rice et al., 2012]. Chronic wounds can develop from a
combination of poor debridement, inadequate vascularisation and microbial invasion,
that both delay proliferation and tissue regeneration. These wounds are
characterised by prolonged inflammatory stage, hence the wound healing generally
exceeds 12 weeks to full resolution [Tort et al., 2019; Saghazadeh et al., 2018;
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Flanagan 2013]. These non-healing chronic wounds require long-term care and
impose substantial socio-economic burden on the patient and healthcare services
[Pal et al., 2018].

1.2.3. Cost and Social implications
A retrospective cohort analysis revealed that during 2012/2013, the total annual
health economic burden spent by the National Health Service (NHS) in the UK on
wound management was nearly £5.3 billion, which equated to approximately 4% of
the annual public health expenditure in the UK in 2013 (£125.5 billion), spent on
wound management alone [Guest et al., 2017]. During this year, wound care was
provided to an estimated 2.2 million patients and the outcome of the treatment
revealed that 39% of wounds didn’t heal during the duration of the study. Since many
chronic non-healing wounds do not respond to the standard care, the cost of
management for these wounds was substantially greater (£3.2 billion) than acute
wounds (£2.1 billion) [Guest et al., 2017]. While chronic non-healing wounds occur in
all age groups, these are prevalent in the elderly population. Moreover, obese
community and diabetic patients are more at risk. Globally, the population is ageing
rapidly; obesity and diabetic cases are also increasing, which is leading to the
staggering increase in the number of chronic wounds. Studies suggested an
estimated annual increase of 6-7% in the number of venous and pressure ulcers and
around 9% increase in cases of diabetic ulcers, which would put extra financial strain
on health services [Krzyszczyk et al., 2018].
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1.2.4. Strategies of treatment
Clinical treatment of wounds is decided based on the type of wound. To ensure
healing, tissue, infection, moisture imbalance and edge advancement (TIME)
guidelines must be followed [Powers et al., 2016]. Wound sites free from devitalised
tissue, controlled infection, appropriate moist environment and local and systematic
factors like sufficient oxygen and nutrient supply for wound edge closure are proven
to facilitate healing [Powers et al., 2016]. Acute wounds heal in an orderly and timely
way however, the treatment strategy is decided based on the site, size and depth of
wounds. Clean, surgical wounds require minimal interventions and can be closed by
a variety of techniques, including adhesive strips, sutures or skin adhesives (closure
by primary intention). In the case of acute traumatic injury, surgical debridement and
antimicrobial therapy, in order to remove the devitalised tissue and contaminating
foreign material from the wound site, may prove beneficial for the natural progression
of the healing stages. Moreover, the selection of appropriate dressing, ensuring
protection and optimum moisture at the wound site, is imperative [Martin, 2013; Okur
et al., 2020].
Contrary to this, chronic wounds cause significant morbidity and mortality and
treatment cost of these wounds is significantly higher. Chronic wounds are
commonly characterised by the presence of dead necrotic tissue and high microbial
bioburden. The wound site requires appropriate treatment strategy following TIME
guidelines. Different approaches like surgical, mechanical, autolytic, enzymatic or
biological interventions can be taken to ensure that the wound site is clean and free
from devitalised tissue [Powers et al., 2016; Manna and Morrison, 2020]. Infection is
a common challenge, which could potentially impair healing leading to the chronic
situation. To ensure the control of infection, suitable cleaning agents (medical
16

grade), topical antimicrobials for controlling the superficial infections and systemic
antibiotics for systemic infection could prove beneficial. Optimum moisture at the
wound site has been proven to facilitate healing [Powers et al., 2016; Winter, 1962].
Appropriate protective dressings capable of maintaining optimum moisture is
essential to ensure healing. Advancement of wound edges to ensure closure
involves local and systemic factors. Sufficient vascularisation, adequate oxygen and
nutrient supply facilitate reepithelialisation, leading to wound closure. Therefore, the
underlying pathophysiology of vascular insufficiency and oxygen deprivation must be
investigated. Moreover, various interventions like cultured epidermal allografts,
biological dressings with growth factors and hyperbaric oxygen may prove beneficial.
Moreover, balanced dietary intake is equally vital [Powers et al., 2016]. If the wounds
fail to heal after taking all the above measures, advanced technologies with diseasespecific medical management could be considered.
Despite an increased understanding about the pathophysiology of chronic wounds
and emergence of new therapies, treatment of these wounds is still a growing
challenge. Wound dressings play a vital role in the healing process, as they provide
protection and maintain the moisture level at the wound site, hence vast research
efforts have been put to produce a variety of dressings. Regardless of a plethora of
materials and proprietary dressings, there is still an urgent need for an effective
approach to tackle this challenge and hydrogels are a vital candidate as an
advanced wound dressing to encounter this problem.
1.3.

Wound Dressings

Correct care and management of wounds, whether acute or chronic, is vital. As
dressings play an essential role in the wound treatment, the correct selection of
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dressing is imperative. Historically, dressings were designed to protect the wound
site from external environment but the increased understanding of various wound
types resulted in the rapid evolution of dressings [Moura et al., 2013; Ovington,
2007]. These dressings can be broadly classified as follows:
1.3.1. Conventional dressings
Conventional dressings were designed to provide protection to the wounds from
external trauma and contamination and are capable of creating a dry environment at
the wound site. Common examples of these dressings are: gauze, tulle and cotton
wool [Dhivya et al., 2015]. Gauze dressings, which could be woven (100 % cotton
yarn) or non-woven (rayon or synthetic fibre blends), are primarily protective
dressings. These dressings are undoubtedly inexpensive and capable of minimising
trauma at the wound site from external knocks. Moreover, these are able to provide
some protection against external contaminants and absorb wound exudate.
However, woven gauze dressings have a major drawback of shedding or leaving
fibres at the time of removal, which can contaminate the healing wound. Also, owing
to the wound drainage, these dressings being absorptive, get moistened and sticky
(in the case of exudative wounds), hence may require frequent change, which could
be painful [Dhivya et al., 2015; Jones 2006; Daunton et al., 2012]. Tulle dressings,
are another type of conventional dressing which are generally recommended for
clean and dry acute wounds. Paraffin impregnated Bactigras® (Smith & Nephew) is
an example of these dressings offering low-adhesion and soothing effects at the
wound site.
Such dressings undoubtedly are inexpensive and provide some protection, but being
passive, cannot respond to changing wound conditions or deliver medicaments in a
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controlled or sustained manner to enhance the healing process. For wounds that
follow the normal healing process, conventional, barrier-type dressings may be
effective; conversely, chronic wounds are difficult to treat hence, correct clinical
management becomes imperative to minimise complications [Han, 2016; Arroyo et
al., 2015].
Ideal dressings not only cover and protect the affected area, but can also create an
optimal moist environment at the wound site and facilitate healing [Jayakumar et al.,
2011; Selig et al., 2012; Chen et al., 2013; Morgado et al., 2014, Vowden & Vowden,
2017]. Advanced wound management strategies involve non-invasive monitoring of
healing, pain management and the controlled release of agents capable of promoting
regeneration, repair and scar minimisation [Andreu et al., 2015].
1.3.2. Advanced dressings
The concept of moist healing, as proposed by George Winter, revolutionised the field
of wound management, and the focus of wound dressing changed from conventional
dry passive products, to responsive moisture-promoting materials [Winter, 1962;
Kokabi et al., 2007; Dealey, 2012a]. Dressing types used to achieve a moist wound
healing environment include films, hydrocolloids, foams and hydrogels (Table 1.3).
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Table 1.3. List of commercially available dressings based on the concept of moist wound healing
environment.
Type of
dressing
Film dressings

Characteristics









Hydrocolloid
dressings







Foam
dressings







Hydrogel
dressings









Cautions

Proprietary products

Polyurethane films with an
adhesive to hold the dressing
Create
moist
healing
environment
Elastic,
durable
and
conformable
Waterproof and transparent
Semi-permeable
to
water
vapour and gases
Impermeable to bacteria
Impervious to liquids such as
wound fluid
No secondary dressing required



Being non-absorbent,
limited use for highly
exuding wounds
Being adhesive, newly
formed
epithelium
could be disrupted
during removal
Frequently
develop
leakage channels

Opsite®

Moist wound dressing
Capable of absorbing wound
exudate
Usually made of polyurethane
film with an adhesive mass
Adhesive mass is often
composed of gelatin, pectin
and sodium CMC which swells
on absorbing exudate
Impermeable to water and
gases



Not
indicated
for
infected
or
heavy
exudating wounds
Being opaque difficult
to follow the healing
process without prior
removal
May produce a distinct
odour at wound site

DuoDERM® (ConvaTec Inc,)

Bilaminate
(or
trilaminate)
moist wound dressing with
varying thickness
Excellent absorption capacity
Can expand and conform to
wound shape
Easy to remove
Can
be
loaded
with
antimicrobials and other active
agents



Not suitable for low
exudating wounds
Frequent change may
be required for heavy
exudating wounds
May cause maceration
on saturation with
exudate

Mepilex® and Mepilex Ag®
(Molnlycke Health Care)

Insoluble aqueous gels as
moist wound dressing
Moisture
retention
and
donation properties
Usually non-adhesive so easy
to remove
Can
be
loaded
with
antimicrobials and several
active wound healing agents
Can be smart and stimuli
responsive
Can be injected
Can be crosslinked In situ














Films

(Smith

Reference
&

Nephew)

Arroyo et al.,
2015;
Vowden and
Vowden, 2017

TegadermTM (3MTM, UK Plc.)
Mepitel®

Film

(Mölnlycke

Health Care Limited)

3MTM TegadermTM
hydrocolloid dressing (3MTM,
UK Plc.)
Replicare® (Smith and
Nephew)

Allevyn (Smith and Nephew)
Aquacel® (ConvaTec Inc.)

Martin et al.,
2010;
Skorkowska
et al. 2013;
Brolmaann et
al., 2013;
Powers et al.,
2013

Powers et al.,
2016;
Santamaria et
al. 2013;
Song et al.
2017

Cutimed® Siltec B (BSN
medical Inc.)
Biatain® Silicone Ag
(Coloplast Ltd.)





Some hydrogels are
mechanically weak in
swollen
state
but
mechanical properties
can be enhanced by
copolymerisation with
appropriate
polymer(s).
May
cause
maceration
after
accumulation
of
exudate
May
require
secondary dressing

Purilon® Gel (Coloplast Ltd)
Derma-Gel (Medline Ind.
Inc.)
Intrasite® Gel (Smith &
Nephew)

Song et al.,
2017;
Cirillo et al.,
2017;
Tyeb et al.,
2018

In addition to the above examples of commercially available dressings, there is a
plethora of wound dressing products available on the market today, aiming at
promoting wound healing, including Adaptic Touch® (a non-adhesive silicone
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dressing by Systagenix Wound Management Limited), ALGICELL® and Algosteril®
(an alginate dressing by Derma Sciences Inc. and calcium alginate dressing by
Smith & Nephew, UK respectively), AltrazealTM (by ULURU Inc., a white wound filler
powder dressing that transforms into a malleable protective dressing on contact with
the exudate that fills the wound,), BIOSTEPTM (by Smith & Nephew, UK, a collagen
matrix dressing that optimises wound closure by deactivating excess matrix
matalloproteinases) and Drawtex® (hydroconductive dressing by Beier Drawtex
Healthcare, featuring LevaFiberTM technology works by capillary, hydroconductive
and electrostatic action).
In addition to these dressings, hydrogel dressings are one of the most versatile
advanced form of moist wound dressings [Varghese et al., 2012] that are
commercially available in different forms. AmeriGel® (Amerx Health Care Corp., a
hydrogel dressing with moisture sustaining properties), ActiGuardTM (by Dynarex
Inc., a hydrogel sheet dressing that is permeable to air and water vapours enhancing
wound breathe) and Intrasite® gel (Smith & Nephew Inc., an amorphous hydrogel
dressing that helps in optimising wound environment for re-epithelialisation), are
some of the proprietary hydrogel dressings.

1.4.

Hydrogel Dressings

Hydrogels are composed of water insoluble, cross-linked polymers with a high
affinity for aqueous media. These three dimensional polymeric gels have a
hydrophilic, porous structure that permits a massive degree of water absorption,
several times greater than the original dry weight [Capanema et al., 2018; Fan et al.,
2016]. The hydrophilic properties of hydrogels are related to the cross-linking density
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of polar functional groups such as amide, amino, carboxyl and hydroxyl in the
polymer structure [Miguel et al., 2014; Zhu and Bratlie, 2018; Mukherjee et al., 2018;
Kaith et al., 2015; Pal et al., 2009]. Hydrogels offer the unique properties of high
water content (up to 99.5%), non-adhesive nature, malleability and a resemblance to
living tissues in terms of their biocompatibility [Moura et al., 2013; Tyeb et al., 2018;
Capanema et al., 2018; Li et al., 2011; Caló et al., 2015]; all combine to make them
an ideal dressing candidate. Moreover, hydrogels display the property of swelling
and de-swelling reversibly in aqueous solutions, hence their application in a range of
sectors include regenerative medicine, drug delivery and wound management.
Hydrogels help promote wound healing [Wu et al., 2018] via their moisture
exchanging activities that develops an optimum microclimate between the wound
bed and the dressing [Miguel et al., 2014; Singh and Dhiman 2015]. Due to their high
moisture content, these dressings also provide a cooling, soothing effect; reducing
the pain associated with dressing changes [Gonzalez et al., 2014]. In addition, the
limited adhesion of hydrogels means that they can be easily removed from the
wound, without causing further trauma to the healing tissue [Madaghiele et al.,
2014]. The transparent nature of some hydrogel dressings also allows clinical
assessment of the healing process, without the need to remove the dressing.
Hydrogels can be formulated to behave in a stimuli responsive manner [Wu et al.,
2018] so that when loaded with a drug or active biomolecule they are able to control
diffusion and release, thus making them truly interactive dressings [Guaresti et al.,
2018; Sood et al., 2016]. Moreover, hydrogels have been successfully used as a
matrix for the fabrication of dressings for the sustained delivery of essential growth
factors (Table 1.2) and healing agents to facilitate wound healing [Yang et al., 2017;
Yoo et al., 2018] (Figure 1.2). All these properties resulted into several proprietary
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hydrogel wound dressings used in clinical practice for wound management all over
the globe. Due to their unique properties, hydrogel dressings are indicated for use in
variety of wounds such as, but not limited to, dry wounds with necrotic tissue, burn
wounds, diabetic foot ulcers, pressure ulcers, chronic leg ulcers and low to
moderately exudating wounds [Skórkowska et al 2013; Aguiar et al., 2017; Fleck et
al., 2016; Solway et al., 2010]. In spite of the various hydrogel dressing products
already in the market, there is still an ongoing research in the area with the aim to
further improve the hydrogel dressings covering patient comfort, clinical efficacy and
multiple aspects of wound healing.
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Figure 1.2. Schematic illustration of (a) Drug loaded homo-polymeric pH responsive hydrogel (b) Hetero-polymeric bioactive material loaded
temperature responsive hydrogel (c) Growth factor loaded homo-polymeric hydrogel, with their release trends.

1.4.1. Preparation of Hydrogels
Hydrogels can be prepared from various natural and synthetic polymers, using a
range of different compositions as well as physical and chemical cross-linking
techniques. The crosslinks in hydrogels can be due to covalent bonds, ionic
interactions and chain entanglements, leading to a variety of physical configurations,
chemical arrangements and interactions. Interestingly, it is the very nature of the
cross-linkage that determines much of the hydrogel’s physicochemical properties
and hence, eventual applications.
1.4.1.1.

Physically crosslinked hydrogels are formed by the physical linking of

polymer chains via molecular entanglement, ionic interactions, hydrogen bonding or
hydrophobic association [Ahmed, 2015]. Several thermodynamic changes (e.g.
heating or cooling of polymer solutions, freeze-thawing, lowering pH, selection of
anionic and cationic polymers) can result in physical crosslinking between polymeric
chains [Mukherjee et al., 2018; Wathoni et al., 2016; Kenawy et al., 2014; Ullah et
al., 2015]. Preparation of these hydrogels involves relatively mild conditions and
simple purification procedures as no toxic chemical crosslinking agents are required
during their synthesis; offering them exceptional biological nontoxic, biocompatible
properties, thus making them ideal matrix material for the delivery of therapeutic
agents at the wound site [Fan et al., 2016; Chaturvedi et al., 2016].
1.4.1.1.1.

Ionic interactions:

These hydrogels are formed between ionic polymers crosslinked with multivalent,
counter charged species. Polyanionic polymers that are complexed with polycationic
polymers form hydrogels by a process of polyelectroyte complexation, which is also
referred to as complex coacervation [Hennink and van Nostrum, 2012]. Alginate
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hydrogel dressings using divalent calcium cations (CaCl2) are commonly synthesised
by this technique [Rezvanian et al., 2017; Pereira et al., 2013].
1.4.1.1.2.

Crystallisation:

Hydrogels for wound management applications can also be synthesised by freezethawing. During freeze-thawing of an aqueous polymeric solution, water freezes
causing phase separation, which leads to the formation of microcrystals [Holloway et
al., 2013; Ahmed et al., 2017]. Repeated freeze-thaw cycles facilitate reinforcing
existing crystals within the structure and offers higher crystallinity and added stability
upon swelling [Chaturvedi et al., 2016; Zhang et al., 2013]. Physically crosslinked
biocompatible and elastic hydrogels using PVA/PEG polymers [Ahmed et al., 2017]
and PVA/sodium alginate [Kamoun et al., 2015], fabricated by consecutive freezethaw cycles as a potential wound dressing formulation, are examples of this type of
gelation.
1.4.1.1.3.

Hydrogen bonding between chains:

This class of hydrogels can be produced by lowering the pH of aqueous polymer
solutions, when carboxylic groups are present on the chains. At acidic pH, aqueous
polymer solubility is reduced, which promotes hydrogen bonding and the formation of
hydrogels [Gulrez et al., 2011]. However, these physical networks can easily
disperse with the influx of water; therefore, in addition to these, other types of
crosslinking can be considered to hold the hydrogel constituents [Hoare and Kohane
2008]. Hydrogels with pH sensitive gelation (around pH 6.5) of chitosan can be
produced by these physical interactions [Liu et al., 2016].
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1.4.1.1.4.

Amphiphilic block copolymers:

These physical hydrogels are made from two chemically different homopolymer
blocks, one of which is hydrophobic and the other is hydrophilic. These copolymers
self-assemble in aqueous media forming hydrogels due to thermodynamic
incompatibility between the blocks [Kaditi et al., 2011; Tsai et al., 2015]. Moreover,
drugs like antimicrobials can be incorporated in these copolymers and sustained
release can be achieved for wound management applications [Zhang et al., 2012;
Haas et al., 2013]. Thermoresponsive poly(Ɛ-caprolactone)-poly(ethylene glycol)
block copolymer hydrogels with potential wound dressing applications are a good
example of this category [Haas et al., 2013; Boffito et al., 2014; Li and Tan, 2014].
1.4.1.1.5.

Protein interactions:

With the advancement in biotechnology, hydrogel synthesis by engineering of
recombinant proteins has become possible. This new development in the field of
material chemistry pioneered by Tirrell and Cappello [Cappello et al., 1990; Tirrell et
al., 1991] allows the control of the structural and functional design of protein block,
thus preparing the physically crosslinked hydrogels with desirable biological, physical
and mechanical properties. These biopolymeric protein based hydrogels primarily
assemble by protein-protein interactions or aggregation of polypeptides by phase
(temperature) transitions [Li et al., 2016]. It can be foreseen that these hydrogels
hold a strong potential in wound management. Fabrication of protein engineered
bioactive collagen-mimetic protein (eColGFPGER) with PEG based matrix hydrogel
dressings with a potential of wound healing in humans is an innovative approach in
the field of wound management [Cereceres et al., 2015].
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1.4.1.2.

Chemical crosslinked hydrogels are formed by covalent linkages

resulting in high mechanical strength networks. These can be synthesised by chain
growth polymerisation, addition and condensation polymerisation and high energy
irradiations (gamma ray or electron beam).
1.4.1.2.1.

Crosslinking by chain growth polymerisation:

It includes three stages: initiation, propagation and termination. Generation of free
radical sites by a suitable reaction initiator initiates the polymerisation process,
followed by chain elongation by the addition of low molecular weight monomeric
building blocks. The elongated polymer chains are randomly crosslinked by the
cross-linking agent, leading to the hydrogel formation [Maitra and Shukla, 2014].
Hydrogel of 2-acrylamido-2-methylpropane sulfonic acid sodium salt (AMPS-Na+)
using potassium persulfate as a free radical initiator and ethylene glycol
dimethacrylate as a crosslinking agent can be synthesised by redox initiation via free
radical polymerisation for wound dressing applications [Witthayaprapakorn and
Molloy 2012]. Chemically crosslinked hydrogel of AMPS with AMPS-Na+ prepared by
using 4,4-azo-bis(4-cyanopentanoic acid) as photo-initiator and N,N’-methylenebisacrylamide as a cross-linking agent demonstrated optimum water absorption and
retention properties for wound management applications. Moreover, their flexible and
transparent nature with good skin adhesion properties advocates their potential
biomedical applications [Witthayaprapakorn, 2011].
1.4.1.2.2.

Crosslinking by chemical reactions of complementary groups:

Hydrophilic polymers have functional groups like COOH, OH and NH2, which can be
utilised for the hydrogel formation. These pendant functional groups with
complementary reactivity (amine-carboxylic acid or isocyanate-OH/NH2 reaction or
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Schiff base formation) can establish covalent linkages between polymer chains,
leading to the hydrogel formation using crosslinking agents [Chen et al., 2017;
Gupta et al., 2014; Akhtar et al., 2016]. Antibacterial alginate-chitosan hydrogel
wound dressings can be synthesised by the Schiff based reaction between aldehyde
group of oxidised alginate and amino group of carboxymethyl chitosan [Chen et al.,
2017]. Injectable in situ chitosan-hyaluronic acid hydrogels [Li and Tan 2014] for
wound applications are another example, with gelation attributed to Schiff base
reaction between amino group of carboxymethyl chitosan and aldehyde group of
aldehydic hyaluronic acid. Being injectable, these hydrogel dressings hold an added
advantage of easy and comfortable application with high conformability without
wrinkles, which could lead to improved patient compliance.
1.4.1.2.3.

Crosslinking by using high energy radiations:

Cross-linking by radiations is widely used to polymerise unsaturated compounds for
hydrogel synthesis, since it is devoid of the use of toxic chemical crosslinking agents
[Hennink and van Nostrum, 2012], and is a cost effective technique as separate
sterilisation of hydrogel formulation can be avoided. On exposure to high energy
radiations, radicals are formed on polymer chains in an aqueous solution, which
initiates free radical polymerisation. Recombination of these radicals on different
polymer chains lead to the formation of covalent crosslinked hydrogels [Fan et al.,
2016; Hennink and van Nostrum, 2012]. Silver nanoparticles loaded AMPS-Na+
hydrogels [Boonkaew et al., 2014], PVA/gum acacia [Juby et al., 2012] and
nanosilver/gelatin/carboxymethyl chitosan hydrogels synthesised by gamma (cobalt60) irradiation technique are examples of potential antimicrobial hydrogel wound
dressings [Zhou et al., 2012].
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1.4.1.2.4. Crosslinking by thiol-ene click reaction:
The reaction of thiols (nucleophile) to electron-rich alkenes leading to the production
of thioether polymer networks is another method of choice for hydrogel preparation,
owing to their biological inertness, rapid reaction rate and controlled release
properties. Dictated by the functional groups and reaction conditions, the reaction
mechanism could be thiol-Michael click reaction or radical-mediated thiol-ene
reaction [Kharkar et al., 2016]. Synthesis of gelatin/poly(ethylene glycol) hydrogels
for the delivery of immunomodulatory molecules like cytokines and growth factors
through mesenchymal stem cells (MSC) carriers [Xu et al., 2013], epidermal growth
factors loaded heparin-based hydrogels [Goh et al., 2016], and poly(urethaneacrylate) based antimicrobial hydrogel wound dressings [Gharibi et al., 2018] for
wound management applications are good examples of thiol-ene reactions.

1.4.2. Hydrogel dressing products:
There are many different types of wounds with a multitude of different symptoms,
including necrotic, sloughy, granulating and epithelialising that vary in size, shape
and thickness. Understanding the purpose and principle of dressing formulations for
these differing applications helps to match the correct dressing and wound
combination.
Hydrogel dressings are indicated for the treatment of a variety of wound types, with
precise selection of formulation ultimately based on clinical application:
1.4.2.1.

Amorphous hydrogels:

Lacking a fixed shape, these hydrogels can be evenly applied over the wound using
an applicator and being amorphous, these would mould into the shape of wound
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defect easily. These are specifically indicated in the treatment of uneven or cavity
wounds that cannot be easily covered with fixed, definite shape dressings. Examples
of commercially available products include: 1) Aquasite®, an amorphous, glycerinebased hydrogel dressing [Derma Sciences Inc.], and 2) Intrasite® gel, a partially
hydrated, amorphous propylene glycol hydrogel [Smith & Nephew, UK].
1.4.2.2.

Impregnated hydrogel gauze dressings:

Used for partial or full thickness wounds where sterile packing of the wound bed is
required, these formulations combine the advantages of hydrogels with non-woven
dressings. Impregnated gauze dressings are saturated and/or permeated with an
amorphous hydrogel and are commercially available as gauze pads, non-woven
sponges and strips of different sizes. Commercially available products under this
category are: 1) Aquasite® impregnated gauze dressing, a 100% cotton gauze pads
incorporated with a hydrogel [Derma Sciences Inc.], and 2) Intrasite® conformable,
hydrogel impregnated gauze dressings [Smith & Nephew, UK]. These dressings are
available in various sizes and are indicated for use in necrotic, sloughy and
granulating full thickness wounds [Wound Care, 2020].
1.4.2.3.

Sheet hydrogel dressings:

Consisting purely of hydrogel, these dressings can be cut into the required size and
shape to fit the wound. Hydrogel sheet dressings are indicated for the treatment of
deep cavity and partial thickness wounds (e.g. ulcers, including venous and arterial,
pressure sores, skin donor sites, surgical incisions, 1st and 2nd degree burns).
Aquasite® hydrogel sheet dressing, glycerine based hydrogel formulations [Derma
Science Inc.] and Flexigel® sheet, polyacrylamide based hydrogel sheet dressings
[Smith & Nephew, UK] are commercial products available in different sizes (e.g.
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2”x2” and 4”x4”) and can be easily cut to fit wound. These act as advanced wound
dressing by keeping the wound bed moist, thus offering a soothing effect and
facilitate wound healing as well as providing a physical barrier between wound and
external environment. Moreover, being transparent, these sheet dressings allow
easy monitoring of healing process [Smith & Nephew, 2020].
1.4.3. Polymers suitable for hydrogel wound dressings:
Some polymers, due to their physicochemical and biocompatible properties, are
extensively used in biomedical applications. Most commonly used polymers used for
fabricating hydrogels for wound dressing applications are discussed below.
Moreover, other commonly used polymers with wound dressing applications are
listed in Table 1.4.
1.4.3.1.

Poly(vinvyl alcohol) (PVA)

PVA is a polyhydroxy synthetic polymer with hydrophilic and biodegradable
characters. Being biocompatible, transparent and capable of maintaining a moist
environment, it has attracted application in different biomedical sectors, including
wound care [Chhatri et al., 2011; Oliveira et al., 2016; Jiang et al., 2011]. PVA makes
gels when mixed with an appropriate amount of water and these gels possess
tissue-mimicking properties [Jiang et al., 2011]. The elasticity of these hydrogels can
be improved by preparing blend hydrogels of PVA with other polymers [Kamoun et
al., 2015]. PVA chains can be crosslinked to produce PVA hydrogels by a variety of
techniques, including freeze-thawing cycle, electron beam irradiation and using cross
linkers like glutaraldehyde [Kokabi et al., 2007]. As PVA doesn’t have inherent
antimicrobial properties, PVA based hydrogels can be loaded with antimicrobial
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agents for wound management applications [Kamoun et al., 2015; Koehler et al.,
2018].
1.4.3.2.

Poly(N-vinyl-2-pyrrolidone) (PVP):

PVP, a well-known water soluble synthetic polymer, due to its biocompatible and
biodegradable nature, has attracted several biomedical applications including wound
management. Due to its low cytotoxicity and good water vapour transmission rate
(WVTR), it has been considered as a hydrogel membrane in the wound care sector
as a skin substitute [Kamoun et al., 2017]. Nu-Gel® (Systagenix) and Neoheal®
(Kikgel) are PVP based proprietary hydrogel products indicated for use in first and
second degree burns, severe sun burns, partial thickness wounds, ulcerations and
bedsore. PVP undergoes crosslinking under ionising radiation, resulting in
transparent hydrogels, but these hydrogels have poor mechanical properties with
limited swelling. It’s swelling behaviour and mechanical properties can be enhanced
by blending it with other polymers, such as polysaccharides [Wang et al., 2007;
Singh and Pal, 2011; Singh and Singh 2012; Plungpongpan et al., 2013; Archana et
al., 2013]. The use of ionising radiations is considered to be a favourable tool,
wherever feasible, for hydrogel formation (and sterilisation) due to easy process
control, minimal wastage, low cost and no chemical crosslinkers requirement [Sing
and Pal, 2011; Raafat et al., 2012].
1.4.3.3.

Poly(ethylene glycol) (PEG):

PEG is a polyether which attracted a wide interest in the biomedical applications,
including wound management, due to its transparent, non-toxic, non-immunogenic,
biocompatible and biodegradable properties [Koehler et al., 2017; Xu et al., 2018].
PEG fumarate [Koosehgol et al., 2017] and PEG acrylates like PEG diacrylate
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(PEGDA) [Goh et al., 2016; Nalampang et al., 2013], PEG dimethyacrylate
(PEGDMA) [Pacelli et al., 2015] and PEG methyl ether methacrylate (PEGMEMA)
are some of the commonly used acrylates in hydrogel formation for biomedical
applications.

Due to its featured biological properties, PEG has been used in

proprietary products like AquafloTM (Covidien), Neoheal® (Kikgel) and AmeriGel®
(Amerx Health Care Corp.) hydrogel wound dressings.
1.4.3.4.

Poly(n-isopropylacrylamide) (PNIPAM):

PNIPAM is a temperature responsive smart polymer with amide and propyl moieties
in its monomeric structure responsible for its temperature dependent volume phase
transition (VPT at 34ºC). Its lower critical solution temperature (LCST) is slightly
lower (32ºC) than VPT temperature. Being nontoxic, biocompatible [Capella et al.,
2019] and with phase transition close to the human body it has attracted wide
biomedical applications [Nistor et al., 2011; Shepherd et al., 2011; Zubik et al.,
2017].
1.4.3.5.

Alginate:

Alginate, a natural polysaccharide derived from marine brown algae and some soil
bacteria has attracted wide biomedical application, including wound management,
due to its hydrophilic, biocompatible and non-toxic nature [Rezvanian et al., 2017;
Hoefer et al., 2015; Malagurski et al., 2018; Kondaveeti et al., 2018; Catanzano et
al., 2015]. Its exceptional wound healing properties like enhancing cell migration,
angiogenesis and collagen I production, resulted in its use for fabricating
commercially available hydrogel dressings like Purilon® Gel (Coloplast Ltd.) and NuGelTM Hydrogel with Alginate (Systagenix Wound Management Ltd.) [Koehler et al.,
2018]. Alginate has an ability to form hydrogels by addition of divalent cations like
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Ca2+, which bind to guluronate blocks of alginate chains, enabling ionic cross-linking
between guluronate block of adjacent alginate chains in the so called egg-box crosslinking model leading to gel formation [Wu et al., 2018a; Kurczewska et al., 2017;
Lee et al., 2012]. In case of loss of the divalent cationic cross-linker, the alginate
dressing can easily degrade but this issue is commonly overcome by cross-linking
(ionic or covalent) alginate with other polymers like PVA, gelatine and chitosan.
[Moura et al., 2013].
1.4.3.6.

Bacterial Cellulose (BC):

BC, a biosynthetic cellulose is produced by several bacteria. BC being hydrophilic,
highly pure, biocompatible, nonpyrogenic [Andrade et al., 2011, Pértile et al., 2012,
Pandey et al., 2017] and transparent material has resulted in its use for fabrication of
proprietary (XCell®, Bioprocess®, DermafillTM, Gengiflex® and Biofill®) wound
dressings with the clinical rationale being to facilitate autolytic debridement. The
hydrophilicity and relatively high swelling ratio of BC [Nakayama et al., 2004;
Maneerung et al., 2008] allows it to establish a moist microenvironment at the wound
interface in addition to maintaining water vapour transmission rate (WVTR) and a
constant temperature. Hydrophilicity also enables reversible swelling and de-swelling
of the hydrogel, which can be exploited in the fluid management of heavily exuding
wounds. In addition, BC hydrogel dressings can protect tissues forming over and
around the wound site, as well as promote angiogenesis [Maneerung et al., 2008].
Whilst not inherently antimicrobial itself, BC’s unique 3-D nanofibrillar network is
highly porous and amenable to high loading and controlled release of a range of
antimicrobial agents [Fu et al., 2013; Shah et al., 2013; Wu et al., 2014]. Further
details on BC are presented in Chapter 2.
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1.4.3.7.

Chitosan:

Chitosan is a linear natural cationic polysaccharide derived by alkaline Ndeacetylation of chitin, obtained from exoskeleton of crustaceans like crab, lobster
and shrimp [Matica et al., 2019; Kumari et al., 2017; Mozalewska et al., 2017]. Due
to its biocompatibility, haemocompatibility, biodegradable nature and featured
haemostatic, antimicrobial (bacteriostatic and fungistatic), antioxidant and wound
healing properties [Matica et al., 2019; Chen et al., 2013; Behera et al., 2017], it is
considered fit as wound dressing material. In clinical trials, chitosan treated wounds
have been reported to demonstrate faster healing in comparison to chitosan-free
dressings [Koehler et al., 2018]. Owing to its wound healing properties (cell
proliferation, collagen and hyaluronic acid formation), chitosan has found its
application in proprietary products like KytoCel® (Aspen Medical) and Chitoderm®
plus (Trusetal Verbandstoffwerk GMBH) [Koehler et al., 2018]. Chitosan can be used
to produce membrane, sponge, scaffold and it also has hydrogel forming ability.
However, a hydrogel formulation would be the most suitable form as it is able to
protect, interact, contract the wound and facilitate wound healing by developing an
optimum moist healing environment [Wang et al., 2012]. Chitosan can get deformed
easily through external stress, but this challenge can be overcome by blending it with
suitable polymers to enhance its mechanical properties for fabricating wound
dressing [Chen et al., 2013].
1.4.3.8.

Carboxymethyl cellulose (CMC):

CMC is a semi-synthetic, water-soluble ether derivative of cellulose in which H
atoms from the hydroxyl groups are replaced with carboxymethyl [Reeves et al.,
2010]. CMC can be crosslinked using radiation technique, to make biocompatible
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and biodegradable hydrogel with high water uptake capacity [Park et al., 2017;
Capanema et al., 2018; Rakhshaei and Namazi, 2017]. Its unique properties resulted
in its use in proprietary hydrogel dressing products like FlexiGelTM and Regranex®
gel (Smith & Nephew, UK) and Purilon Gel®, a sodium carboxymethyl cellulose
(NaCMC) based hydrogel dressing (Coloplast).
1.4.3.9.

Starch:

Starch is one of the most abundant natural polysaccharides composed of two
different polymers, namely amylose (about 30 %) and amylopectin (70 %) [Pal et al.,
2006]. Being economical, non-toxic, biocompatible and biodegradable, native starch
has a potential as a wound management material, but its highly hydrophilic nature
and relatively poor mechanical properties have limited its application [Jiang et al.,
2020]. These problems can be overcome by either combining it with other polymers
to make blend hydrogels [Jiang et al., 2020; Pal et al., 2006] or by chemically
modifying native starch to improve its properties for biomedical applications.
Oxidised starch [Kamoun 2016; Hadisi et al., 2018] and hydroxyethyl starch (HES)
[Lee et al., 2012a] are the common forms of modified starch used in the preparation
of wound dressing. Starch has no inherent antimicrobial activity but can be
functionalised with antimicrobial agents for wound management applications [NaseriNosar and Ziora, 2018].
1.4.3.10.

Natural gums:

Natural bioactive plant-based gum polysaccharides made up of sugars like
mannose, arabinose, dextrose, rhamnose and xylose have gained research attention
in wound care section as a biomaterial for the preparation of wound dressings [Padil
et al., 2018; Mohammadinejad et al., 2019]. Owing to their low cost, renewable,
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biodegradable, biocompatible and tunable properties, the natural gums like guar gum
(Table 1.4), gum arabic, tragacanth gum, gum tamarind and xanthan gum have been
tested to fabricate wound dressings [Ahmad et al., 2019]. Recently, many new gums
have been introduced and functionally characterised.

Natural gums carry

components and are proven to accelerate wound healing process, e.g. tragacanth
gums has inherent wound healing properties and effective in proliferation and
remodelling phase of healing [Singh et al., 2017]. These polysaccharide gums when
blended with other polymers allows the production of composite hydrogel matrix with
tailored porosity and sustained release of drugs [Singh and Dhiman, 2016; Juby et
al., 2012]. Of note, nanosilver-containing composite of gum acacia/PVA hydrogel is
an example of antimicrobial hydrogel dressings with potential wound dressing
applications [Juby et al., 2012].
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Table 1.4.
dressings.

Collagen

Gelatin

Hyaluronic acid

Other natural and synthetic polymeric material used individually or in combination with other polymers for the production of hydrogel wound
Source

Properties

Model/Case Study

Results

Bovine;
Porcine;
Avian;
Rodent;
Marine

Natural polymer, nontoxic, biocompatible,
biodegradable, haemostatic, support
fibroblast growth, creates wound healing
environment, stimulate macrophages and
fibroblast, promote cell attachment and
proliferation, cellular migration and tissue
development.

Wounds in diabetic
mice
[Moura et al., 2014]

Promotes wound healing and
epithelialisation

Partial denaturation
of bovine or porcine
collagen

Natural polymer, Type A and B gelatine,
elastic, biocompatible, biodegradable,
activate microphages, haemostatic, high
water
absorption
capacity,
forms
thermally-reversible hydrogels

Wounds in diabetic
mice
[Yoon et al., 2016]

Poly anionic biological macromolecule,
biocompatible,
biodegradable,
nonimmunogenic,
non-thrombogenic,
hydrophilic, antioxidant activity by
reacting
with
oxygen-derived
free
radicals, wound healing activity by
stimulating inflammatory signals and
facilitate cell motility and proliferation.

Wounds in diabetic
mice
[da Silva et al., 2017]

Bacterial polysaccharide, biocompatible,
biodegradable, hydrophilic, stimulate
wound healing, enhance angiogenesis,
promote reepithelialisation

Burn wounds in mice
[Sun et al., 2011]

Bacterial
fermentation;
Extraction from
animal tissues

Dextran

Leuconostoc spp.
Weissella spp.
Lactobacilli

Commercial
products
Woun’Dres®
(Coloplast)

References
Xie et al., 2018;
Moura et al., 2014;
Oryan et al., 2018

Regenecare® (MPM
Medical Inc.)

Burn wounds in male
rats [Oryan et al.,
2018]
Chemokine-loaded
gelatin
hydrogel dressings promoted
healing,
enhanced
reepithelialisation,
neovascularisation

HyStem®-C
(BioTime Inc.)

HA hydrogels accelerated
wound closure and wound
healing. When incorporated
with stem cells increased
neoepidermis
thickness
observed

Restore® Hydrogels
(Hollister
woundcare)

Extracel-HP TM
(Glycosan
Biosystems)

Saarai et al., 2012;
Yoon et al., 2016;
Wang and Wei,
2017

Luo et al., 2018;
da Silva et al.,
2017;
Zhao et al., 2015

Regenecare® HA
HyStemTM (BioTime
Inc.)

Wounds in mice
[Alibolandi et al.,
2017]

Promotes
wound
healing,
enables
neovascularisation,
promotes
angiogenesis,
accelerates
epithelial
maturation,
dermal
differentiation
and
skin
regeneration
Dextran hydrogels accelerate
wound healing which was
further improved by loading
hydrogels
with
curcumin
nanomicelles

Hwang et al., 2010;
Alibolandi et al.,
2017;
Sun et al., 2011
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Glucan

Cell wall of bacteria,
yeasts, algae,
lichens, plants (oats
and barley)

Polysaccharide,
biocompatible,
biodegradable, antibacterial, antiviral,
anti-inflammatory, exhibits wound healing
activity, immune enhancing ability,
enhances tensile strength of scar tissue

Guar Gum

Cyamopsis
tetragonolobus

High molecular weight non-ionic natural
hetero-polysaccharide,
low
cost,
hydrophilic, nontoxic, biodegradable,
biocompatible, FDA approved

26 patients (human
subjects) with Hardto-heal wounds like
leg ulcers, diabetic
foot ulcers and
pressure ulcers
[King et al., 2017]
Wounds in diabetic
mice [Grip et al.,
2018]

Beta-glucan based Woulgan
was very easy to apply and
remove, capable of restarting
healing process in a range of
stalled wounds with wound
size reduction

Woulgan® [Biotec
Betaglucans]

Grip et al., 2018;
King et al., 2017;
Park et al., 2018

ActivHeal®
(Advanced Medical
Solutions Ltd.)

Kaith et al., 2015;
Singh et al., 2014;
Kono et al., 2014

3MTM TegadermTM
Hydrogel Wound
Filler (3M Health
Care)
Polyurethanes

Synthetic polymers
with repetitive
urethane groups
produced by
condensation and
polymerisation
methods

Biocompatible, nontoxic, good strength,
good toughness, tear resistance ,
abrasion
resistance,
non-allergenic,
favours epithelialisation, allows oxygen
permeability

Poly(acrylic
acid)

Synthetic polymer
produced by
polymerisation of
acrylic acid

2-acrylamido-2methylpropane
sulfonic acid
(AMPS)

Commercially
available
or by Ritter reaction
of acrylonitrileisobutylene with
sulphuric acid

Hydrosorb®
(Hartmann)
Hydrosorb® Comfort
(Hartmann)

Ghadi et al., 2016;
Zoellner et al.,
2007;
Bankoti et al., 2017

81 patients (human
subjects) with acute
and chronic wounds
[Zoellner et al., 2007]

Enhanced granulation and
epithelialisation, reduction in
wound surface slough, pain
relief, wound size reduction

Wounds in rat model
[Bankoti et al., 2017]

Enhanced wound healing,
increased neovascularization;
higher
re-epithelialisation,
increased collagen synthesis

Biocompatible,
biodegradable,
hydrophilic, pH responsive polymer so
can be utilised in producing smart
hydrogels,anti-bacterial

Wounds in Swiss
mice [Champeau et
al., 2018]

Nitric oxide controlled release
PAA
hydrogels
lead
to
increased
angiogenesis,
organised
collagen
and
accelerated wound contraction

Ijaz et al., 2018;
Champeau et al.,
2018;
Jankaew et al.,
2015

Hydrophilic, non-toxic, biocompatible,
thermal stability, pH independent swelling
stability, good coherency with good skin
adhesion, easy to remove from wound
surface, high oxygen permeability,
flexible

Porcine burn model
[Boonkaew et al.,
2014]

Silver nanoparticle loaded
AMPs hydrogels efficiently
prevented
bacterial
colonisation of wound during
healing process

Witthayaprapakorn
2011;
Boonkaew et al.,
2014;
Boonkaew et al.,
2014a
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1.5.

Characterisation of hydrogel dressings

1.5.1. Biocompatibility
Biocompatibility is “the ability of a material to perform with an appropriate host
response in a specific application” [Williams, 1986]. It refers to the immune tolerance
of a material in contact with living cells [Balan and Verestiuc, 2014]. As the wound
dressing is intended to be in direct contact with the host cells, it must be safe and
compatible (local and systemic) with no adverse effects with the living cells and
tissues. Hence, it is fundamental for the hydrogels dressing and its degradation
products to be non-toxic, cytocompatible and non-pyrogenic. The hydrogel should
fulfil the bio-safety (noncytotoxic, nonmutagenic, noncarcinogenic) and biofunctionality (suitable for the intended purpose) aspects to be classified as
biocompatible.

The selection of base material (monomers or polymers), cross linkers (if any),
organic solvents, manufacturing and purification process dictates the suitability of the
final hydrogel product for its wound management application as a dressing. Natural
or synthetic monomers or polymers used in the hydrogel production should be
biocompatible. The examples of such materials with proven biocompatible nature
include bacterial cellulose, chitosan, collagen, gelatin, polyurethanes [section 1.4.3].
Moreover, the use of cross-linkers, initiators and other additives employed in the
polymerisation process may raise cytotoxicity concerns, hence special attention
should be given on the correct selection of such material. Extensive washing of the
final hydrogel can reduce potential toxicity in the case of leachable or unreacted
moieties [Das, 2013].
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The tissue compatibility of the final hydrogel can be evaluated by testing the
immunological response of the live host cells when the hydrogel material is placed in
contact. This can be determined by in vitro (cell culture tests) and in vivo (animal
studies) models [Das, 2013].

1.5.2. Haemocompatibility
Haemocompatibility is the tolerance of blood to the device, material or surface that
comes in contact with the blood [Balan and Verestiuc, 2014]. As the wound dressing
could potentially come in contact with blood so haemocompatibility is another
fundamental characteristic for a hydrogel dressing. The interactions of blood with the
material involves several factors like charge, surface chemistry and wettability [Chen
et al., 2011]. When the hydrogel dressing is applied at the wound site, blood can
respond to the material of the hydrogel in different ways. These can be studied by
assessing thrombosis, coagulation, platelet function, haemolysis and complement
systems in blood [Balan and Verestiuc, 2014]. Based on the response of the
hydrogel dressing, it would be classed as haemocompatible or non-haemocomatible.
American Society for Testing and Materials (ASTM) has set a protocol to assess the
haemolytic properties of the material used in fabrication of medical devices with
potential contact with blood. Based on the percentage haemolysis caused by the
material when in contact with blood, it is classified as non-haemolytic (0-2 %
haemolysis), slightly haemolytic (2-5% haemolysis) and haemolytic (>5 %
haemolysis) [ASTM F756 - 17]. In the current project, haemocompatibility screening
of the hydrogel dressings was evaluated by determining the haemolytic behaviour.
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1.5.3. Morphology
Polymer chains in hydrogels are physically or chemically cross-linked to each other
imparting the characteristic morphology to the hydrogel. The morphology of the
hydrogel dictates its area of potential application. The morphological structure and
physicochemical properties of the hydrogel may change temporarily or permanently
with the altered parameters like change in composition, preparation method, external
conditions like temperature, pH and electric signals [Das, 2013]. For the wound
management application, change in structural morphology could alter loading and
release profile, swelling ratio, WVTR and gas permeability [Mousavi et al., 2019, Pan
et al., 2019]. Understanding of the structural architecture like pore morphology and
pore size distribution is therefore vital and can be evaluated using stereo
microscope, atomic force microscopy (AFM) and scanning electron microscope
(SEM).

1.5.4. Water vapour transmission rate (WVTR)
Skin has a property of fluid conservation by controlling the rate of evaporation in
order to maintain homeostasis. Normal skin loses water around 200 g/m2/day [Pan et
al., 2019]. If the integrity of the skin is disturbed, as in the case of injury or burns, the
fluid conservation functionality of normal skin is destroyed and it leads to increased
rate of evaporation, which can be up to 25 times greater than the normal skin
[Morgado et al., 2015; Pan et al., 2019]. If the water loss by evaporation from the
wound site is not controlled, it may lead to wound surface dehydration, which may
affect wound repair. Therefore, in order to maintain the moist wound environment, it
is essential to maintain optimum moisture at the wound site.
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Different WVTR values have been quoted in literature for an effective wound
dressing. Though there is no exact value for WVTR for an ideal wound dressing, the
value between 2000-2500 g/m2/day [Morgado et al., 2015] is considered to be
effective to maintain optimum moisture required for wound healing. The wound
dressing with the WVTR within this range is considered to be capable of controlling
excessive water loss in order to avoid dehydration. Moreover, being capable of
maintaining optimum water loss, it would tackle the exudate retention at the wound
site, which if not controlled may lead to maceration of the healthy surrounding tissue
[Queen et al., 1987; Morgado et al., 2015]. Hydrogels offer a double benefit as moist
wound dressings as they are capable of controlling the excessive WVTR from the
wound and at the same time transmit the water held in their network to keep the
wound area moist [Jadhav et al., 2012].
1.5.5. Optical transmission
The assessment of the wound site is important to assess patients’ response to the
treatment. Conventional wound dressings, including gauze dressings, are not ideal
when it comes to monitoring the wound healing as these dressings have to be
removed in order to assess the healing process. Periodic removal of the dressing
can be traumatic for healing wounds. With the rapid advancement in the field of
biomedical materials, new wound dressings have been produced from both natural
and synthetic sources that are transparent in nature [Saito et al., 2012]. Attributed to
the high water content, hydrogels are usually clear and transparent hence,
considered as a good candidate capable of delivering this property [Vowden and
Vowden, 2017; Koehler et al., 2018]. These transparent advanced dressings enable
the non-invasive monitoring of the healing wound without the need for the removal of
the dressing.
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1.5.6. Moisture content
George Winter in 1960s established that the optimum moisture at the wound site
increases reepithelialisation and promotes healing [Winter 1962]. This research
revolutionised the field of wound management and the focus of wound dressings
changed from conventional dry passive products, to responsive moisture-promoting
materials [Abdelrahman and Newton 2011; Winter 1962]. Following these research
findings, a wide range of dressings based on the moist healing concept were
developed with a range of different material compositions.
Wound dressings with high moisture content offers several benefits including, but not
limited to, high malleability, easy and pain free removal of the dressing, cooling and
soothing effect resulting in a sensation of pain reduction with a capability of
developing a moist microclimate that has been proven to enhance epithelialisation
[Vowden and Vowden 2017; Winter 1962; Di et al., 2017; Tyeb et al., 2018].
Hydrogels are one of the most promising candidates amongst the category of
advanced moist wound dressings. Hydrogels are composed of over 90% water
[Koehler et al., 2018] which is responsible for their soft and malleable texture.
Hydrogels facilitate healing by donating moisture in the case of dry necrotic wounds
and absorbing excessive exudate in the case of exudative wounds. This feature
makes them capable of creating the moist micro-climate between the wound bed and
the dressing at the wound site and reduces pain as a result of the cooling effect
[Koehler et al., 2018].
1.5.7. Swelling characteristic
The fluid absorbing and retaining capability of a dressing is an important property
determining its suitability for wound management application. The ideal dressing
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should have excellent fluid absorption and retention capabilities without degradation
[Mousavi et al. 2019].

Hydrogels have an ability to absorb water and they get

swollen as they have excellent water retention ability. They become soft and elastic
after water absorption. The swollen, elastic hydrogels offer flexibility, which matches
the flexibility of human tissue, leading to patient comfort when applied as wound
dressing [El-Sherbiny and Yacoub, 2013].
Despite having intrinsic water content in the swollen state, hydrogels are usually able
to take additional fluid from exudating wounds. At the same time, they are able to
donate moisture to the dehydrated wound. This feature makes hydrogels a very
useful tool as wound dressings.

1.6.

Cyclodextrins for biomedical applications

Some healing agents are hydrophobic in nature and their delivery in a hydrophilic
environment (wound dressing hydrogel) can be achieved by using solubility
enhancing drug carriers like cyclodextrins (CDs). Cyclodextrins, a family of cyclic
truncated-cone shaped oligosaccharide, offers a heterogeneous environment i.e.
hydrophilic outer surface and hydrophobic inner cavity [Sun et al., 2014]. In view of
their biocompatibility and solubility enhancing properties, there are more than 30
proprietary pharmaceutical products containing CDs. Cyclodextrin monograms (e.g.
αCD and βCD) can be found in several Pharmacopoeias like the US Pharmacopeia,
European Pharmacopeia and the Japanese Pharmacopeia [Loftsson et al., 2005]. In
addition to the solubility enhancement of the active compound, the inclusion of drug
in the hydrophobic cavity of CDs, leading to the inclusion complex (IC) formation,
offers protection with regards to increased shelf-life, avoiding incompatibility between
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active compounds in the same formulation, offering stability against oxidation,
hydrolysis and photolysis. Moreover, it offers release modulating properties in the
formulation [Rakmai et al., 2017; Jeong et al., 2018].
Cyclodextrins (CDs) are naturally occurring cyclic oligosaccharides obtained from
starch by enzymatic cyclisation using enzymes called cycloglycosyl transferase and
are recognised as pharmaceutical excipients [Del Valle, 2004; Jambhekar and Breen
2016]. There are three commonly used native cyclodextrins: α-cyclodextrin, βcyclodextrin and γ- cyclodextrin with six, seven and eight D-glucopyranose units
linked by α-1,4 glycosidic bonds respectively. These linkages of glucopyranose units
result in truncated cone structures (Figure 1.3).
(a)

(b)

Figure 1.3. (a) Chemical structure and (b) a truncated cone schematic of cyclodextrin.

The primary and secondary hydroxyl groups located at the edges are responsible for
the hydrophilic exterior surface of CDs. The skeletal carbons (C 3 and C5) and
endocyclic acetal oxygen of glucose residues are oriented inside, which imparts a
hydrophobic character to the interior CD cavity [Dufour et al., 2015]. The polarity of
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the CD cavity has been reported to be similar to an aqueous ethanolic solution
[Jambhekar and Breen 2016]. Apart from naturally occurring CDs, several chemically
modified derivatives have been synthesised to improve the properties (aqueous
solubility and toxicological profiles) of native CDs [Jambhekar and Breen 2016;
Kurkov and Loftsson 2013]. Although a native βCD is hydrophilic, its aqueous
solubility is limited (18.5 mg/mL). Substitution of the hydroxyl groups in CDs leading
to the production of CD derivatives results in improvement in the aqueous solubility.
There are a vast number of potential derivatives of CDs and hydroxypropyl
betacyclodextrin (HPβCD) is one of the most important chemically modified CD with
enhanced aqueous solubility (> 600 mg/mL for 0.65 substitution) [Loftsson et al.,
2005]. HPβCD can be industrially produced under base catalysis from a controlled
reaction of propylene oxide and βCD [Roquette, 2006] and is available in both oral
and parenteral grade.
There are several studies reported on the enhancement of aqueous solubility of
lipophilic compounds by their inclusion in the CD cavity [Wathoni et al., 2017;
Paramera et al., 2011; Yallapu et al., 2010; Mohan et al., 2012]. This can be
achieved by several techniques like co-precipitation, hot melt extrusion, solvent
evaporation, freeze drying, spray drying, slurry mixing and dry mixing [Del Valle,
2004].
CD containing hydrogels can be produced in different ways; loading the preformulated CD-drug IC during or after crosslinking, grafted on the hydrogels [Lee et
al., 2012a] or cross-linking with diglycidyl-ethers [Jeong et al., 2018]. The first
approach is simple, but it may have a limitation of unmodulated drug release. In
contrast, the release can be controlled with the other approaches [Jeong et al., 2018;
Hoare and Kohane 2008; Pinho et al., 2014]. Modern therapies where more than one
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medication with different hydrophilic/hydrophobic nature may benefit, development of
CD-based hydrogel with dual drug delivery of hydrophobic drug (attributed to CDs)
and hydrophilic compound (selecting polymers with hydrophilic active substance like
chitosan), has opened a new scope. The efficacy of these CD-based hydrogels has
demonstrated enhanced therapeutic capacity for wound dressing applications [Jeong
et al., 2018; Lee et al., 2012a; Pinho et al., 2014].
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Chapter 2.
Bacterial cellulose
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2.1.

Introduction

Cellulose is one of the most abundant renewable biopolymer resources extensively
available in nature. Cellulose is the main structural component of the cell wall of
plants and the major constituent of cotton (90 %), flax (80 %), jute (65 %) and wood
(50 %).

Apart from plants, cellulose is produced by several algae and fungi. Many

bacteria are also capable of producing cellulose by consuming carbohydrate sources
like glucose and this form of cellulose is called bacterial cellulose (BC) (Figure 2.1)
[Gopi et al., 2019]. Cellulose from animal sources in not uncommon and tunicin, a
cell wall (tunic) component of marine animals (Tunicates), is a good example
[Almeida et al., 2020].
Cellulose is a long linear organic homopolysaccharide made up of repeating units of
glucose. The repeating units are composed of two anhydroglucose rings with oxygen
covalently bonded to C1 of one glucose and C4 of the adjacent glucose leading to β
(1-4) glycosidic linkages with the molecular formula (C6H10O5)n. Cellulose has a high
degree of polymerisation, n, ranging between 10,000 to 15,000 [Gopi et al., 2019;
Sharma et al., 2019]. Plant cellulose is derived from glucose that is produced by
carbon dioxide fixation during photosynthesis. A similar process is followed by
marine algae for cellulose synthesis. Some fungi and bacteria lack the
photosynthesis capacity and produce cellulose from various carbon sources like
glucose, mannitol and sucrose [Mohammadkazemi et al., 2015].

51

Figure 2.1. Illustration of structural organisation of bacterial.

2.2.

Microbial synthesis of bacterial cellulose

The production of cellulose by bacteria, specifically Acetobacter xylinum, was first
reported by Brown in 1886 [Wang et al., 2019]. Several other Gram-negative
bacterial species like Azotobacter, Agrobacterium, Alcaligenes, Salmonella, as well
as Gram-positive bacteria such as Sarcina, have since been reported to produce BC.
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Among the aforementioned bacteria, Gluconoacetobacter xylinus, formerly called
Acetobacter xylinum and due to further taxonomical changes reclassified and now
known as Komagataeibacter xylinus [Gorgieva and Trček, 2019], (would be referred
to as Gluconoacetobacter xylinus through the text in this study) is most commonly
used for the synthesis of BC, due to its high productivity [Mohammadkazemi et al.,
2015; Wang et al., 2019]. Bacterial cellulose biosynthesised by different bacteria
vary in morphology and properties.
G. xylinus, a Gram-negative rod-shaped obligate aerobe classified into αProteobacteria, in the presence of oxygen, is capable of transforming glucose and
other organic substances to an ultra-pure form of BC [Chawla et al., 2009]. It has
been reported in literature that one bacterium can convert 108 glucose molecules
into cellulose per hour [Wang et al., 2019]. It is capable of producing BC at pH
between 3-7 and temperatures between 25 ºC to 30 ºC in a precisely regulated
manner [Esa et al., 2014].

The genomic sequence of G. xylinus revealed that there are four BC synthase
operons (bcs). Out of these, only bcsI is structurally complete, comprising of bcsA,
bcsB, bcsC and bcsD. G. xylinus has a complete glycolytic pathway as it possesses
a phosphofructosekinase (pfk)-encoding gene. Glucose-6-phosphate, a glycolytic
intermediate is the origin of substrate synthesis in BC production. It is isomerised by
an enzyme, phosphoglucomutase to glucose-1-phosphate, which under the action of
UDP-glucosepyrophosphorylase (UGPase) forms uridine-5’-phosphate-α-D-glucose
(UDPG). Cellulose is finally synthesised by BC synthase (bcs) complex which spans
the outer and cytoplasmic membrane [Liu et al., 2018]. Cellulose synthase
complexes are linearly arranged and associated with pores present on the surface of
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the bacterium. Bacteria secrete glucan chains, which assemble into protofibrils and
further assemble to form nanofibrils cellulose ribbons (Figure 2.2) [Klemm et al.,
2001; Chawla et al., 2009; Esa et al., 2014].

Figure 2.2. Biosynthetic pathway of cellulose in the bacterial cells (adapted from Moniri et al., 2017).

G. xylinus produces two forms of cellulose: cellulose I, which is a ribbon like polymer,
and cellulose II, which is a thermodynamically stable amorphous polymeric form
(Figure 2.3). Most of the unique properties of bacterial cellulose are attributed to its
nanofibrillar structure [Chawla et al., 2009].

Figure 2.3. Illustration of production of cellulose microfibrils by G. xylinus.
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Under static conditions, G. xylinus produces cellulose as pellicles at the air-liquid
interface. This cellulose synthesis process helps these aerobes to arrive at the
oxygen-rich surface and the BC pellicles hold the bacteria in the aerobic environment
and protect bacterial cells from ultraviolet light [Klemm et al., 2001].

2.3.

Difference between plant cellulose and bacterial cellulose

Although plant cellulose and bacterial cellulose are both natural and have the similar
molecular formula, they differ significantly in purity, structural and physicochemical
properties (Table 2.1) [Portela et al., 2019]. Plant cellulose is mainly found in the cell
wall and is associated with other non-cellulosic bye products. In the majority of
plants, cell wall has lignin (10-25 % of dry weight) that acts as a binder between
cellulose (35-50 % of dry weight) and hemicellulose (20-35 % of dry weight)
[Sharma et al., 2019]. The purification process of BC is simpler than plant cellulose
[Pang et al., 2020]. Even though plant cellulose is chemically equivalent to BC but
BC is a purer form, hence has found proprietary applications not only in the food
industry but also in the biomedical field, including wound management and tissue
regeneration [Liu et al., 2018; Portela et al., 2019; Gorgieva and Trček, 2019].
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Table 2.1. Differences between bacterial cellulose and plant cellulose.
Properties

Bacterial Cellulose

Plant Cellulose

References

Raw material

Carbon source like glucose

CO2 and H2O

Klemm
et
al.,
2001;
Mohammadkazemi et al.,
2015

Fibre thickness

20-100 nm

In micrometer scale

Chawla et al., 2009

Impurities

None

Lignin, hemicellulose, pectin

Portela et al., 2019; Liu et
al., 2018

Purity

> 99 %

< 80 %

Klemm et al., 2005; Wang
et al., 2019

Water holding capacity

> 96 %

25-35 %

Rebelo et al., 2018; Wang
et al., 2019

Crystallinity

High (up to 96 %)

Low (up to 85 %)

Klemm et al., 2001; Wang
et al., 2019

In-situ state

Mouldable in-situ and available

Not mouldable in-situ and not

Klemm et al., 2001

in wet state

available in the initial wet state

Higher

Lower

Klemm et al., 2001; Keshk,
2014

Absent

Present

Kurosumi et al., 2009

Mechanical

strength

in

wet state
Intracellular cavity
Intermediates

in

biosynthesis process

2.4.

the

Uridine

Diphosphoglucose

(UDPG)

Guanidine

Diphosphoglucose

Keshk, 2014

(GDPG)

Production and purification of bacterial cellulose

2.4.1. Static and agitated production
Fermentation production of BC can be performed using various carbon sources,
nitrogen sources and at different pH. BC production between 25 ºC to 30 ºC using
the Hestrin and Shramm medium [Hestrin and Shramm, 1954] which is composed of
glucose, peptone, yeast extract, disodium phosphate, citric acid and pH adjusted to
6.0 is widely used. A number of methods have been reported for BC production,
including static cultivation and agitated cultivation method. BC produced by these
different methods vary in physicochemical properties and application. Growth of
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bacteria under static conditions produces BC pellicles floating at the air-liquid
interface. A shallow tray, flask or beaker is filled with the broth medium, inoculated
and incubated for 5 to 14 days under sterile static conditions. BC pellicle is produced
during the incubation period, which floats on the surface of the medium. The BC
production in the static cultivation is directly proportional to the surface area of the
air/liquid interface. Moreover, the shape of the pellicles can also be dictated by the
shape of the container used for cultivation process. Furthermore, the thickness of the
pellicles can also be dictated by varying duration of incubation. This type of BC
pellicles has found several biomedical applications including as wound dressings [UlIslam et al., 2015].
Agitated cultivation method is a convenient method for scale-up production of BC.
Contrary to the static cultivation methods, in this method the inoculated culture
media is constantly rotated and BC is produced as irregular forms like spheres,
pellets or fibrous suspension [Esa et al., 2014]. BC produced under agitated
conditions has a lower degree of polymerisation, lower crystallinity and mechanical
strength compared to pellicles produced under static conditions.
2.4.2. Purification procedures
Unlike plant cellulose, as the bacterial cellulose is not bound to bye-products hence
its purification process is different from plant cellulose. Once the BC is produced, its
purification is aimed at removing the bacteria trapped in the BC network structure
and the removal of proteins and nucleic acids from yeast extract or bacteria during
incubation process. These impurities along with the residual media imparts a slimy
yellowish brown colour to BC.
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Alkali is the most commonly used chemical for this purpose. Various concentrations
of NaOH (0.4 %, 1 %, 2.5 %), KOH or Na2CO3 are used for this purpose
[Embuscado et al., 1996; Mohammadkazemi et al., 2015; Gea et al., 2011; Moniri et
al., 2017]. It has been reported that NaOH concentration above 6 % can cause the
transformation of cellulose I to cellulose II hence most of the protocols use the
concentration below 6 % [Gea et al., 2011]. Duration of NaOH treatment varies from
15 min to 24 h at different temperature ranges (80 ºC to 100 ºC) and subsequent
washing or boiling of BC pellicles in water until purified completely [Moniri et al.,
2017].
Some protocols follow the two-step purification, which involves an alkaline treatment
followed by bleaching with NaOCl (2.5 %). The argument for this treatment is to get
rid of the impurities like proteins and nucleic acids which couldn’t be completely
removed by NaOH treatment for long term storage of BC without any colour change
[Gea et al., 2011].
2.5.

Factors affecting bacterial cellulose production

The cultivation of G. xylinus for BC production has received vast research interest.
Several attempts were made to understand the factors affecting BC production. BC
is produced by very few genera of bacteria, but due to the production of large
quantities of cellulose, G. xylinus is the most investigated strain for BC production
(details in section 2.2) [Masaoka et al., 1993; Keshk, 2014]. BC production has been
found to be dependent on several factors:
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2.5.1.

Influence of cultivation method

BC can be produced under different cultivation conditions like static, agitated and a
combination of static and agitated cultures in a horizontal fermenter [Krystynowicz et
al., 2002; Shi et al., 2014]. The choice of the cultivation technique depends on
desired physical and mechanical properties and the final application. BC produced
under static conditions appears as pellicles whereas under agitated conditions, it is
produced as pellets, spheres or irregular masses (see section 2.4.1 for more details).
Using the horizontal fermenters BC membranes or tubes can be produced
[Krystynowicz et al., 2002]. Due to varied cultivation conditions, the yield and the
properties like morphology, crystallinity, Young’s modulus, tensile strength and water
holding capacity of BC produced by these methods vary [Krystynowicz et al., 2002;
Chawla et al., 2009; Wang et al., 2019].
2.5.2.

Influence of composition of culture medium

It has been experimentally proved that the carbon and nitrogen source have direct
impact on the BC yield [Costa et al., 2017]. Generally, glucose is used as a carbon
source for BC production however, BC can be produced by several other carbon
sources like 5 or 6 carbon chain monosaccharides (fructose, galactose, xylose),
oligosaccharides (lactose, maltose, sucrose), starch, alcohol (ethanol, glycerol,
ethylene glycol), organic acids (citric acid, malic acid, succinic acid) [Masaoka et al.,
1993, Keshk, 2014]. G xylinus is known to oxidise glucose to gluconic acid, which
lowers the pH of the culture medium and inhibits bacterial growth and cellulose
production [Oikawa et al., 1995]. Initial glucose concentration in the culture medium
is an important factor in BC production, as the by-product gluconic acid formed
during BC production decreases the yield of cellulose production [Chawla et al.,
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2009; Keshk, 2014]. Masaoka et al., 1993 reported their findings on using varied
initial glucose concentrations 0.6, 1.2, 2.4 and 4.8 g/flask for BC production and
discovered 100 %, 100 %, 68 % and 28 % yield of cellulose respectively. These
results indicated that the yield of cellulose to the amount of glucose consumed
decreased with an increase in initial concentration of glucose used for cultivation.
Higher cellulose production at the first two initial glucose concentrations was
attributed to the trace production of gluconic acid, which increased with further
glucose concentration increase [Masaoka et al., 1993]. The effect of gluconic acid on
BC production could be encountered by adding lignosulphonate in the culture
medium. The antioxidant and polyphenolic compounds in lignosulphonate have been
proven to inhibit gluconic acid formation, hence increase the BC yield [Keshk and
Sameshima, 2006].
When other carbon sources like arabitol were used for cultivation, the BC production
was more than 6 times as compared to glucose. The final pH of the culture medium
when arabitol was used as a carbon source did not decrease to the acidic pH range
and no gluconic acid was found [Oikawa et al., 1995]. The use of fructose and
glycerol as carbon sources have been reported to give nearly the same yield as
glucose. Galactose, xylose and arabinose gave lower yield, mostly due to the slower
growth rate [Masaoka et al., 1993, Keshk, 2014]. The yield of BC was less than half
as compared to glucose when sucrose was used. This is primarily due to the low
activity of sucrose in G xylinus [Keshk, 2014].
In addition to the carbon source, nitrogen is another vital media component for BC
production. Yeast extract is commonly used in the culture medium as a nitrogen
source, but other nitrogen sources like corn steep liquor, polypeptones and chitosan
have also been found to give higher BC production. Furthermore, many organic
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acids (like lactic acid, malic acid, acetic acid, fumaric acid, succinic acid), inorganic
salts (like FeSO4. 7H20, CaCl2. 2H20, CuSO4. 5H20), vitamins (like folic acid, biotin,
riboflavin, nicotinamide) and polymers (like agar, xanthan, acetane) have been
reported to increase BC production [Dobre et al., 2008].
2.5.3. Influence of cultivation conditions
It has been demonstrated that BC yield depends not only on the constituents in the
culture medium but also on cultivation conditions like temperature, pH, aeration
degree of the medium and surface area of the cultivation system.
The optimum temperature for the cultivation of G xylinus for BC production is 28 ºC
to 30 ºC as in this range the enzymes work at optimum performance [Zakaria and
Nazeri, 2012]. In a study, different incubation temperatures ranging between 5 ºC to
40 ºC for BC production were investigated and it emerged that 28 ºC served as the
most favourable temperature for the growth of G. xylinus for BC production. The
authors reported that, at this temperature, bacteria get sufficient energy which
enhances the cellulose biosynthesis pathways for BC production [Zahan et al.,
2015]. In another study, the highest BC production was observed at the temperature
range of 29.5 ºC to 30.5 ºC and 30 ºC has been reported as the optimum
temperature for BC production by G. xylinus [Zakaria and Nazeri, 2012]. Most
researchers use 30 ºC as the optimum temperature where the enzymes perform
well, leading to the highest BC production [Raghunathan, 2013].
pH is another parameter dictating G. xylinus growth and BC production. G. xylinus is
an acidophilic bacterium that is capable of growing in a low pH environment. It can
survive at a pH as low as 3.5 [Zahan et al., 2015a] but at pH below 4.0, reduction in
BC yield has been observed. It has been reported that the optimum pH for BC
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production is between 4.0 to 6.0 [Masaoka et al., 1993]. Along with gluconic acid, G.
xylinus can secrete acetic acid during cell growth which gets released in the culture
medium and decreases the pH in the culture medium [Kongruang, 2008]. The
decrease in pH (below pH 4) can inhibit bacterial growth and lower BC production
[Zahan, 2015a]. Zakaria and Nazeri (2012) examined the BC production at various
pH values ranging between 4.5 to 8.5 and found an increased yield of BC in the pH
range of 5.25 to 5.75. Few researchers have reported the high BC yield at pH 7.0
[Raghunathan, 2013] but culture medium pH between 5.0 to 6.0 is commonly used
for BC production.
Dissolved oxygen in the culture medium has been reported to have an effect on BC
production. During BC production under static conditions, the carbon source is
readily available to bacteria, but oxygen can be a limiting factor which can have a
negative effect on BC production [Chawla et al., 2009]. Several attempts have been
made to ensure sufficient transfer of oxygen to bacteria during BC production by
keeping the lids of the flasks loose [Lestari et al., 2014], using the loop airlift reactor
[Chao et al., 2001] and using silicon membrane (100 µm thick) in the vessel to
supply oxygen from the bottom of the vessel [Yoshino et al., 1996]. These reports
suggested increased BC production with better access of oxygen during the
cultivation process.
2.6.

Properties of bacterial cellulose

BC is well known for its biomedical applications due to its unique properties. BC has
a 3-D nanofibrillar structure with pores. Its unique network structure allows
impregnation and controlled release of several healing agents [Zmejkoski et al.,
2018]. Moreover, the ability of BC to participate in the development of new
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composite materials is attributed to its morphological properties. Biocompatibility is
an essential property for a material to be considered for the biomedical applications.
Being non-toxic and non-pyrogenic, BC when tested for cytocompatiblity and
haemocompatiblity for biomedical use, demonstrated promising results. Different
mammalian cells when cultured (in vitro) on BC membranes demonstrated high
viability with no significant difference in morphological and cellular functions [Zhu et
al., 2014; Jiji et al., 2019]. Likewise, when tested in vivo for its biocompatibility, BC
demonstrated no inflammatory reaction, absence of foreign body reaction and
angiogenesis was evident around the BC implant in a rat model [Helenius et al.,
2006]. Along with cytocompatible nature, BC is found to be haemocompatible [Leitão
et al., 2013], advocating its biomedical applications including as a wound dressing.
The 3-D fibrillary structure of BC enables it to hold a high water content (up to 99 %),
which offers elasticity without losing mechanical strength even in the hydrated state
[Schumann et al., 2009; Costa et al., 2017]. These properties make BC resemble the
natural tissue [Costa et al., 2017] and support its application in several biomedical
sectors. BC hydrogels have water in bonded and unbonded free state (Figure 2.4).

Figure 2.4. Illustration of BC hydrogel with bonded and unbonded water (adapted from Portela et al.,
2019).
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The unbound water can penetrate or exit the BC network structure, imparting the
ability to BC hydrogels to maintain a hydrated environment, which could prove
beneficial in wound healing [Portela et al., 2019]. Moreover, the shape of the BC
pellicles can be tailored according to the desirable application and this feature opens
its use in a wide range of sectors like wound management, acoustics, textile and the
fashion industry [Nishi et al., 1990; Chan et al., 2018]. Other properties including
thermally stability, high crystallinity, biodegradability and transparent nature make
BC a preferred choice over plant cellulose for a broad spectrum of practical
applications [Moniri et al., 2017; Ullah et al., 2019].
2.7.

Applications of bacterial cellulose

Attributed to its physicochemical properties and high purity, BC has found its
application in several sectors including food industry, pharmaceutical and medical
applications, textile and paper industries.
2.7.1. BC in Food industry
In view of its highly pure, safe to consume and non-pyrogenic nature, BC is widely
used in the food industry. BC has long been used in the Philippines as a food (Nata)
additive in nata-de-pina and nata-de-coco [Azeredo et al., 2019]. BC is a type of
dietary fibre which has many advantages compared to other dietary fibre sources
and has been approved by USA Food and Drug Administration (FDA) and classified
as a “generally recognised as safe” for human consumption [Shi et al., 2014]. BC
has several potential food applications as a thickening agent, stabilising agent,
gelling agent and suspending agent. BC can be used to produce low-calorie food
and this has been demonstrated in a study where 10 % BC as an additive to
Chinese-style meatball offered the desirable quality and proposed as a replacement
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for the fat in emulsified meat product [Lin and Lin, 2004].

Moreover, attempts have

been made to assess the potential of BC as a cryoprotectant for probiotic lactic acid
bacteria [Jagannath et al., 2010].

2.7.2. BC in Shoe and Textile industry
For decades, continuous attempts have been made for the development of
analogues of leather. One such attempt has led to the production of malleable,
breathable and water impermeable BC nanocomposite material with satisfactory
performance for the shoe and textile industry. These newly developed BCnanocomposites are proposed to offer a suitable alternative to leather and synthetic
cellulosic fibres [Fernandes et al., 2019].
In an ongoing attempt to explore natural and sustainable materials for the textile and
fashion industry, BC has been identified as an innovative textile material. Fabrication
of textiles by tailor-shaped cultivation technique is a good example of use of BC in
the fashion and textile industry. Chan et al., (2018), demonstrated this technique with
self-synthesising properties and zero textile material waste with no cutting process
for textile manufacturing. Further research needs to be undertaken to address the
challenges for the wide application of BC in this sector.
2.7.3. BC in Wound management
In advanced wound management, the use of moist wound dressings is the first-line
therapy. BC being a hydrogel has attracted wide research interest as wound
dressing. Attributed to its physicochemical properties, BC based hydrogel dressings
are capable of creating the ideal milieu for wound healing. Hydrophilicity,
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biocompatible, non-pyrogenic, high wet strength and transparency are amongst the
few of the desirable properties that resulted in the use of BC in fabrication of
proprietary wound dressings like XCell®, Bioprocess®, DermafillTM, Gengiflex® and
Biofill® [Martínez Ávila et al., 2014; de Oliveira Barud et al., 2016]. The primary focus
of BC based dressings is autolytic debridement to facilitate wound healing [Sulaeva
et al., 2020]. The application of BC dressings has been demonstrated to facilitate
wound healing by shortening the time for healing and wound closure [de Oliveira
Barud et al., 2016]. BC has no inherent antimicrobial properties [Jiji et al., 2019] but
its fine network fibrous architecture allows impregnation of different antimicrobial and
healing agents for wound management [Maneerung et al., 2008; Sulaeva et al.,
2020; Pang et al., 2020]. Similar attempts have been successfully made in the
current study to produce hydrogels for wound management as dressings.
To enhance the properties of BC as wound dressing, several composite dressings of
BC with other materials like collagen, gelatine, alginate etc. have also been
developed [Fu et al., 2013]. These composite dressings have modified and added
benefit of the other candidates used in the development of dressings.

Apart from

wound management, BC has many other biomedical applications, some of which are
summarised in table 2.2.
2.7.4. BC in other sectors
BC has found application in several other sectors. Due to its high Young’s modulus,
BC has been reported to be an ideal material as an electroacoustic transducer for
loudspeakers and headsets [Nishi et al., 1990]. Tympanic membrane perforations
can lead to hearing loss. BC has been reported as a promising treatment for
tympanic membrane repair closure in a randomised controlled trial in patients with
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tympanic membrane perforations in Brazil [Silveira et al., 2016; de Oliveira Barud et
al., 2016], BC has other interesting applications in sectors like ophthalmology as
artificial cornea and as contact lens, neural implants for nervous tissue regeneration
[de Oliveira Barud et al., 2016] and a biofabricated patient-specific auricular implants
with desirable mechanical properties for ear cartilage replacement [Nimeskern et al.,
2013].
Regardless of the listed applications, BC has other applications like in paper
industry, pharmaceutical tablet modification, biosensors and diagnostics for
bioanalysis

[Gao et al., 2011; Keshk 2014; Moniri et al., 2017] and holds vast

potential with plenty more applications to be explored.
Table 2.2. Application of bacterial cellulose and its derivatives in other biomedical sectors.
Sector

Application

Properties

Reference

Biomedical
sector

Artificial skin

BC has been considered as a valuable candidate as a temporary
skin substitute. BC membrane has been developed and
commercialised as an artificial skin, in Brazil. BC has been tested
in patients suffering from skin burns, ulcers and facial
dermabrasion

Keshk,
2014;
Fontana et al.,
1990; Fu et al.,
2009

Drug delivery

BC has attracted research interest as a carrier and drug delivery
system for topical release of drugs. BC has found application as
controlled release system of antimicrobials.

Barud
et
al.,
2016; Moniri et al.,
2017

Bone regeneration

Owing to the slow degradation and biocompatibility, BC has
attracted applications as a composite synthetic bone repair
material in bone tissue engineering. To enhance its properties for
bone repair, it is impregnated with other bone repair components
like hydroxyapatite, growth factors, bone marrow mesenchymal
stem cells etc.

Pang et al., 2020

Cardiovascular
system

High mechanical strength in wet state, smooth surface and
processing properties of BC allowed the production of vitalising BC
tubes (patented BASYC®-tubes) with varied dimeters which have
potential application as vascular conduits. BC tubes have been
demonstrated to have successfully replaced carotid artery in in
vivo models (rats, sheep, pigs). These tubes are an innovation
approach for tackling reconstructive problems linked with extended
vascular diseases.

Klemm et al.,
2001; Schumann
et al., 2009;
Barud et al., 2016

Dental implant

BC based Gengiflex® and Gore-Tex® membranes have been
proven to help periodontal tissue improvement. Gengiflex® has
been demonstrated to support recovery of periodontal tissue in
osseous deficiency around a TiAl6V4 dental implant.

Moniri
et
al.,
2017; Gorgieeva
and Trcek, 2019;
Novaes
and
Novaes, 1993
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2.8.

Aim of the current study
The aim of the work is the production and characterisation of biosynthetic
hydrogels with antimicrobial properties as wound dressings. Natural bioactive
materials with healing properties will be selected and loaded in a biosynthetic
matrix to produce hydrogel dressings. Moreover, metal nanoparticles will be
synthesised following the green chemistry approach using a natural healing
agent and loaded to produce biosynthetic hydrogels as potential wound
dressings.

2.9.

Objectives set to achieve the aim of the study

1.

Production of bacterial cellulose pellicles as the hydrogel wound dressing
matrix

2.

Characterisation of bacterial cellulose hydrogels for potential wound
management applications

3.

Production and characterisation of silver-loaded bacterial cellulose hydrogels
as wound dressings

4.

Production of water soluble curcumin by encapsulation in cyclodextrins

5.

Production and characterisation of curcumin:hydroxypropyl-β-cyclodextrinloaded bacterial cellulose hydrogels as wound dressings

6.

Production of silver nanoparticles using Green chemistry approach by using
curcumin:hydroxypropyl-β-cyclodextrin

7.

Production and characterisation of silver nanoparticles-loaded bacterial
cellulose hydrogels as wound dressings.
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Chapter 3
Materials and Methods
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3.1.

Materials

3.1.1.

Microbial strains, cell lines and blood

Gluconoacetobacter xylinus (ATCC 23770), Pseudomonas aeruginosa (NCIMB
8295) and Staphylococcus aureus (NCIMB 6571) were obtained from the University
of Wolverhampton culture collection. All three microorganisms were maintained at 20 °C in a lyophilised form. Stock culture of G. xylinus was resuscitated on sterile
mannitol agar, the components of the medium are in Table 3.1 and incubated for 48
h at 30 °C. Stock cultures of P. aeruginosa and S. aureus were resuscitated on
sterile tryptone soy agar (TSA) (Table 3.1), prepared according to the
manufacturer’s protocol and sterilised by autoclaving (Priorclave, England) at 121 °C
for at least 30 min using saturated steam under at least 15 psi pressure, prior to use,
and incubated for 48 h at 37 °C.
HEK293 (Human Embryonic Kidney epithelium), A549 lung adenocarcinoma,
U251MG glioblastoma (referred as U251 throughout this research project), MSTO
mesothelioma and Panc 1 pancreatic ductal adenocarcinoma were purchased from
ATCC (UK).
Defibrinated horse whole blood was purchased from TCS Biosciences Ltd (UK) and
stored at 4 °C.

3.1.2.

Microbiological and cell culture media

Overnight broth cultures for microbes were aseptically prepared in suitable broth
using the stock plates prior to experimental use. For BC production, Hestrin and
Schramm (HS) medium (Table 3.1) was prepared following the standard protocol
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[Hestrin and Schramm, 1954] and for antimicrobial studies, Tryptone soya broth
(TSB) (Table 3.1) was used for P. aeruginosa and S. aureus.
Table 3.1. Composition of HS medium, TSA and TSB.
Composition of HS medium
Chemicals

Quantity

Composition of TSA
Company

Chemicals

(g/L)
Dextrose

20

Quantity

Composition of TSB
Company

(g/L)
Lab M, UK

Soy

5

5

Lab M, UK

Casein

Sigma-Aldrich, UK

Company

Soy

3

Sigma-Aldrich,

Peptone
15

Sigma-Aldrich, UK

peptone
Bacteriological

Quantity
(g/L)

Peptone
Yeast extract

Chemicals

Casein

UK
17

Sigma-Aldrich,
UK

peptone

5

Lab M, UK

NaCl

5

Sigma-Aldrich, UK

K2HPO4

2.5

Sigma-Aldrich,
UK

Citric acid

1.15

Agar

15

Sigma-Aldrich, UK

D-Glucose

2.5

Disodium

2.7

Sigma
Aldrich, UK
Sigma
Aldrich, UK

NaCl

5

Sigma-Aldrich,
UK
Sigma-Aldrich,
UK

Peptone

Phosphate
Agar number 2 (for

15

Lab M, UK

Mannitol agar)

All media were sterilised prior to experimental use. Final pH of HS media adjusted at 6.0 and for TSA and TSB,
7.3 ± 0.2 (at 25 ºC).

For cytocompatibility studies, mammalian cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM), the components of the cell culture medium are in Table
3.2. In this report, DMEM and complete DMEM are used interchangeably throughout
the text. The medium was filter sterilised using the filter unit (Fischerbrand, Filter
Unit, Fischer Scientific, USA).

71

Table 3.2. Composition of complete DMEM media (pH adjusted to 7.3).
Chemical

Quantity

Company

DMEM containing 4.5 g/L glucose

Made up to 1 L

Gibco, UK

Fetal Bovine Serum

100 mL (10 %)

Gibco, UK

L-Glutamine

10 mL (2 mM)

Gibco, UK

10 mL (1 %)

Gibco, UK

3.7 g/L

Sigma-Aldrich, UK

Antibiotic Antimycotic containing:
Penicillin: 10,000 units/mL,
Streptomycin: 10,000 µg/mL,
Amphotericin B: 25 µg/mL
Sodium bicarbonate

3.1.3.

Materials and chemicals

Cellulose (microcrystalline form) was purchased from Sigma- Aldrich (UK). Zeolites
(13X) were purchased from Laporte Inorganics (UK) and AgZ were purchased from
Sigma- Aldrich (UK). Silver nitrate (AgNO3) was from Fisher Scientific (UK) and
sodium hydroxide from Acros Organics (Belgium). Ringer solution (1/4 strength)
tablets were purchased from Lab M (UK) and prepared by dissolving one tablet in
500 mL of de-ionised water with constant magnetic stirring prior to sterilisation.
Carbon-coated 300 mesh copper grids were purchased from Agar Scientific (UK).

Hydroxypropyl-β-cyclodextrin (parenteral grade) was kindly provided by Roquette
(France) and curcumin was purchased from Alfa Aesar (UK). Acetone was
purchased from Fischer Scientific (UK). Deuterium oxide (D2O) was purchased from
Goss Scientific (UK). Thiazolyl Blue Tetrazolium Bromide (MTT), sodium bicarbonate
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich (UK).
Dimethyl sulfoxide (DMSO), spectrophotometric grade, was purchased from Alfa
Aesar (UK). NaCl (5.8 g/L) and glycine (7.6 g/L) were used for preparing Sorensen’s
glycine buffer and purchased from Sigma-Aldrich, UK. Trypsin was purchased from
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Lonza (Belgium). Sodium chloride 0.9 % (w/v) (normal saline, intravenous infusion)
was purchased from Baxter, UK.
Sterile 24-well tissue culture plates were purchased from Sarstedt (UK).

3.2.

Methods

3.2.1. Production and purification of bacterial cellulose hydrogels
Once HS medium was prepared, pH was adjusted to 6.0 using glacial acetic acid
and autoclaved (Priorclave, England) before use. The starter culture was prepared
by inoculating a mucoid colony of G. xylinus in 100 mL autoclaved HS media. This
was cultivated aerobically in a rotary shaker (Innova ® 43, USA) at 30 °C for 72 h at
180 rpm.

After the incubation period, 10 % of G. xylinus starter culture was transferred to each
500 mL sterile conical flask containing 200 mL freshly prepared sterile HS culture
medium. BC hydrogels were biosynthesised at 30 °C in an incubator (Laboratory
Thermal Equipment LTD, UK), under static conditions. After 14 days, biosynthetic
BC pellicles floated on top of the HS growth medium. After harvesting, these pellicles
were purified by heating in 1% w/v sodium hydroxide at 80 °C for 15 min to remove
the bacterial cells and medium components. BC pellicles were further boiled in
deionised water until a neutral pH (pH 7) was achieved and at this point BC became
clear and transparent. Some purified BC pellicles were lyophilised (Christ β 1,8-LSC
plus, Martin Christ GmbH, Osterode am Harz, Germany) for further experimental
purposes.
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3.2.2.

Production of silver-loaded bacterial cellulose hydrogels

The combination of silver and BC is not extensively reported in the literature. In the
current study, two different forms of silver (AgNO3 and AgZ) were used to produce
hydrogel dressings with antimicrobial properties. Also, the effect of silver ion donor
type on Ag+ release and antimicrobial performance of the hydrogel dressings was
explored. The proportion of Ag+ in both formulations, i.e. AgNO3 and AgZ, was kept
equivalent.
3.2.2.1.

Loading silver nitrate in bacterial cellulose to produce hydrogel
dressings

The silver content in AgNO3 (Fisher Scientific, UK) used in this investigation was
63.5% w/w. Purified wet BC pellicles were padded dry and loaded with aqueous
AgNO3 (0.55% w/v) by overnight incubation with constant agitation (180 rpm)
(Innova® 43, USA) at 37 °C.

3.2.2.2.

Loading silver zeolite in bacterial cellulose to produce hydrogel
dressings

The silver content in the commercially available AgZ (Sigma-Aldrich, UK) used in the
current study was 35% w/w. The AgZ pellets were fine ground using the pestle and
mortar. After purification, BC pellicles were padded dry on filter paper and loaded
with ground AgZ by overnight immersion in 1% w/v aqueous AgZ suspension at 37
°C under static conditions. It was subsequently noticed that some AgZ settled at the
bottom of the vessel during loading, so the above procedure was repeated by
immersing freshly purified padded dry BC in an aqueous AgZ suspension at 37 °C
under constant agitation (180 rpm) (Innova® 43, USA) overnight.
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3.2.3.

Production of curcumin:hydroxypropyl-β-cyclodextrin-loaded bacterial
cellulose hydrogels

Before the production of inclusion complex of CUR with HPβCD, native βCD was
used and the inclusion complex formation was performed by different methods as
described below.
3.2.3.1.

Preparation of curcumin:cyclodextrin inclusion complex

Inclusion of CUR was first tested using native βCD as a carrier. CUR:βCD inclusion
complex was synthesised by three different methods i.e. solvent evaporation, freeze
drying and co-precipitation methods.
3.2.3.1.1.

Solvent evaporation method: Inclusion complex of CUR with βCD

was prepared by the solvent evaporation method at the molar ratio of 1:1, following
the protocol reported by Yallapu et al., (2010) with appropriate modifications.
Curcumin (0.72 g) was dissolved in acetone (15 mL) and βCD (2.2 g) was dissolved
in deionised water (160 mL). CUR solution was added dropwise to the aqueous βCD
solution under constant stirring in a Schott bottle covered with aluminium foil to
maintain dark conditions. Stirring was performed in a fume hood (BioMAT 2, CAS,
UK) at room temperature for up to 72 h by replacing the lids of Schott bottles with
perforated aluminium foil to allow acetone to slowly evaporate. Samples were then
centrifuged (Eppendorf AG Centrifuge 5804 R, Germany) at 3000 rpm for 10 min and
the supernatant containing water soluble inclusion complex of CUR:βCD was
collected. The resultant inclusion complex was filtered through a 0.45 µm filter
(MILLEX® HA, Merck Millipore) to remove any free CUR. The aqueous solution of
CUR:βCD inclusion complex was then frozen at -20 °C overnight and lyophilised
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(Christ β 1,8-LSC plus, Martin Christ GmbH, Osterode am Harz, Germany) to obtain
solid powders and CUR content determined.
3.2.3.1.2.

Freeze drying method:

Inclusion complex of CUR with βCD was

prepared at the molar ratio of 1:1, following the protocol reported by Mohan et al.,
2012, with slight modification. Curcumin (0.72 g) was added to an aqueous solution
of βCD (2.2 g) dissolved in deionised water (160 mL) in a closed Schott bottle,
covered with aluminium foil to protect from light, and then shaken in an orbital shaker
(Innova® 43, USA) for 7 days at 180 rpm at 37 °C. Samples were then centrifuged
(Eppendorf AG Centrifuge 5804 R, Germany) at 3000 rpm for 10 min and the
supernatant containing water soluble inclusion complex of CUR:βCD was collected.
The resultant inclusion complex was filtered through a 0.45 µm filter (MILLEX ® HA,
Merck Millipore) and frozen at -20 °C overnight followed by lyophilisation (Christ β
1,8-LSC plus, Martin Christ GmbH, Osterode am Harz, Germany). CUR content in
the powder samples was determined.
3.2.3.1.3.

Co-precipitation method: Inclusion complex of CUR with βCD was

prepared at the molar ratio of 1:1, following the protocol reported by Marcolino et al.,
(2011), with slight modification. An aqueous solution of βCD (2.2 g) was transferred
to a round bottom flask and stirred at 60 °C. CUR (0.72 g) was dissolved in a
minimum volume of ethanol (10 mL) at 60 °C and added dropwise to βCD solution
under constant stirring. The mixture was refluxed with constant stirring at 70 °C for 4
h. Ethanol was removed by rotary evaporation followed by cooling at 25 °C. It was
stored overnight at 4 °C and filtered. The product was dried in a vacuum oven
(Townson + Mercer, Cheshire, UK) at 50 °C and CUR content measured.
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3.2.3.2.

Preparation of curcumin:hydroxypropyl-β-cyclodextrin inclusion
complex

After evaluation of CUR content in CUR:βCD inclusion complex samples prepared
by solvent evaporation, freeze drying and co-precipitation methods, the study was
extended to produce curcumin inclusion complex using HPβCD as an aqueous
solubility enhancing carrier. Based on the findings of CUR:βCD experiments, solvent
evaporation method was adopted as a standard protocol for the production of
CUR:HPβCD inclusion complex.

Inclusion complex of CUR with HPβCD was

synthesised by the solvent evaporation method at the molar ratio of 1:1, following the
protocol report by Yallapu et al., (2010), with appropriate modifications. In the current
study, an attempt was made to prepare CUR:HPβCD inclusion complex by varying
the volume ratio of solvents and evaluating the effect on encapsulation efficacy.
Briefly, CUR (0.79 g) was dissolved in acetone (5 mL) and HPβCD (3.0 g) was
dissolved in deionised water (45 mL). CUR solution was added dropwise to the
aqueous HPβCD solution under constant stirring in a Schott bottle covered with
aluminium foil to maintain dark conditions. As the volume ratio of acetone to water
was 10 %, this sample was designated as IC 10. Similarly, using the same amounts
of material (CUR 0.79 g and 3.0 g HPβCD) while varying the solvent volume ratio, IC
25 (CUR in 12.5 mL acetone and HPβCD in 37.5 mL water), IC 50 (CUR in 25 mL
acetone: HPβCD in 25 mL water), IC 75 (CUR in 37.5 mL acetone: HPβCD in 12.5
mL water) and IC 90 (CUR in 45 mL acetone: HPβCD in 5 mL water) were prepared
(Table. 3.3). Stirring was performed in a fume hood (BioMAT 2, CAS, UK) at room
temperature for up to 72 h by replacing the lids of Schott bottles with perforated
aluminium foil to allow acetone to slowly evaporate. Samples were then centrifuged
(Eppendorf AG Centrifuge 5804 R, Germany) at 3000 rpm for 10 min and the
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supernatant containing water soluble inclusion complex of CUR:HPβCD was
collected. The resultant inclusion complex was filtered through a 0.45 µm filter
(MILLEX® HA, Merck Millipore) to remove any free CUR. The aqueous solution of
ICs were then frozen at -20 °C overnight and lyophilised (Christ β 1,8-LSC plus,
Martin Christ GmbH, Osterode am Harz, Germany) to obtain solid powders which
were stored in dark for further experimental use.
Table 3.3. Summary of the preparation of CUR:HPβCD inclusion complexes by varying the volume
ratio of solvent.
Inclusion
complex

Mass of
CUR (g)

Mass of HPβCD
(g)

Volume of acetone to
dissolve CUR (mL)

Volume of water to dissolve HPβCD
(mL)

IC 10

0.79

3.00

5.00

45.00

IC 25

0.79

3.00

12.50

37.50

IC 50

0.79

3.00

25.00

25.00

IC 75

0.79

3.00

37.50

12.50

IC 90

0.79

3.00

45.00

5.00

3.2.3.3.

Loading curcumin:hydroxypropyl-β-cyclodextrin in bacterial
cellulose to produce hydrogel dressings

Based on the experimental findings, HPβCD was chosen as a standard solubility
enhancing carrier for CUR encapsulation. It is important to note that due to the
highest encapsulation efficacy, IC 75 (CUR:HPβCD inclusion complex) was selected
for loading and further characterisation. Purified BC pellicles were padded dry using
filter paper and loaded with IC 75 by immersing in 2 % (w/v) aqueous solution of
CUR:HPβCD overnight under constant agitation (180 rpm) (Innova® 43, USA) at 37
°C. Sterile conditions were maintained throughout the loading process.
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3.2.4. Production of curcumin reduced silver nanopartilces (cAgNP)-loaded
bacterial cellulose hydrogels
3.2.4.1.

Preparation of curcumin reduced silver nanoparticles (cAgNP)

A novel green chemistry approach was developed for cAgNP synthesis by reducing
AgNO3 (Fisher Scientific, UK) with an aqueous solution of CUR:HPβCD (IC 75).
CUR:HPβCD (0.19 g) solution was prepared by dissolving in deionised water (18
mL). CUR:HPβCD aqueous solution was added drop-wise with constant stirring to 1
mM AgNO3 aqueous solution (42 mL) under boiling condition in a conical flasks. The
mixed solutions were boiled for 3 h for reduction of Ag ions followed by cooling at
room temperature for 30 min. The flask was covered with aluminium foil to maintain
dark conditions throughout the reduction process to avoid any photochemical
reactions.
3.2.4.2.

Loading cAgNP in bacterial cellulose to produce hydrogel dressings

BC pellicles after purification were padded dry on sterilised filter paper and loaded
with cAgNP by immersing in aqueous colloidal cAgNP overnight under agitated
conditions (180 rpm) at 4 ºC. Sterilised conditions were maintained throughout the
loading process.
3.3.

Characterisation studies:

With the aim of wound management applications, hydrogels with different
antimicrobial agents (AgZ, AgNO3, CUR:HPβCD, cAgNP) were produced and
characterised in the current study. The formation of antimicrobial healing agents like
CUR:HPβCD inclusion complex was evaluated by additional characterisation studies
like solubility study, encapsulation study, X-ray diffraction analysis (XRD), nuclear
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magnetic resonance (NMR) and thermal analysis prior to loading in the BC matrix to
obtain the hydrogel dressings. Likewise, the properties of cAgNP produced by the
novel approach was underpinned by studies like transmission electron microscopy
(TEM), zeta potential and dynamic light scattering (DLS) before loading in BC. BC
hydrogel dressings produced after loading with the healing agents were
characterised to underpin and evaluate their properties for the potential wound
dressing applications.
3.3.1.

Solubility study

The formation of the inclusion complex was confirmed by testing its physicochemical
properties. CUR, HPβCD and CUR:HPβCD (10 mg each) were weighed and added
to deionised water (10 mL) in separate universal tubes. These were stirred for 1 h at
room temperature (22 °C) followed by filtration using 0.45 µm filter (MILLEX® HA,
Merck Millipore). An aliquot was taken for UV-Visible spectrophotometric scan (WPA
Biowave II, England) between 350-650 nm.
3.3.2.

Determination of curcumin content and Encapsulation Efficiency (EE)

CUR content in the inclusion complex was quantified by using UV-Visible
spectroscopy (WPA Biowave II, England) at a wavelength of 430 nm. The
wavelength of 430 nm is the λmax of CUR without any interference absorbance from
HPβCD [Jantarat et al., 2014]. CUR:HPβCD (1 mg) was dissolved in dimethyl
sulfoxide (DMSO) (5 mL) and gently shaken in an orbital shaker (Innova® 43, USA)
at 150 rpm at 37 °C for 1 h to extract CUR. The solution was filtered through 0.45 µm
filter (MILLEX® HA, Merck Millipore) and CUR content was determined by UV-Visible
spectroscopy (WPA Biowave II, England) at 430 nm. A standard calibration plot of
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CUR in DMSO was produced as a reference. The Encapsulation Efficiency (%) was
determined using the formula:
% 𝐸𝐸 =

3.3.3.

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑢𝑠𝑒𝑑

× 100

(1)

Nuclear Magnetic Resonance (NMR)

NMR is a powerful structural elucidation analytical tool in which radio frequency
waves induce transitions between magnetic energy levels of nuclei of a molecule.
The NMR analysis was undertaken to confirm the formation of inclusion complex of
CUR:HPβCD.

The

NMR

experiments

including

1H,

proton-decoupled

13C,

homonuclear correlation spectroscopy (COSY), heteronuclear single quantum
correlation (HSQC), heteronuclear multiple bond correlation (HMBC), and rotatingframe nuclear Overhauser spectroscopy (ROESY) were performed on a 400 MHz
JEOL NMR spectrometer JNM-ECZ400R/M1 (Japan). The sample consisted of 1020 mg of the inclusion complex dissolved in deuterium oxide. All spectra were
internally referenced to residual solvent [Gottlieb et al., 1997]. 1H spectra were
acquired with a 45° pulse and inter-pulse delay of 5 seconds across 16 transients
with acquisition time of 2.18628 seconds and pulse width of 6.48 µs;

13C

NMR

spectra were recorded with a 30° pulse and inter pulse delay of 5 seconds across
4097 transients with acquisition time of 1.03809 seconds, and pulse width of 10.338
µs; HSQC spectra were recorded using a matrix consisting of 256 × 819 points
across eight scans with a relaxation delay of 3 seconds; HMBC spectra were
recorded using a matrix consisting of 512 × 1638 points across eight scans with a
relaxation delay of 3 seconds; COSY spectra were recorded by using a matrix of
1024 × 1024 points across 1 scan with a relaxation delay of 3 seconds; ROESY
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spectra were recorded in a phase sensitive mode with 1024 points in the x direction
and 256 points in the y direction and acquired with 4 scans and relaxation delay of
1.5 seconds. Mixing time value was 0.25 seconds.
3.3.4.

X-ray Diffractometric Analysis (XRD)

XRD is an analytical tool used in the identification of crystalline phases by their
diffraction patterns. A structure in which atoms are arranged in a regular pattern is a
crystalline phase, whereas the pattern is irregular in the amorphous phase.
Crystalline phase is represented by sharp and narrow diffraction peaks on the
spectrum, while the amorphous phase is represented by broad peaks [Patel and
Parsania, 2018].
The X-ray diffraction patterns of CUR, HPβCD and CUR:HPβCD were obtained by
an X-ray diffractometer (Empyrean, PANalytical, Netherlands) with Cu radiation
source. The X-ray diffractometer was set at a voltage of 40 kV and current of 40 mA.
3.3.5.

Thermal Gravimetric Analysis (TGA)

When matter is heated it undergoes certain physical and chemical changes. These
changes are characteristic of the material being examined. The evaluation of the
thermal properties of lyophilised BC, CUR, HPβCD and CUR:HPβCD and physical
mixture

of

CUR

and

HPβCD

was

undertaken

using

a

Mettler

Toledo

Thermogravimetric Analyzer, TGA/DSC 1 STAR® System, UK. Samples were
subjected to TGA from 25 °C to 800 °C at 10 °C/min under constant flow of nitrogen
(60 mL per min). Differential thermogravimetry (DTG) curve was also studied as a
first derivative of TGA curve.
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3.3.6.

Differential Scanning Calorimetry (DSC)

DSC scans of CUR, HPβCD, CUR:HPβCD and physical mixture of CUR and HPβCD
were performed using DSC Q2000 (TA instruments, New Castle, USA). The scans
were collected using aluminum pans (TA instruments) with a nitrogen flow rate of 50
mL/min and temperature ramp rate of 20 °C/min.
3.3.7.

Dynamic Light Scattering (DLS) and Zeta potential

DLS is a non-invasive analytical technique for determination of the size and size
distribution of particles in the submicron region. The Brownian motion of dispersed
particles is used to determine the hydrodynamic diameter using the Stokes-Einstein
relationship. DLS measurements for cAgNP samples were performed on a Malvern
Zetasizer (nano ZS), UK. Five consecutive measurements were carried out at 25 °C
with samples equilibrated for 2 min before the measurements were started. The
results were averaged to calculate the mean size.
The same instrument was used to obtain the Zeta potential values. Zeta potential
measurement is the surface charge analysis of nanoparticles in a colloidal solution.
The same samples were used for size measurements, equilibrated for 2 min before
measurements were started. The results were obtained at 25 °C. Five consecutive
measurements were taken and averaged to calculate the Zeta potential.
3.3.8.

Transmission Electron Microscopy (TEM)

TEM is a powerful microscopic tool, where a high energy electron beam is shone
through the sample and attributing to the short wavelength of electrons, highly
detailed TEM images can be obtained. The shape, size and distribution of cAgNP
produced using CUR:HPβCD was investigated by TEM. Briefly, a drop of aqueous
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colloidal cAgNP was casted on a carbon-coated 300 mesh copper grid (agar
scientific), left for 30 min, rinsed off and allowed to dry at room temperature in a
covered container. TEM imaging was performed using JEOL 1400 electron
microscope, operated at 80 keV. Images were captured at a different range of
magnifications. A 100 cAgNP were randomly selected and measured using ImageJ
to obtain the size distribution.
3.3.9.

Morphological study by Scanning Electron Microscopy (SEM)

SEM makes use of electrons to form the image of the object. A focused electron
beam generates a variety of signals at the surface of the specimen, which ultimately
produces an image. The samples were freeze dried for 48 h (Christ β 1,8-LSC plus,
Martin Christ GmbH, Osterode am Harz, Germany) and coated with an ultrafine gold
coating using SC500 fine coater (Emscope, Kent, UK) and placed on a carbon stub
for SEM imaging. The morphology of BC before and after purification was studied.
Similarly, the shape and morphology of solid samples of CUR, HPβCD, CUR:HPβCD
and lyophilised samples of AgZ-loaded BC under static and agitated conditions,
AgNO3-loaded BC, CUR:HPβCD-loaded BC and cAgNP-loaded BC were studied
using Zeiss EvoVR 50 EP, SEM (Carl Zeiss AG, Oberkochen, Germany).

3.3.10. Energy Dispersive X-ray (EDX) analysis
EDX is a surface analytical technique for identification and quantification of
elemental composition in a sample using an electron beam. Lyophilised AgZ-loaded
BC, AgNO3-loaded BC and cAgNP-loaded BC hydrogel samples were analysed by
EDX (Zeiss Evo 50 EP, SEM) coupled with X-MaxN 50 Silicon Drift Detector (Oxford
Instruments). The analysis was performed by Oxford Instruments INCA Energy
Dispersive Spectroscopy Nanoanalysis software using the Point & ID function, to
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confirm the presence of silver. Prior to analysis, each sample was placed on a
carbon stub and sprayed with compressed air to remove any traces of dust, which
can affect analysis.
3.3.11. Fourier Transform Infrared (FTIR) spectroscopy
Purified lyophilised BC was analysed in a transmission mode using FTIR
spectroscopy

(Bruker,

Alpha,

Platinum-ATR).

The

loading

stage

of

the

spectrophotometer was cleaned with acetone. Small BC sample was used to cover
the disc hole on the diamond attenuated total reflector and scanned. Subsequent to
BC analysis, pure cellulose, lyophilised AgZ-loaded BC (agitated), AgNO3-loaded BC
were also investigated by FTIR. The scanning range used was 400-4000 cm-1 with
16 scans settings for each sample run. Correspondingly, FTIR of CUR, HPβCD,
CUR:HPβCD and lyophilised CUR:HPβCD-loaded BC was recorded in a similar way.
A background scan was run prior to the scan of samples to obtain spectra.

3.3.12. Swelling ratio
Before the antimicrobial agents were loaded in the BC, the swelling behaviour of BC
was investigated. This was underpinned using BC pellicles (9.25 ± 0.25 cm
diameter) that were padded dry on sterile filter paper and the weight (W x) recorded.
Padded dry pellicles were soaked in 200 mL de-ionised water at 37 ºC for 24 h under
static conditions. After 24 h, the pellicles were withdrawn from water and the swollen
BC gently wiped with filter paper prior to reweighing (W s). The swelling ratio
(conducted in triplicate) was calculated as follows:

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =

(𝑊𝑠 −𝑊𝑥 )
𝑊𝑥

(2)

Where Ws = swollen rehydrated BC; W x = padded dry BC.
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3.3.13. Moisture content (Mc)
The wet mass (Ww) of BC (neat BC hydrogels) and 1% AgZ-loaded BC, 0.55 %
AgNO3-loaded BC, (2 % w/v) CUR:HPβCD-loaded BC and cAgNP-loaded BC was
determined before lyophilisation and the dry mass (Wd) was recorded after 72 h of
lyophilisation. MC (% ) was calculated using a formula:

% 𝑀𝑐 =

(𝑊𝑊 −𝑊𝑑 )
𝑊𝑤

× 100

(3)

Where W w = Wet BC samples; W d = lyophilised BC samples
3.3.14. Optical Transmission
The quantitative optical transmission (%) of hydrogels was determined using LI-250A
Light meter (LI-COR® Biosciences). BC pellicles were padded dry and rehydrated
with deionised water (neat BC) and optical transmission (% T) of light was recorded.
This was repeated with the test hydrogels of padded dry BC rehydrated with 2 %
(w/v) aqueous solution of CUR:HPβCD (test hydrogels). Readings were taken for
petri dish with deionised water (control), neat BC pellicles in petri dish and test BC
pellicles. Four readings from different sections of each neat and test BC pellicles
were recorded and averages used to examine the % T by comparison to the control
(100 %T).
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3.3.15. Transparency test
Monitoring the healing process without the need of removing dressing could help
minimise trauma to the granulating tissue. With the aim of wound dressing
application, the transparency level of PBS-loaded BC, AgZ-loaded BC, AgNO3loaded BC, CUR:HPβCD-loaded BC and

cAgNP-loaded-BC hydrogels was

assessed by simulation. The hydrogel samples were transferred on the laminated
paper with text typed in different colours. The clarity of text beneath each hydrogel
was examined to determine if it would permit observation and assessment simulating
to wound monitoring context.
3.3.16. Release studies:
3.3.16.1. Silver release study:
Similar sized discs of AgZ-loaded BC, AgNO3-loaded BC and a negative control of
BC loaded with zeolite (BC-Z) (all 7.0 mm diameter) were cut using a corer. BC-Z,
AgZ-loaded BC and AgNO3-loaded BC discs were transferred into individual wells of
a 24-well tissue culture flat bottom plate, and 1 mL of freshly prepared sterile TSB
(release media) was added. Discs were then incubated under static conditions at 37
ºC for 96 h, and a 1 mL aliquot of release media withdrawn every 24 h; an equal
volume (1 mL) of fresh sterile TSB was added at each time point to maintain sink
conditions. Silver release was subsequently assessed by Inductively Coupled
Plasma

(ICP)

spectrometry

(Agilent

Technologies

5100

ICP-OES,

Agilent

Technologies Inc., Santa Clara, CA). The kinetics of Ag+ release from AgNO3-loaded
BC and AgZ-loaded BC were analysed by fitting the ICP data to zero order, first
order, Higuichi and Korsmeyer–Peppas equations (for equations see Table T1 in the
supporting information) [Costa and Lobo, 2001].
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3.3.16.2. Curcumin release study
Small (≈8.0 mm diameter) sized discs of purified BC were cut using a biopsy punch
and padded dry on filter paper. These discs were loaded with 2 % (w/v) aqueous
solution of CUR:HPβCD by incubating overnight at 37 °C in glass Bijoux bottles,
under constant agitation (Innova® 43, USA).

These discs were transferred to individual Bijoux tube containing 1 mL 0.9 % saline
(pH 5.5) and incubated under static conditions at 35 °C. At set intervals, discs were
moved to a new set of bijoux tubes with fresh 1 mL saline and incubated under same
conditions. This was repeated over 48 h and CUR release was spectroscopically
(WPA Biowave II, England) assessed at 430 nm for each time interval.

The standard calibration curve of CUR in 0.9 % saline (pH 5.5) was produced as a
reference. Briefly, the stock solution (1000 µg/mL) of CUR was prepared by taking
CUR (10 mg) and dissolving in ethanol:saline (70:30 % v/v) and making up to 10 mL.
A standard solution (30 µg/mL) was prepared by taking 150 µL of stock solution and
making up to 5.0 mL using saline. Using this standard solution, other standards were
prepared in saline and the standards were read at 430 nm (WPA Biowave II,
England) using saline as blank.

3.3.17. Antimicrobial study (disc diffusion assay)
The antimicrobial activity of AgZ-loaded BC (loaded under both static and constantly
agitated conditions) and AgNO3-loaded BC was investigated against P. aeruginosa
(Gram –ve) and S. aureus (Gram +ve), using the disc diffusion assay; purified BC
and BC-Z (loaded under constant agitation) were used as controls. Discs of AgZ-
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loaded BC, AgNO3-loaded BC, BC-Z and BC (7.0 mm diameter) were aseptically
placed on TSA plates seeded with overnight cultures of P. aeruginosa or S. aureus
and following incubation at 37 ºC for 24 h, the zone of inhibition (ZOI) was measured
along X, Y and Z axes and average taken. This approach of measuring the ZOI was
adopted as a standard procedure throughout this project. Individual discs (same
discs) were subsequently transferred onto freshly seeded plates (P. aeruginosa or S.
aureus) to ensure consistent, reproducible microbial growth and incubated again
under the same conditions for a further 24 h. Results are statistically analysed and
presented for ZOI at 24, 48, 72 and 96 h.

The antimicrobial activity of BC loaded with 2 % (w/v) aqueous CUR:HPβCD was
also investigated against S. aureus, using the disc diffusion assay; purified BC and
HPβCD-loaded BC were used as controls. Discs of BC, HPβCD-loaded BC and
CUR:HPβCD-loaded BC (8.0 mm diameter) were aseptically cut and placed on TSA
plates spread with overnight culture of S. aureus and following incubation at 37 °C
for 24 h, the zone of inhibition (ZOI) was measured. Results are presented for ZOI
(mm) at 24 h and statistically analysed by one-way Analysis of variance (ANOVA)
with a Tukey’s multi comparisons test using GraphPad Prism (version 7.02).

Furthermore, the antimicrobial activity of cAgNP-loaded BC was investigated against
P. aeruginosa and S. aureus bacteria. PBS-loaded BC and HPβCD-loaded BC were
used as controls. Discs (8.0 mm) of PBS-loaded BC, HPβCD-loaded BC and cAgNPloaded BC were placed aseptically on TSA plates spread with an overnight culture of
P. aeruginosa or S. aureus and incubated at 37 ºC for 24 h and zone of inhibition
(ZOI) were measured. Data is presented as mean ± standard deviation (SD) and
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analysed statistically by two-way ANOVA with a Tukey’s multi comparisons test
using GraphPad Prism (version 7.02).
3.3.18. In vitro tests hydrogels
3.3.18.1. Haemocompatibility
Non-haemocompatible material on contact with blood can cause serious health
problems. In the current study, with the intended wound management applications,
the haemocompatibility of NS-loaded BC, AgZ-loaded BC, AgNO3-loaded BC,
CUR:HPβCD-loaded BC and cAgNP-loaded BC hydrogels was evaluated in vitro, by
assessing haemolytic potential of hydrogels. Defibrinated horse whole blood
(purchased from TCS Biosciences Ltd) was washed twice with commercially
available sterile normal saline (pH 5.5) (Baxter, UK) and centrifuged (Eppendorf AG
Centrifuge 5804 R, Germany) at 3000 rpm for 10 min before re-suspending in saline
solution. Padded dry BC was soaked in NS. 2 % (w/v) CUR:HPβCD was prepared in
saline and loaded in padded dry BC pellicles. Using the biopsy punch, NS-loaded
BC, AgZ-loaded BC, AgNO3-loaded BC, CUR:HPβCD-loaded BC discs and cAgNPloaded BC hydrogels (8.0 mm) were cut and incubated with 1.9 mL salinesuspended horse blood cells in test Eppendorfs under sterile conditions. Positive
(+ve) controls were distilled water suspended blood cells and negative (-ve) controls
were blood cells suspended in saline. Eppendorfs were incubated at 4 °C for 2 h with
gentle inversion after every 15 min. Post-incubation, BC discs were removed under
sterile condition followed by each sample being centrifuged (VWR Micro Star 17,
Germany) at 3000 rpm for 10 min and supernatant decanted. Absorbance was
recorded at 540 nm (WPA Biowave II, England) and percentage (%) haemolysis was
determined as follows:
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(𝐴𝑏𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)−(𝐴𝑏𝑠 𝑜𝑓−𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

% 𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 = (𝐴𝑏𝑠 𝑜𝑓+𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)−(𝐴𝑏𝑠 𝑜𝑓−𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) × 100

(4)

3.3.18.2. Cytocompatibility (In vitro cell viability)
Cytocompatibility is a vital parameter in material selection for its potential wound
management application as a dressing. The preliminary study to investigate the
cytotoxicity of BC was undertaken using complete Dulbecco’s Modified Eagle’s
Medium (DMEM) (Table 3.2) conditioned with freeze dried (FD) BC pellicle (9.25 ±
0.25cm) overnight at 37°C under constant agitation (180 rpm) (Innova® 43, USA).
HEK293 cells (10,000 cells per well) were seeded onto sterile 96 well plates prior to
incubation with 200 μl BC-conditioned media at 37°C for 24 h in 5% CO2; cell viability
was assessed at 595 nm using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay by adding 5 mg/mL MTT solution (Sigma,
UK) in all the wells and incubated for 2 h, followed by solubilising the formazan
crystals with DMSO and Sorensen’s glycine buffer (pH 10.5). Procedure was
conducted aseptically in triplicate.
To evaluate the effect of the CUR:HPβCD-loaded BC on cell viability, the previously
reported study was extended on 4 human cancer cell lines from different tissues,
namely, A549 (human lung adenocarcinoma), MSTO (human mesothelioma), Panc1
(human pancreatic ductal adenocarcinoma) and U251 (human glioblastoma). Instead
of testing the cytocompatibility using conditioned medium, as adopted in the
preliminary study, BC discs (8.0 mm) (control) and CUR:HPβCD-loaded BC discs
(8.0 mm) were suspended in wells of the cell culture plate using inserts. Moreover,
the cytocompatibility of AgZ-loaded BC, AgNO3-loaded BC and cAgNP-loaded BC
was evaluated following the same procedure using Panc 1, U251 and MSTO.
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All cell lines were cultured in complete DMEM medium and incubated at 37 °C in a
humidity incubator with 5 % CO2. The cytocompatibility of free CUR:HPβCD and
CUR:HPβCD-loaded BC was investigated. Four different concentrations of
CUR:HPβCD (1 %, 1.25 %, 1.5 %, 2 % w/v) were prepared in DMEM. BC pellicles
were padded dried and either rehydrated with DMEM (control) or the respective
concentrations of CUR:HPβCD in DMEM (test) in an orbital shaker (Innova® 43,
USA) at 37 °C at 150 rpm (Innova® 43, USA) for overnight. Discs (8.0 mm diameter)
were cut from the control and test pellicles using a corer for the experimental
purposes and suspended in the wells using inserts throughout the duration of the
experiment. The whole procedure was conducted aseptically. Similar procedure was
followed by making appropriate modifications, to underpin the cytocompatibility of
AgZ-loaded BC, AgNO3-loaded BC and cAgNP-loaded BC. BC pellicles (test) after
pad drying were rehydrated with 1 % aqueous AgZ or 0.55 % aqueous AgNO3 or
cAgNP overnight under agitated conditions at 4 ºC. In order to supplement water
(instead of DMEM) used for sample preparation; PBS-loaded BC was used as a
control. The sample (control and test) discs (8.0 mm) were adjusted to 37 ºC before
use.
Briefly, 25,000 cells per well were seeded in 24 well plates for 24 h at 37 °C in 5%
CO2 incubator. The cells were then exposed to either free antimicrobial agent, 1 %
aqueous AgZ, 0.55 % aqueous AgNO3,

CUR:HPβCD in DMEM (different

concentrations), cAgNP produced in deionised water (equivalent amount) or AgZloaded BC, AgNO3-loaded BC, CUR:HPβCD-loaded BC (different concentrations) or
cAgNP-loaded BC discs (8.0 mm) for 24 h to investigate the effect on cell viability.
Cells without BC discs (in DMEM or PBS supplemented DMEM) and DMEM-loaded
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BC discs (for CUR:HPβCD) or PBS-loaded BC discs (for rest of the healing agents)
were used as controls.
After incubation, the morphology of cells, confluence of the cell monolayer and cell
viability was observed microscopically using an inverted light microscope (Nikon,
Japan). The effect of free AgZ, AgNO3, CUR:HPβCD, cAgNP and AgZ-loaded BC,
AgNO3-loaded BC, CUR:HPβCD-loaded BC or cAgNP-loaded BC discs on

cell

viability was evaluated by standard MTT cytotoxicity assay. The cell viability was
calculated using the mean absorbance measured at 540 nm and the results were
statistically analysed by ANOVA with a Tukey’s multi comparisons test using
GraphPad Prism (version 7.02).
3.3.19. Anti-oxidant activity by DPPH assay
2,2-diphenyl-1-picrylhydrazyl (DPPH) is a colorimetric radical scavenging assay for
the determination of antioxidant properties of material. In the current study, DPPH
assay was performed according the protocol reported by [Takao et al., 1994] with
appropriate modification. Briefly, test solutions of varying concentrations of
CUR:HPβCD in methanol were prepared and methanol was used in preparing a
blank. The assay mixture with 1 mL DPPH (80 µg/mL) methanolic solution and 1 mL
solutions of various concentrations of the material (including a blank) after mixing
were incubated in dark for 30 min at room temperature. Absorbance was measured
spectrophotometrically (WPA Biowave II, England) at 517 nm. The free radical
scavenging capacity was calculated as percent antioxidant effect (% E) using the
following equation. Different sample concentrations were used to produce a curve for
calculating IC50 values, the amount of sample required to obtain 50 % of the free
radical inhibition [Chen et al., 2013a].
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The antioxidant potential of AgZ, AgNO3 and cAgNP was also evaluated using
DPPH radical scavenging assay. The assay mixture with 1 ml DPPH (80 µg/mL)
methanolic solution and 1 ml of test AgZ, AgNO3 and colloidal cAgNP (including the
blank) after mixing were incubated under same conditions before recording the
absorbance.
%𝐸 =

𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒
𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100

(5)

3.3.20. Water vapour transmission rate (WVTR)
The WVTR of neat BC and 2 % CUR:HPβCD-loaded BC hydrogel dressings was
measured using the cup test method according to the American Society for Testing
and Materials (ASTM) standard [ASTM E96 / E96M-16; Hu et al., 2019]. In the
current study, to achieve controlled conditions with minimum variations in set
parameters during the entire length of the experiment, hypoxia incubator (Optronix,
Oxford, UK) was used. An incubator temperature of 35 ± 0.1 °C and 60 ± 1 %
relative humidity [RH] was maintained using compressed air during the entire period
of the experiment. There was no attempt to artificially adjust air flow in the chamber
as the influence of local air velocity was not examined in this study. A digital balance
(ON BALANCETM, Myco MZ-100-BK) was placed inside the chamber for weighing
the assemblies. The selected temperature (35 °C) corresponds to the temperature of
the wound site, as reported by Lamke et al., (1977).
Purified BC pellicles were padded dry and rehydrated either with deionised water
(neat BC) or 2 % (w/v) CUR:HPβCD aqueous solution (test hydrogels) under
constant agitation at 37 °C overnight in an orbital shaker (Innova® 43, USA).
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Thickness of the rehydrated BC pellicles was measured using a Vernier calliper
(Whitworth Digital calliper). Four readings for each pellicle were taken and average
thickness calculated. Neat BC and/or CUR:HPβCD-loaded BC hydrogels (2.44 cm
exposed diameter) were secured onto glass vessels containing 7.5 mL distilled
water. The assemblies were kept in the chamber in upright position. WVTR was
determined (in triplicates) by weighing the complete beaker assembly inside the
chamber at set time intervals and calculated as [Balakrishnan et al., 2005]:
𝑠𝑙𝑜𝑝𝑒 x 24

𝑊𝑉𝑇𝑅 = 𝑡𝑒𝑠𝑡 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑚2 𝑔/𝑚2 /𝑑𝑎𝑦

3.4.

(6)

Statistical analysis

All the statistical analysis was carried out using Microsoft Excel 2016 and GraphPad
Prism, version 7.02. One-way and two-way Analysis of Variance (ANOVA) using the
Tukey’s multiple comparison test for non-parametric analysis to determine the
difference between individual groups in a data set was used. A comparison is
statistically significant if the P value is ≤ 0.05.
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Chapter 4
Results
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Part I:
Introduction
This section of the thesis is focused on the findings of the production and
characterisation of bacterial cellulose pellicles and silver-loaded bacterial cellulose
hydrogels for potential wound management applications. The findings were
published in Gupta et al., 2016 and Gupta et al., 2017.
4.1.

Bacterial cellulose (BC)

4.1.1. Production and purification of BC hydrogel pellicles
G. xylinus produced pellicles of cellulose in 2 weeks of growth at 30 ºC under static
conditions. During the production, BC pellicles appeared as a thin film on the airliquid interface of the medium at day 4. These pellicles gradually increased in
thickness by 14 days and at this stage, the pellicles were harvested. BC pellicles
harvested from HS media were opaque with extensive brown mottling due to residual
media, entrapped bacterial cells and other fermentation debris (Figure 4.1a). After
washing once in hot 1% w/v sodium hydroxide, followed by repeated washing in
deionised water, entrapped bacterial cells and excess media were successfully
removed. The hydrogel pellicles after purification became clear and transparent
(Figure 4.1b).
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(a)

(b)

Figure 4.1. Photographs of (a) untreated BC; (b) purified BC.

4.2.

Production of silver-loaded BC hydrogels

4.2.1. Production of AgZ-loaded bacterial cellulose hydrogels: static versus
agitated conditions
Visual inspection of AgZ-loaded BC under static conditions revealed inconsistent
loading (Figure 4.2a), where some areas of the BC displayed a higher AgZ content
and others very little. AgZ-loaded BC under constant agitation appeared to have a
more even distribution of AgZ and hence, more consistent loading (Figure 4.2b).
Based on these findings, loading under agitated conditions was set as a standard
procedure.
(a)

(b)

Figure 4.2. Photographs of (a) AgZ-loaded BC under static conditions; (b) AgZ-loaded BC under
constant agitation.
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4.2.3. Characterisation of silver-loaded BC
4.2.3.1.

Scanning electron microscopy (SEM)

SEM was carried out on lyophilised BC samples of untreated, purified and silverloaded BC. Moreover, morphology of AgZ and AgNO3 was investigated in dry state
before loading. Individual G. xylinus produces ribbons of cellulose that become
entangled with each other, thus creating a dense network structure. Untreated BC
pellicles revealed the presence of bacteria and other fermentation debris entrapped
within the cellulose network (Figures 4.3a), but once purified, no bacteria were
visible (Figure 4.3b). The process of washing in hot NaOH followed by boiling in
deionised water resulted in the removal of bacteria and extraneous material
revealing a network of microscopic fibres (Figure 4.3b). BC pellicles are interwoven
thick mats of cellulose fibres, that following freeze drying, have a dense, fibrous
network with voids (Figure 4.3b). It emerged that the fine ribbons (30-105 nm
thickness) (Fig. 4.3c) of cellulose entangle with each other forming the network
structure interspersed with voids. Morphological studies of lyophilised purified BC
revealed two types of pores in the BC network structure; nano pores with pore size
as low as 27 nm (Fig. 4.3d) and some large superficial pores with diameter value of
up to 10 µm (Fig. 4.3e). It may be noted that these pores may further expand on
hydration with water.
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(a)

(b)

(c)

(d)

(e)

(g)

(i)

(f)

(h)

(j)

Figure 4.3. SEM photomicrographs of (a) untreated BC, entrapped residual G. xylinus highlighted; (b) purified
BC revealing fibre network structure; (c) BC morphology with fibre thickness (d & e) BC morphology with
100 pore
size distribution; (f) morphology of ground AgZ; (g) AgZ-loaded BC under static condition; (h) AgZ-loaded BC
under constant agitation; (i) morphology of AgNO3; (j) AgNO3-loaded BC under constant agitation.

SEM results revealed that ground AgZ has round to irregular structure (Fig. 4.3f)
and AgNO3 has irregular shape (Fig. 4.3i). Freeze dried AgZ-loaded BC (Figure
4.3g&h) and AgNO3-loaded BC (Figure 4.3j) revealed AgZ and silver microcrystals
got entrapped within the dense cellulose network. After loading with AgZ under
constant agitation, AgZ-loaded BC displayed more consistent, uniform loading
(Figure 4.3h) compared to that prepared under static conditions (Figure 4.3g).
Clusters of encapsulated AgZ particles ranged from 2.0 to 20.0 µm, with single AgZ
particles (0.5–5.0 µm) also encapsulated within the BC (Figure 4.3g&h).
Conversely, crystals of AgNO3 entrapped within the BC fibres had an average range
of 0.08–3.5 µm (Figure 4.3j). In summary, the three-dimensional cellulose network
consists of a large number of voids that become pores for sequestration of
encapsulated silver microcrystals or AgZ when rehydrated.

4.2.3.2.

Energy Dispersive X-ray analysis (EDX)

The purification process of BC was also confirmed by EDX spectra, which indicated
the removal of extraneous material from the BC (Figure 4.4a&b). In addition to
carbon (C) and oxygen (O), untreated BC had elemental traces like nitrogen (N),
sodium (Na), phosphorus (P), sulphur (S) and potassium (K), which confirmed the
presence of entrapped bacterial and extraneous components from the medium
(Figure 4.4a). Once purified in hot NaOH and subsequent repeated boiling in
deionised water, all trace elements from entrapped bacterial and medium were
successfully removed resulting in purified BC (Figure 4.4b). The presence of silver
in both AgZ-loaded BC and AgNO3-loaded BC was confirmed by EDX spectra
(Figure 4.4c&d). Additionally, the presence of aluminium, silicon as well as
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elemental traces of calcium, sodium, magnesium and iron was also evident on EDX
spectra of AgZ-loaded BC (Figure 4.4c).

Figure 4.4. EDX spectra of (a) untreated BC; (b) purified BC; (c) AgZ-loaded BC; (d) AgNO3loaded BC.
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4.2.3.3.

Fourier transform infrared (FTIR)

The FTIR spectra of a commercially available cellulose sample, purified BC, AgNO 3loaded BC and AgZ-loaded BC are shown in Figure 4.5. Similarity in peak
characteristics are shown in the spectra for the commercially available cellulose and
purified BC at band regions of 3330 cm-1, 2894 cm-1, 1641 cm-1, 1370 cm-1, 1159 cm1

and 1056 cm-1 (Figure 4.5a&b); these peaks were also observed in both the

AgNO3-loaded BC and AgZ-loaded BC spectra (Figure 4.5c&d). The characteristic
peaks for AgNO3 (733 cm-1, 803 cm-1 and 1300 cm-1) (Figure 4.5c) and AgZ (434
cm-1 and 980 cm-1) (Figure 4.5d) were also observed in the spectra, thereby

Transmittance (%)

confirming the encapsulation of AgNO3 or AgZ within the BC network.

Transmittance (%)

(a)

Transmittance (%)

(b)

Transmittance (%)

(c)

(d)

Wavenumber cm-1
Figure 4.5. FTIR spectra from 400 to 4000 cm-1 for (a) commercially available cellulose; (b) purified BC;
(c) AgNO3-loaded BC; (d) AgZ-loaded BC.
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4.2.3.4.

Swelling ratio

The absorption of surrounding fluids is a vital characteristic of hydrogels for potential
application in the management of exudating wounds. After immersion in deionised
water, padded dry BC pellicles imbibed an amount of water up to several times its
original dehydrated weight, with a swelling ratio of 12.08 ± 0.96 (n=3) after 24 h.

4.2.3.5.

Moisture content

BC hydrogels have been reported to have high water content and in the current
study, the water content of BC, AgNO3-loaded BC and AgZ-loaded BC hydrogels
was determined. The results revealed that BC imbibed > 99.55 ± 0.044 % (v/w) (n =
3) water. Moreover, the results revealed that 0.55 % AgNO3-loaded BC (n = 3) and 1
% AgZ-loaded BC (n = 3) imbibed 99.16 ± 0.20 % and 98.06 ± 0.16 % water
respectively.

4.2.3.6.

Transparency test

In this study, the transparency property of BC, AgNO3-loaded-BC and AgZ-loadedBC was evaluated by reading the text in different colours on white laminated paper
sheet through the test hydrogels. The results demonstrate the neat BC rehydrated
with deionised water allows reading the text without the need for removal of the
dressing (Figure 4.6a). When the study was performed using 0.55 % AgNO3-loaded
BC hydrogels the text could be easily read through these hydrogels as well (Figure
4.6b). The clarity of letters through the hydrogels (neat BC and AgNO 3-loaded BC)
supported high transparency through both the hydrogels (Figure 4.6a&b). The test
results for 1 % AgZ-loaded BC revealed that transparency through these hydrogels
was very limited (Figure 4.6c).
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(a)

(c)

(b)

Figure 4.6: Visual appearance of text through (a) BC rehydrated with deionised water; (b) 0.55 % AgNO3loaded BC; (c) 1 % AgZ-loaded BC.

4.2.3.7.

Silver release

Ag+ release from BC hydrogels, as determined by ICP analysis, is presented in
Figure 4.7. Results indicate that Ag+ release was greater after 24 h from AgZ-loaded
BC (60.65 ± 4.18 ppm) as compared to AgNO3-loaded BC (36.76 ± 1.68 ppm). Silver
release from AgNO3-loaded BC plateaued after 72 h whereas from AgZ-loaded BC
release was steady and controlled (Figure 4.7). Overall, AgZ-loaded BC released
more silver (137.60 ± 16.17 ppm) over the 96 h compared to BC-AgNO3 (64.53 ±
6.47 ppm).
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Figure 4.7. Silver release (ppm) over 96 h from AgNO 3-loaded BC and AgZ-loaded BC (n = 4;
error bars = SD).

Mathematical modelling of silver release
When silver release was analysed with zero order, first order, Higuchi and
Korsmeyer–Peppas equations, results confirm that AgZ-loaded BC and AgNO3loaded BC adhere to the Korsmeyer–Peppas model (Table 4.1). With a correlation
coefficient of >0.97 (R2 ≥ 0.99 for both BC-AgZ and BC-AgNO3) and release
exponent between 0.45 and 0.89 (AgZ-loaded BC = 0.73; BC-AgNO3-loaded BC =
0.56), which indicates that Ag+ release is non-Fickian (anomalous transport) [Costa
and Lobo, 2001; Dash et al., 2010]. Interestingly, Ag+ release from AgZ-loaded BC
also follows the Higuichi model with a correlation coefficient of >0.97 (R 2 = 0.99), i.e.
diffusional release [Costa and Lobo, 2001]. The additional diffusional release of Ag+
from AgZ at the surface of the BC may be due to ion exchange with cations present
in the TSB media. The correlation coefficients for zero and first order models were
both <0.97 (Table 4.1).
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Table 4.1. Mathematical modelling of Ag+ release kinetics from AgNO3-loaded-BC and AgZ-loaded
BC hydrogels.
Correlation coefficient (R2)
Zero order

First order

Higuichi

Korsmeyer-Peppas

AgZ-loaded BC

0.93

0.92

0.99

>0.99

AgNO3-loaded BC

0.84

0.69

0.98

0.99

4.2.3.8.

Antimicrobial activity by disc diffusion assay

Pure BC and Zeolite-loaded BC exhibited no antimicrobial activity. There was a
difference in antimicrobial activity for AgZ-loaded BC via static and agitation methods
(Figure 4.8a&b). The antimicrobial activity of AgZ-BC loaded under constant
agitation was significantly better against P. aeruginosa (AgZ-loaded BC (static): 8.29
mm (at 96 h) ≤ ZOI ≤ 14.15 mm (at 48 h); AgZ-loaded BC (agitated): 16.10 mm (at
24 h) ≤ ZOI ≤ 17.96 mm (at 48 h); p < 0.05). However, this was not observed in the
case of S. aureus when comparing the antimicrobial activity of AgZ-loaded BC under
static or agitated condition (AgZ-loaded BC (static): 7.94 mm (at 96 h) ≤ ZOI ≤ 10.31
mm (24 h); AgZ-loaded BC (agitated): 7.71 mm (96 h) ≤ ZOI ≤ 10.06 mm (24 h); p >
0.05).
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Figure 4.8. Antimicrobial activity assessed by ZOI during the disc diffusion
assay for AgZ-loaded BC under (a) static and (b) constant agitated conditions
against P. aeruginosa and S. aureus (n = 6; error bars = SD).
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The disc diffusion assay for antimicrobial activity indicated that both AgZ-loaded BC
and AgNO3-loaded BC exhibited higher antimicrobial activity against P. aeruginosa
compared to S. aureus (Figure 4.9a&b). Statistical analysis using ANOVA suggests
that there is a significant difference between the ZOI of P. aeruginosa and S. aureus
(p < 0.05) when treated with AgZ-loaded BC. This is also the case for both strains (p

Zone of Inhibition (in mm)

< 0.05) when treated with AgNO3-loaded BC.
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Figure 4.9. Antimicrobial activity assessed by ZOI during the disc diffusion
assay for AgZ-loaded BC and AgNO3-loaded BC against (a) P. aeruginosa and
(b) S. aureus constant agitated conditions against and (n = 9; error bars = SD).
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The disc diffusion assay results indicated that AgNO3-loaded BC had higher
antimicrobial activity against P. aeruginosa up to 24 h when compared to AgZ-loaded
BC, but the difference in the activity was not significantly different (p > 0.05). After 24
h, the antimicrobial activity of AgNO3-loaded BC reduced and AgZ-loaded BC
exhibited higher activity against P. aeruginosa (Figure 4.9a & 4.10). Antimicrobial
activity against S. aureus also had the same trend at 24 h with AgNO3-loaded BC
exhibiting larger ZOI compared to AgZ-loaded BC. At 48 h, there was no significant
difference between AgNO3-loaded BC and AgZ-loaded against S. aureus; following
incubation at 72 and 96 h, AgNO3-loaded BC had highly reduced antimicrobial
activity against S. aureus (ZOI = 0 mm), whereas AgZ-loaded BC still exhibited some
antimicrobial activity at 72 h (ZOI = 7.26 ± 0.53 mm), which was further reduced at
96 h (ZOI = 7.11 ± 0.33 mm) (Figure 4.9b & 4.10). The difference in activity of AgZloaded BC and AgNO3-loaded BC against P. aeruginosa (Gram negative) and S.
aureus (Gram positive) bacteria may be due to their structural differences (see
chapter “Discussion” for details).
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AgNO3-loaded BC
P. aeruginosa
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AgZ-loaded BC
P. aeruginosa
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Figure 4.10. Disc diffusion assay showing antimicrobial activity as ZOI of AgNO3-loaded BC and AgZ-loaded BC
over 96 h against P. aeruginosa and S. aureus.
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4.2.3.9.

Haemocompatibility

When materials come in contact with blood, they may cause haemolysis of the blood
cells; thus, assessment of haemolytic properties becomes vital for materials with
potential biomedical applications. According to the ASTM F756 standards,
haemolytic indices, the test samples can be: (a) haemolytic materials with
haemolysis >5 % (b) slightly haemolytic with haemolysis between 2-5 % and (c) nonhaemolytic materials having haemolysis below 2 % [Kamoun et al., 2015; Mohamad
et al., 2016]. The in vitro blood compatibility results revealed that BC hydrogels are
haemocompatible with % haemolysis < 0.1 % (n=9), which is well below the
acceptable

limit

for

haemolysis.

AgNO3-loaded

BC

and

AgZ-loaded

BC

demonstrated high % haemolysis (n = 9); hence, based on the ASTM standards,
these hydrogels would be classed as haemolytic.

4.2.3.10.

Cytocompatibility

A preliminary cytocompatibility of BC was undertaken using the DMEM medium
conditioned with BC. HEK 293 cells were incubated in the conditioned medium to
determine the cell viability. The cytotoxicity of BC against HEK 293 epithelial cell line,
as determined by the MTT assay confirmed that biosynthetic BC is cytocompatible
with cell viability > 98.5 % (n = 9).

After testing the cytocompatibility of purified BC using the conditioned medium, the
study was extended to evaluate the cytotoxicity of 1 % aqueous AgZ and 0.55 %
aqueous AgNO3 in free state and loaded in BC (8.0 mm discs) against Panc1, U251
and MSTO mammalian cell lines. It emerged that 0.55 % AgNO 3-loaded BC has
variable cytotoxic effect on the tested cell lines (Figure 4.11a&b). Furthermore, the
cytocompatibility of free AgNO3 versus AgNO3-loaded BC demonstrated that free
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AgNO3 had higher cytotoxic effect, resulting in lower cell viability compared to
AgNO3-loaded in BC on U251 (p = 0.0286) and MSTO (p = 0.0152) (Fig. 4.11a&b).
No significant difference was seen with Panc1 cell line (p = 0.1801) (Figure 4.11a).
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Figure. 4.11. Cytocompatibility test results. (a) Bar graph showing the cell viability (%) after 24 h
exposure to AgNO3-loaded BC and free AgNO3 (equivalent amount) (n = 3); (b) Representative
photomicrographs of cells captured at 10x magnification after exposure for 24 h to AgNO 3loaded BC and free AgNO3.
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(b)

The results of cytocompatibility study for AgZ-loaded BC also revealed variable
cytotoxic effect on the tested cell lines. Panc1 demonstrated lower cell viability as
compared to U251 and MSTO (Figure 4.12a&b). Free AgZ (equivalent amount)
demonstrated higher cytotoxicity on all the tested cell lines resulting in lower cell
viability.
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Figure. 4.12. Cytocompatibility test results. (a) Bar graph showing the cell viability (%) after 24 h
exposure to AgZ-loaded BC and free AgZ (equivalent amount) (n = 3); (b) Representative
photomicrographs of cells captured at 10x magnification after exposure for 24 h to AgZ-loaded
BC and free AgZ.
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(b)

When comparing the cytocompatibility of AgNO3 and AgZ (free and loaded in BC),
AgZ demonstrated higher cell viability for the tested cell lines (except Panc1,free
drug) as compared to AgNO3 (Table 4.2), (Figure 4.11a&b & Figure 4.12a&b).
Table 4.2. MTT assay test results summary for AgNO 3 and AgZ (free and loaded in BC) against three
mammalian cell lines.
Cell Viability (%)
Panc1

U251

MSTO

AgNO3-loaded BC

12.40 ± 1.86

30.578 ± 12.47

58.01 ± 20.93

AgNO3 (free, equivalent
amount)
AgZ-loaded BC

10.53 ± 0.51

5.41 ± 0.37

8.14 ± 0.41

28.80 ± 9.38

58.87 ± 4.10

73.36 ± 8.25

AgZ (free,
amount)

9.38 ± 1.46

8.17 ± 1.76

8.82 ± 0.14

4.2.3.11.

equivalent

Antioxidant activity

With the aim of wound dressing application for chronic wounds, the antioxidant
potential of AgNO3-loaded BC and AgZ-loaded BC (n = 3) was evaluated using
DPPH assay. The results revealed that AgNO3 and AgZ (n = 6) does not have free
radical scavenging properties. These results suggest that BC hydrogels loaded with
AgNO3 or AgZ would not have intrinsic ability of reducing the oxidative stress at the
wound site as they do not have significant potential of scavenging the free radical.
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Part II
Introduction
This section of the thesis is focused on the solubility enhancement of curcumin by
encapsulation in cyclodextrins. Moreover, the production and characterisation of
CUR:HPβCD-loaded

bacterial

cellulose

hydrogels

for

the

potential

wound

management applications has been presented. The findings were published in Gupta
et al., 2019.
4.3.

Preparation of CUR:βCD inclusion complex

CUR:βCD (yellow powder) was produced from CUR (dark yellow powder) and native
βCD (white powder) by solvent evaporation, freeze drying and co-precipitation
methods. The CUR contents by all these methods varied (Table 4.3). As the CUR
content in the samples was either low (solvent evaporation and freeze drying
method) or free CUR was present in the final sample (co-precipitation method), the
study was extended by replacing βCD with HPβCD to produce CUR:HPβCD
inclusion complex (see section 4.4).
Table 4.3. Summary table of curcumin content and encapsulation efficacy (%) of curcumin in native
βCD by different methods (n = 3).
Inclusion complexation method

CUR:βCD mole ratio

% Encapsulation

Solvent evaporation

1:1

3.39 ± 0.44

Freeze drying

1:1

2.19 ± 0.45

Co-precipitation

1:1

88.79 ± 4.51
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4.4.

CUR:HPβCD-loaded BC hydrogels

4.4.1. Preparation of CUR:HPβCD inclusion complex
Due to low encapsulation of CUR in βCD, hydroxypropyl derivative of native βCD
with enhanced aqueous solubility was tested for encapsulation. Moreover, based on
the findings of CUR:βCD experiments, solvent evaporation method was adopted as
a standard procedure for encapsulation. CUR:HPβCD was produced from the CUR
and HPβCD (white powder) by solvent extraction method. The novel approach taken
in this study to produce IC 10, IC 25, IC 50, IC 75 and IC 90, supramolecular
inclusion complexes revealed that varied solvent volume ratios have an influence on
CUR content encapsulated in HPβCD. The EE (%) results of IC 10, IC 25, IC 50, IC
75 and IC 90 (n=3) revealed varied encapsulation efficacy (Table 4.4). These results
suggested that IC 75 produced by CUR dissolved in 37.5 mL acetone and HPβCD
dissolved in 12.5 mL water for the inclusion complex production gave the highest %
EE, hence it was selected as a standard procedure for the preparation of inclusion
complex for further experimental investigations. It is important to note that all the
characterisations for CUR:HPβCD were done using IC 75. CUR content determined
in IC 75 samples was in the range of 3.28±0.38 % (n=4).
Table 4.4. Summary table of encapsulation efficacy (%) of CUR:HPβCD by varying the volume ratio
of solvents (n = 3).
Inclusion complex

Encapsulation efficacy (%)

IC 10

3.64 ± 0.16 %

IC 25

3.84 ± 0.37 %

IC 50

7.37 ± 1.24 %

IC 75

18.26 ± 1.02 %

IC 90

16.34 ± 0.75 %
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4.4.2. Production of CUR:HPβCD-loaded-BC hydrogels
IC 75 was loaded in padded dry BC to produce hydrogels for wound management
applications. Visual inspection of purified BC hydrogel pellicles loaded with 2 % (w/v)
CUR:HPβCD revealed highly consistent loading (Figure 4.13b). After loading of the
inclusion complex, the colour of BC hydrogels changed from clear to orange yellow
(Figure 4.13a-b).

(a)

(b)

Figure 4.13. Visual appearance of (a) BC hydrogel pellicle after purification; (b)
CUR:HPβCD-loaded-BC hydrogel pellicle.

4.4.3. Characterisation studies
4.4.3.1.

Solubility in water: CUR versus CUR:HPβCD inclusion complex

CUR exhibits the maximum absorbance at ≈430 nm [Manolova et al., 2014; Zhao et
al., 2018]. In the current study, the inclusion of CUR in HPβCD enhanced its
aqueous solubility, which was evident in the spectral scan (Figure. 4.14). The UVVisible spectrum of aqueous filtrate of CUR didn’t exhibit significant absorption in the
specified spectral range. Moreover, the aqueous solution of HPβCD didn’t show
significant absorbance in the selected range. In case of the CUR:HPβCD, there was
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strong absorbance recorded around 430 nm due to enhanced aqueous solubility of
CUR.
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Figure 4.14: UV-Visible absorption spectra of CUR, HPβCD and CUR:HPβCD
dissolved in water after 1 h stirring at room temperature followed by filtration
through 0.45 µm filter.

4.4.3.2.

Scanning electron microscopy (SEM)

BC appears as a dense interwoven fibre network (Figure 4.3b). SEM results
revealed that the shape of CUR and HPβCD changed from round to irregular shape
to plate like structures in CUR:HPβCD (Figure 4.15a-c). When padded dry BC was
rehydrated by immersion in aqueous solution of CUR:HPβCD, the voids allowed
penetration of the inclusion complex, which then got physically entrapped in the BC
fibre network (Figure 4.15d). This resulted in the production of CUR:HPβCD-loaded
BC hydrogels.
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(a)

(c)

(b)

(d)

Figure 4.15: SEM images of (a) CUR; (b) HPβCD; (c) CUR:HPβCD; (d) CUR:HPβCD-loaded in BC.

4.4.3.3.

Fourier Transform Infrared (FTIR)

FTIR spectral results of CUR, HPβCD, CUR:HPβCD, purified BC and CUR:HPβCDloaded-BC are illustrated in Figure 4.16. The characteristic sharp peak at 3504 cm-1;
1619 cm-1; 1591 cm-1 and 1497 cm-1 were observed in CUR spectrum (Figure
4.16a). For HPβCD the characteristic broad peak at 3340 cm -1; 2927 cm-1; 1156 cm1;

1084 cm-1; 1024 cm-1 were recorded (Figure 4.16b). In CUR:HPβCD, the

prominent peaks at 3504 cm-1 and 1619 cm-1 appeared to be masked (Figure
4.16c).
BC has characteristic peaks at around 3341 cm-1, 2899 cm-1, 1640 cm-1, 1370 cm-1,
1159 cm-1, 1057 cm-1 (Figure 4.16d & 4.5b). These peaks appeared in
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CUR:HPβCD-loaded BC spectrum (Figure 4.16e). Furthermore, the characteristic

Transmittance (%)

peaks of the inclusion complex were also observed in the spectrum (Figure 4.16e).

Transmittance (%)
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Wavenumber cm-1
Figure 4.16: FTIR spectra from 400-4000cm-1 for (a) CUR; (b) HPβCD; (c) CUR:HPβCD; (d) bacterial
cellulose; (e) CUR:HPβCD-loaded-BC.

4.4.3.4.

X-ray Diffractometric analysis (XRD)

The XRD spectra of CUR, HPβCD and lyophilised CUR:HPβCD are shown in Figure
4.17. Results revealed that CUR exists in a crystalline form, which is indicated by the
characteristic peaks (Figure 4.17a), whereas HPβCD is amorphous (Figure 4.17b)
in nature. After complexation with HPβCD, there was no noticeable evidence of
crystallinity of CUR in the inclusion complex (Figure 4.17c).
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Figure 4.17: XRD results of (a) CUR; (b) HPβCD; (c) CUR:HPβCD.

4.4.3.5.

Nuclear Magnetic Resonance spectroscopy (NMR)

NMR spectroscopy was used to investigate the success of the formation of the
inclusion complex between hydroxypropyl-β-cyclodextrin and curcumin (sample IC
75). The

1H

and

13C

NMR data of the CUR:HPβCD was assigned using a

combination of previously reported proton NMR data [Hsu et al., 2013] and 2D NMR
techniques (COSY, HSQC and HMBC) (see Figure S1-S4 in the supporting
information).
Evidence for the formation of the CUR:HPβCD inclusion complex can be chiefly
observed through both 1H and ROESY NMR. Comparison between the 1H NMR
spectra of HPβCD and CUR:HPβCD shows a distinctive shift in the proton
resonances of the internally facing protons, H3 and H5 of HPβCD, upon inclusion of
CUR, indicating a change in the local magnetic environment; the resonances of the
externally facing protons remained unchanged (Figure 4.18a&b; see Scheme S5a-c
for structural assignments in the supporting information).
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(a)

(b)

(c)

Figure 4.18: (a), (b) Overlay and expansion overlay of 1H spectra of HPβCD and the
CUR:HPβCD inclusion complex in D2O respectively; (c) Expansion of the ROESY spectrum of
the CUR:HPβCD inclusion complex in D2O indicating correlation cross peaks between HPβCD
and CUR.
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Further conclusive evidence for the formation of CUR:HPβCD was subsequently
obtained by ROESY NMR analysis; a ROESY correlation between H5 of HPβCD and
CUR aryl protons spectrum clearly indicates a through space interaction indicative of
an inclusion complex (Figure 4.18c).

4.4.3.6.

Thermal Analysis (TGA and DSC)

The TGA curve of freeze dried BC (Figure 4.19) showed a distinct percentage
weight loss between 100-200°C and ≈350°C. The initial weight reduction of 5-8%
may be due to the BC losing surface water, whilst the second weight loss (over 60%)
was associated with the thermal degradation of BC.
The thermal analytical techniques like TGA and DSC are widely used in preformulation studies. Thermal behaviour of CUR, HPβCD, CUR:HPβCD was
investigated and compared to CUR and HPβCD physical mixture, to understand the
solid-state characterisation and thermal stability of the inclusion complex during
production and storage. Thermogravimetric data revealed that thermal degradation
of CUR starts at around 220 °C, which is ≈ 40 °C above its melting point. It loses
around 54 % mass between 300-420 °C. HPβCD mass loss of nearly 6 % at around
91 °C, attributed to the loss of water and major mass loss (>70 %) peaks at 344 °C
due to the decomposition of the molecule (Figure 4.20a-b). These weight losses
were visible in both the physical mixture and CUR:HPβCD inclusion complex. On
further examination, it was noticed that the inclusion complex displayed higher
thermal stability (Figure 4.20a&b). The thermokinetic data did not show
decomposition at normal working temperatures. The data from the current study
revealed that the inclusion complex is also thermally stable at such temperatures.
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Figure 4.19: TGA curve of freeze dried BC.

DSC analysis was performed to further corroborate the results obtained from TGA.
DSC results of CUR revealed an enthalpy change with a sharp endotherm in the
region of 179 °C (Figure 4.20c). In the case of HPβCD, there was observed two
endotherms around 259 °C and 291 °C, followed by its decomposition (Fig. 6c). In
the case of physical mixture, the characteristic endotherms of CUR appeared at 179
°C. Moreover, endotherm peaks attributed to HPβCD were also visible. However,
shift in peak positions was observed (Figure 4.20c). The thermogram of
CUR:HPβCD revealed that the melting endotherm peak for CUR in the inclusion
complex disappeared. Moreover, the shift in endotherm peaks in CUR:HPβCD
inclusion complex was observed (Figure 4.20c).
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Figure 4.20: (a) TGA curves; (b) DTG curves; (c) DSC spectra of CUR, HPβCD, CUR, HPβCD
Physical mixture and CUR:HPβCD.
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4.4.3.7.

Moisture content (Mc)

BC hydrogels have high water content, which was determined in Part I. Moisture
content of BC was determined again in this part of experiment and the results of the
moisture content determination study revealed neat BC hydrogels imbibed > 99.5 %
(n=4) water. Moreover, the results revealed that BC loaded with 2 % (w/v)
CUR:HPβCD imbibed 97.63±0.057 % (n=4) water.

4.4.3.8.

Optical Transmission and Transparency test

The appearance of the wound site is vital to assess patients’ response to the
treatment. In the current study, neat BC hydrogels demonstrated the % Transmission
of 85.72 ± 1.57 % (n=3). Although, the light transmittance of CUR:HPβCD-loaded BC
hydrogel dressings was reduced, this is sufficiently high (66.13 ± 2.36 %) (n=3).
On further evaluation, the clarity of letters through the hydrogels supported high
transparency through both the neat and CUR:HPβCD-loaded-BC hydrogels (Figure
4.21). These results support the capability of CUR:HPβCD-loaded BC hydrogel
dressings for non-invasive clinical wound monitoring.

(a)

(b)

Figure 4.21: Visual appearance of text through (a) neat BC sheet; (b) 2% CUR:HPβCD-loaded BC.
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4.4.3.9.

Water Vapour Transmission Rate (WVTR)

In the current study, WVTR was evaluated as the gradient of weight loss from the
samples versus time. The thickness of rehydrated hydrogels (neat and test) was in
the range of 1.5-2.5 mm. WVTR values for neat BC were in the range of 2526.323137.68 g/m2/24 h (n=3) and for 2 % CUR:HPβCD-loaded BC were 2258.53-2460.63
g/m2/24 h (n=3).

4.4.3.10. Biocompatibility studies (Haemocompatibility and Cytocompatibility)
The in vitro blood compatibility results revealed that the test hydrogels are
haemocompatible with % haemolysis <0.20 % (n=9), which is well below the
acceptable limit for haemolysis. These results confirmed that CUR:HPβCD-loaded
BC hydrogels are non-haemolytic material and suitable for wound management
applications.
In the current study, the cytotoxicity as determined by MTT assay demonstrated that
the CUR:HPβCD-loaded BC hydrogels have varied compatibility with the tested cell
lines (Figure 4.22a). Despite the varied response, all cell lines demonstrated cell
viability when exposed to CUR:HPβCD or CUR:HPβCD-loaded-BC hydrogels
(Figure 4.22a-c). Furthermore, the cytocompatibility of CUR:HPβCD-loaded-BC
hydrogels with that of free CUR:HPβCD (equivalent amount) was compared. The
results showed that there was no significant difference (p>0.05) between the free
CUR:HPβCD or the 2 % CUR:HPβCD-loaded-BC hydrogels.
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Figure 4.22: Cytocompatibility test results. (a) Bar graphs showing viability of different cells after 24 h
exposure to free CUR:HPβCD and CUR:HPβCD-loaded-BC. Representative optical photomicrographs of cells
captured at 10X magnification after exposure for 24 h to (b) free CUR:HPβCD; (c) CUR:HPβCD-loaded-BC.

4.4.3.11. CUR release and Antimicrobial study
CUR release from CUR:HPβCD-loaded BC hydrogels, as determined by UV-Visible
spectroscopy, is presented in Figure 4.23. Results indicate that 76.99 ± 4.46 %
release (n=6) was achieved after 6 h from CUR:HPβCD-loaded BC hydrogels. The
release was slow after this duration and reached 79.36 ± 4.71 % at 24 h. The

Release (%)

maximum release achieved at 48 h was 82.19 ± 4.75 %.
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Figure 4.23: Release profile over 48 h from CUR:HPβCD-loaded-BC hydrogels
(n=6; error bars = SD).

After the release profile was evaluated, the disc diffusion assay was undertaken to
assess the antimicrobial activity of CUR:HPβCD-loaded BC hydrogels. The results
revealed no anti-microbial activity against S. aureus (Gram positive) for neat BC and
HPβCD-loaded BC However, CUR:HPβCD-loaded BC hydrogels demonstrated
significant (p<0.01) antimicrobial activity (Figure 4.24) (ZOI= 11.08 ± 0.90 mm)
(n=12) compared to neat BC and HPβCD-loaded BC.
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Figure 4.24: Antimicrobial activity assessed by ZOI during the disc diffusion assay
for neat BC hydrogel, HPβCD-loaded-BC and CUR:HPβCD-loaded-BC hydrogels
against S. aureus (n=12; error bars = SD).

4.4.3.12. Anti-oxidant activity by DPPH assay
It was found that HPβCD does not have antioxidant activity. The percent antioxidant
effect for supramolecular CUR:HPβCD against DPPH determined in the current
study ranged from 12.06 ± 0.014 - 79.75 ± 0.001 % in the range of 125-2000 µg/mL
and the IC50 was found to be 1087.49 ± 6.47 µg/mL (n=3). These findings confirmed
that the antioxidant activity of CUR stays preserved even after its encapsulation in
HPβCD cavity in the CUR:HPβCD inclusion complex.
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Part III
Introduction
This section of the thesis is focused on the synthesis of silver nanoparticles following
the Green chemistry approach. Herein, the production of curcumin reduced silver
nanoparticles using the aqueous solution of CUR:HPβCD inclusion complex has
been presented. The findings on the production and characterisation of cAgNPloaded bacterial cellulose for wound dressing applications have been presented. The
findings were published as Gupta et al., 2020.

4.5.

cAgNP-loaded BC hydrogels

4.5.1. Preparation of cAgNP
Most of the AgNP synthesis methods involve the use of organic solvents and toxic
reducing agents with the potential threat to the environment and cytotoxic effect on
mammalian cell lines. The method presented herein involved bio-reduction of AgNO3
with aqueous CUR:HPβCD, resulting in nanoparticle formation. The colour changed
from colourless to pale yellow at the start of CUR:HPβCD addition, which intensified
with increased dosage and subsequently changed to yellow-brown with time,
suggesting the production of nanoparticles.
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4.5.2. Production of cAgNP-loaded BC hydrogels
When the purified padded dry BC was rehydrated with the aqueous colloidal cAgNP,
the pellicles re-swelled and the colour changed to yellow-brown. These cAgNPloaded BC hydrogels were stored at 4 ºC throughout the experimental procedure.
4.5.3. Characterisation of cAgNP and cAgNP-loaded BC hydrogels
The formation of colloidal cAgNP produced was confirmed by testing its properties
like size distribution and charge. After loading aqueous colloidal cAgNP in the
padded dry BC, the physicochemical and in vitro haemocompatibility and
cytocompatibility hydrogels were investigated.

4.5.3.1.

Particle size distribution and surface charge by TEM, DLS and Zeta
potential

The size and morphology of cAgNP produced using CUR:HPβCD were studied from
the TEM images (Figure 4.25a-c). TEM imaging showed that the morphology of the
nanoparticles was mainly spherical in shape with smooth edges. The majority of
bioreduced cAgNP were in the diameter range of 20-55 nm (80 %) and the average
size of 42.71 ± 17.97 nm. (Figure 4.25a-c). It emerged from the results that
nanoparticles were homogeneously surrounded by a thin layer of capping material.
DLS measurements identified nanoparticles with the hydrodynamic diameter in the
range of 182.10 ± 8.83 nm (Figure 4.25d) and the Poly Dispersity Index (PDI) value
of 0.196 ± 0.009. Zeta potential studies revealed a negative charge on the
synthesised nanoparticles with the magnitude of -20.1 ± 0.702 mV.

133

(a)

(b)

1000nm

2000nm

(c)

16

12

10.00

Intensity

12.00

Frequency

14

10
8
6

(d)

14.00

8.00
6.00
4.00

4

2.00

2

0.00
1.00

0

Size (nm)

10.00

100.00 1000.00 10000.00

Diameter (nm)

Figure. 4.25. Characterisation of cAgNP produced using CUR:HPβCD, (a-b) TEM
photomicrographs; (c) size distribution as measured by TEM analysis and calculated
with 100 nanoparticles; (d) DLS data of cAgNP with size distribution.

4.5.3.2.

Scanning electron microscopy (SEM)

BC has a fine fibre network structure with voids (Figure 4.3b). SEM of lyophilised
cAgNP-loaded BC revealed that cAgNP penetrated through the voids during
rehydration of padded dry BC pellicles and got physically trapped in the fibre network
structure (Figure 4.26a). Also, it emerged that along with bioreduced cAgNP, there
was free CUR:HPβCD trapped in the BC.
Morphology and size of nanoparticles was also determined in the SEM
photomicrographs (Figure 4.26b). The average diameter was in the range of 37.2 65.1 nm and most of the nanoparticles appeared spherical. These results are in
accordance with TEM results discussed in section above.
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(a)

(b)

Figure. 4.26. SEM photomicrograph images of (a) and (b) cAgNP loaded in BC fibre network.

4.5.3.3.

Energy dispersive X-ray (EDX) analysis

The elemental analysis was carried out by EDX studies. The results confirmed that
BC (neat) is composed mainly of carbon and oxygen (Figure 4.4b). In addition to
carbon and oxygen, detection of silver in the EDX spectra of cAgNP-loaded BC (test)
confirmed nanoparticle loading in the test samples (Figure 4.27).

Figure. 4.27. EDX spectrum of cAgNP-loaded BC.
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4.5.3.4.

Moisture content (Mc)

In this part of the study, the moisture content of neat BC and cAgNP-loaded BC
hydrogels was evaluated. The results confirmed that neat BC pellicles imbibed 99.68
± 0.09 % (v/w) (n = 3) water. Moreover, the study on cAgNP-loaded BC revealed that
the moisture content in these hydrogels was 98.86 ± 0.04 % (n = 3).

4.5.3.5.

Cytocompatibility (In vitro study)

The cytocompatible nature of BC is presented earlier in this report (section 4.2.3.10).
In this part of the current study, the cytocompatibility of cAgNP-loaded BC hydrogels
was evaluated using three different mammalian cell lines. The cytotoxicity as
determined by MTT assay revealed that cAgNP-loaded BC is cytocompatible, as all
the tested cell lines demonstrated good survival rate (Figure 4.28a).

Furthermore, we compared the cytocompatibility of free cAgNP to cAgNP-loaded BC
on U251, MSTO and Panc 1 cell lines. The results demonstrated that free cAgNP
had cytotoxic effect on all the tested cell lines resulting in lower cell viability
compared to cAgNP-loaded in BC (p < 0.001) (Figure 4.28a&b).
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Figure. 4.28. Cytocompatibility test results. (a) Bar graph showing the cell viability (%) after 24 h exposure
to cAgNP-loaded BC and free cAgNP (equivalent amount) (n = 8); (b) Representative photomicrographs of
cells captured at 10x magnification after exposure for 24 h to cAgNP-loaded BC and free cAgNP.
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(b)

4.5.3.6. Haemocompatibility
Haemocompatibility is an important property for biomedical applications of a
material. In the current study, cAgNPs were prepared in deionised water hence,
the hypothesis was drawn that cAgNP-loaded BC hydrogels may have
haemolytic properties. The test results revealed that cAgNP-loaded BC
hydrogels have a percentage haemolysis of 6.85 ± 1.12 % (n = 6). According to
the ASTM F756 standards haemolytic indices, this range is over the threshold
value of 5 %; hence, cAgNP-loaded BC hydrogels would be classified as a
haemolytic material.

4.5.3.7. Antimicrobial study
In the current study, PBS-loaded BC, HPβCD-loaded BC and cAgNP-loaded
BC hydrogels were tested against P. aeruginosa and S. aureus using the disc
diffusion assay at 24 h. PBS-loaded BC and HPβCD-loaded BC did not exhibit
antimicrobial activity; however, cAgNP-loaded BC demonstrated significant
antimicrobial activity (p <0.001) against both of the tested microbial strains
(Figure 4.29).

These results confirm the broad spectrum antimicrobial activity of cAgNPloaded in BC. Moreover, it emerged that cAgNP-loaded BC have stronger
antimicrobial activity (Figure 4.29) against P. aeruginosa as compared to S.
aureus (p < 0.001).
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Figure. 4.29. Antimicrobial activity assessed by ZOI measurements during the
disc diffusion assay for PBS-loaded BC, HPβCD-loaded BC and cAgNP-loaded
BC against P. aeruginosa, S. aureus and C.auris at 24 h (n = 10; error bars =
SD).

4.5.3.8. Anti-oxidant activity of cAgNP by DPPH assay
In the current study, the test results confirmed that silver nitrate and HPβCD
does not have antioxidant activity. cAgNP were successfully prepared using
CUR:HPβCD as reducing and stabilising agent. The percent antioxidant effect
(% E) for aqueous cAgNP colloidal suspension against DPPH was determined
to be 76.65 ± 3.21 % (n = 6).

4.5.3.9. Transparency test
The transparent nature of BC has already been presented (Figure 4.6a) and in
this part of the study, PBS-loaded BC hydrogels reconfirmed these findings
(Figure 4.30a). In this study, the transparency property of cAgNP-loaded BC
was evaluated by reading the text in different colours on white laminated paper
sheet through the test hydrogels. The results (Figure 4.30b) demonstrate
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cAgNP-loaded BC hydrogels allow monitoring the wound without the need for
removal of the dressing. This transparency testing is a simulation study and in
order to confirm the results, clinical validation would be required and could be
evaluated using in vivo animal models.

(a)

(b)

Figure. 4.30. Photomicrographs with the visual appearance of (a) BC loaded
with PBS; (b) cAgNP-loaded BC hydrogel pellicle.
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Chapter 5
Discussion
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5.1.

Discussion- Introduction

Wound healing is a complex and dynamic physiological process involving four
different phases [Martin et al., 2013] (Figure 1.1). On infliction of a wound, an
immune response is initiated to close the wounded area to protect from infection
[Tort et al., 2019]. Several mediators [Tejiram et al., 2016; Dealey, 2012; Paul and
Sharma, 2015; Singh et al., 2017a; Ramanathan et al., 2017] play a crucial role in
this process (Table 1.2). Wound healing facets require controlled inflammation, low
levels of reactive oxygen species (ROS) and controlled infections [Tort et al., 2019;
Mohanty and Sahoo, 2017; Akbik et al., 2014]. Various antibiotic and non-antibiotic
based antimicrobial agents (Table 1.1) are used to tackle the infected wounds, but
the emergence of antibiotic resistant strains and biofilms still pose a great deal of
challenge in the wound care sector [Radecka et al., 2015; Cao et al., 2019].
The conventional wound management approach that mainly aims to form a barrier
from the external environment and keeps the wound dry, fails to facilitate healing in
such non-healing chronic wounds [Arroyo et al., 2015]. Advanced wound
management, based on the concept of moist healing, is the treatment of choice for
such wounds [Winter, 1962]. Out of the different types of such moist advanced
dressings (Table 1.3), hydrogels have gained high research and clinical attention
[Varghese et al., 2012]. Various natural (e.g. BC, gelatin, dextran, alginate) and
synthetic materials (e.g. PVA, PVP, poly(acrylic acid), AMPS) have been identified
and employed to produce hydrogels suitable for wound dressing applications
(section 1.4.3 and Table 1.4). Moreover, being responsive to different stimuli such
as pH, temperature or light, hydrogels could prove beneficial in chronic wound
treatment [Guaresti et al., 2018; Sood et al., 2016]. Therefore, different homo and
heteropolymeric composite hydrogels, with stimuli responsive release of the active
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agents (hydrophilic and lipophilic) in a controlled manner, have attracted wide
attention within the scientific community (Figure 1.2). High affinity for water makes
the loading of hydrophilic active agents into the hydrogel base material relatively
easy. Furthermore, the use of solubility enhancing carriers like cyclodextrins (Figure
1.3) enables the loading of lipophilic active agents as well in hydrogel matrix
[Wathoni et al., 2017; Paramera et al., 2011; Mohan et al., 2012].

Owing to the unique properties, BC has attracted wide research interest in
biomedical sector. BC is a highly pure, biocompatible and non-pyrogenic
polysaccharide polymer [Pandey et al., 2017]. Although the molecular formula of BC
is similar to plant cellulose, unlike plant cellulose, BC is free from biogenic
compounds like pectin, hemicellulose, lignin and other constituents of lignocellulosic
material which make it chemically pure and suitable for biomedical applications
[Portela et al., 2019] (Table 2.1). In addition, its thermal stability, hydrophilicity,
transparency, high mechanical strength in the wet state and nanofibrillar
morphology, allowing loading of a variety of healing agents, are further desirable
properties for its consideration as a hydrogel matrix for wound dressings [Zmejkoski
et al., 2018; Moniri et al., 2017]. The unique features of bacterial cellulose led to its
applications in various biomedical sectors like orthopaedics (bone regeneration),
cardiology (vascular conduits), dentistry (dental implants), dermatology (temporary
skin substitute) and in wound management (wound dressings) (Table 2.2).

5.2.

Production and Purification of BC hydrogels

The concept of moist healing [Winter, 1962] has revolutionised the field of wound
management and led to an increased interest in the use of hydrogel-based
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dressings. In the current study, BC was used as a hydrogel matrix for the production
of antimicrobial hydrogels with wound dressing applications. G. xylinus produced BC
hydrogel pellicles (Figure 2.1) at the air-liquid interface in HS medium, in 2 weeks
under static conditions. During incubation, G. xylinus utilised the carbon source (in
the medium) and produced three dimensional nanofibers of BC (Figure 2.2) and
resulted in highly porous pellicles, as shown in Figure 2.3.
The BC pellicles after production were harvested and purified to get rid of entrapped
bacterial cells and excess media (Figure 4.1a). The removal of bacteria and
extraneous material on purification was confirmed in SEM photomicrographs (Figure
4.3a&b) and EDX results (Figure 4.4a&b). Once purified, the BC hydrogel pellicles
become clear and transparent (Figure 4.1b).

5.3.

Physicochemical characterisation of BC and antimicrobial-loaded

hydrogels
The swelling ratio of a hydrogel indicates its ability to absorb fluid and is an important
property for dressings, especially those used to manage heavily exudating wounds.
Hydrogel wound dressings with high degrees of swelling can be applied to a wide
variety of wound types, ranging from dry necrotic wounds to full thickness wounds
that produce a high volume of exudate [Kokabi et al., 2007]. BC is insoluble in water
and most organic solvents, but when immersed in aqueous media its fibrous
structure imbibes large amounts of fluid (Figure 2.4) and it swells. In the current
study, the swelling behaviour evaluation test results of the biosynthetic BC hydrogel
reveal a high swelling capacity with a swelling ratio of 12.08 ± 0.96 after 24 h, which
is in agreement with that reported by other groups [Nakayama et al., 2004;
Maneerung et al., 2008; Wei et al., 2011]. The high swelling of BC results from the
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development of hydrogen bonds with water molecules and the network-like structure
of the biopolymer itself that allows BC to imbibe and hold onto those molecules
(Figure 2.4) within the crosslinked polymer voids [Maneerung et al., 2008]. This high
water absorptivity enables BC to maintain a moist environment at the wound site by
donating or receiving fluids, thus maintaining an optimal environment in which
healing can progress [Lin et al., 2013].

BC does not have inherent antimicrobial properties [Wu et al., 2014]. BC has dense
three dimensional interwoven cellulose ribbons, leading to a network structure with
interspersed voids, which was evident in SEM images (Figure 4.3b-d). The unique
nanofibrillar structure and reswelling properties of BC enables it to be loaded with
antimicrobial and healing agents [Fu et al., 2013, Shah et al., 2013, Wu et al., 2014].
This morphological feature of BC attracted attention and several attempts have been
made to load different antimicrobial agents in BC for wound dressing applications.

Ionic silver is a broad spectrum antimicrobial agent with activity against yeast, fungi
and several antibiotic resistant bacteria, including methicillin resistant S. aureus
(MRSA) and vancomycin resistant enterococci (VRE) [Murphy and Evans, 2012]. Of
equal importance, Ag+ has relatively low toxicity in human cells at concentrations that
are antimicrobially active against pathogenic microbes [Copcia et al., 2011;
Wilkinson et al., 2011]. Since the dawn of the antibiotic era, the use of Ag+ has
gradually decreased, but the upsurge in multidrug resistant microbial strains has led
to a resurgence in interest [Chopra, 2007]. Ag+ ions are highly reactive and can bind
to multiple intra and extra cellular target sites, resulting in changes to microbial
cellular functionality, structural integrity, permeability and transport systems [Chopra,
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2007; Low et al., 2013; Maneerung et al., 2008; Martin et al., 2015]. Once
transported into the bacterial cytoplasm, Ag+ interact with essential intracellular
enzymes and DNA, thus restricting the ability to maintain vital cell functions and
impairing cell replication, that eventually lead to cell death [Castellano et al., 2007;
Low et al.,, 2011; Low et al., 2013]. The multifaceted, broad spectrum mode of action
of Ag+ can be highly effective at controlling chronic wound infections even at parts
per million concentrations [Brett, 2006]. Low and co-workers (2011) reported the
minimum lethal concentration (MLC) of Ag+ (from silver nitrate, AgNO3) against P.
aeruginosa and S. aureus, two most common wound colonising opportunistic
pathogens, to be 1.59 x 10-3 % w/v (equivalent to 15.9 ppm) and 5.08 x 10 -3 % w/v
(equivalent to 50.8 ppm) respectively [Low et al., 2011]. There are several
commercially available topical silver products including dressings (Acticoat ®,
Contreet-H®, Actisorb Silver 220®, Aquacel-Ag®, Ag Extra™), solutions (Sulfamylon®)
and creams (Silvadene®, Flamazine™) [Martin et al., 2013]. The most commonly
used products contain silver nitrate or silver sulfadiazine [Ip et al., 2006].

Zeolites are non-reactive, aluminosilicate microporous crystalline frameworks with
anionic cavities occupied by cations or water molecules [Kwakye-Awuah et al, 2008].
The cations and water molecules have considerable freedom of movement, thus the
charge balancing cations can be exchanged in aqueous medium with other cationic
species, without affecting the structure of zeolites [Copcia et al., 2011]. Cationic Ag+
interacts with the ionic zeolite framework to form silver zeolite (AgZ); the prolonged
release of Ag+ from the zeolite structure can be achieved by a controlled exchange
of cations [Kwakye-Awuah et al, 2013].
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Curcumin (diferuloylmethane) (CUR) is a naturally derived low molecular weight
polyphenolic compound well known for its pharmacological benefits in wound
healing, such as anti-inflammatory, anti-infective and anti-oxidant activities [Akbik et
al., 2014]. However, the hydrophobic nature of CUR can limit its biomedical
applications. This can be overcome by encapsulation into solubility enhancing
carriers

like

cyclodextrin

(CD).

CDs

are

cyclic

truncated-cone

shaped

oligosaccharides used as excipients in the pharmaceutical sector [Del Valle, 2004;
Jambhekar and Breen 2016]. In the current study, water soluble inclusion complex of
CUR was produced with HPβCD.

The emergence of nanotechnology enabling the production of silver nanoparticles
has served a new therapeutic modality. Silver nanoparticles (AgNP) owing to their
characteristic broad-spectrum antimicrobial properties have received increased focus
in biomedical applications including for wound management [Parveen et al., 2018;
Ravindran et al., 2019]. Among the several different approaches to synthesise
AgNP, the use of natural substances like plant extracts has received wide research
consideration due to the safe and eco-friendly procedure [Ravindran et al., 2019;
Keshari et al., 2018; Alsammarraie et al., 2018].

In the current study, three different types of BC based antimicrobial hydrogel
dressings were produced. Purified padded dry BC was loaded with:
1. An Ag+ donor, AgNO3 or AgZ to produce silver-loaded BC hydrogels,
2. Curcumin to produce curcumin-loaded BC hydrogels
3. Curcumin reduced silver nanoparticles to produce cAgNP-loaded BC
hydrogels
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Loading of chosen antimicrobial agent was performed by immersion under static and
agitated conditions for AgZ. Aqueous AgZ suspension tends to sediment under static
conditions, hence the loading was not consistent (visual examination, Figure 4.2a).
Abridged uptake of AgZ was further confirmed by reduced antimicrobial activity of
AgZ-loaded BC (static) in the disc diffusion assay test results (Figure 4.8). Based on
these findings, loading under agitated conditions was adopted as a standard protocol
throughout this study.

The microporous structure, large surface area and moisture retention ability enables
BC to absorb and retain large amount of active compounds [Portela et al., 2019].
When padded dry BC was immersed in a solution or a suspension, due to its
structural properties, it imbibed the fluid and along with the fluid, the antimicrobial
agents penetrated through the voids and got physically trapped in the fibre networks.
This resulted in the production of silver-loaded BC, Cur:HPβCD-loaded BC and
cAgNP-loaded BC. These results are in agreement with findings reported in literature
where authors reported the incorporation of compounds in BC by immersion. Shao et
al., (2016) reported the incorporation of tetracycline hydrochloride in BC by
immersion technique to produce antibacterial membranes.

In another study, BC

based antimicrobial wound dressings have been proposed; the quaternary
ammonium compound with antimicrobial property was produced using dilinoleic acid,
ethylenediamine and tyrosine and impregnated in BC by immersion technique
[Żywicka et al., 2018]. These dressings demonstrated strong antimicrobial activity
against S. aureus and S. epidermidis.
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Along with carbon and oxygen traces (elemental composition of BC), aluminium,
silicon, calcium, sodium, magnesium and iron (elemental composition of zeolites),
the traces for elemental silver could be found in EDX results of AgNO3-loaded BC,
AgZ-loaded BC and cAgNP-loaded BC, confirming the presence of silver in these
hydrogels (Figure 4.4c&d; Figure 4.27). In addition to the EDX findings, the loading
of antimicrobial agents (AgNO3, AgZ, CUR:HPβCD and cAgNP) in BC was evident in
SEM photomicrographs (Figure 4.3g,h&j; Figure 4.15d; Figure 4.26). SEM images
confirmed that the antimicrobial agents got trapped in the BC fibres. Analysis of SEM
images further revealed that, in addition to cAgNP, there was CUR:HPβCD trapped
in cAgNP-loaded BC (Figure 4.26). Along with the reducing and capping properties
of CUR in CUR:HPβCD in cAgNP synthesis, CUR:HPβCD has demonstrated other
wound healing properties (e.g. antimicrobial and antioxidant activities, discussed
later). Thus, the excess of CUR inclusion complex in cAgNP-loaded BC may deliver
additional benefits contributing to wound healing.

CUR:HPβCD (yellow powder) was produced (Scheme S5a-c in the supporting
information) from the CUR (dark yellow powder) and HPβCD (white powder) by
solvent extraction method. These results in agreement with Yallapu et al., (2010)
where the authors reported the formation of light yellow coloured fluffy power of
CUR:CD using CUR and βCD by the solvent evaporation method.
The formation of the CUR:HPβCD inclusion complex was confirmed before loading
in BC. The solubility test results (Figure 4.14) on an aqueous solution of the
inclusion complex gave a strong absorbance peak at around 430 nm, corresponding
to lambda max for CUR and confirmed the inclusion of CUR in HPβCD. These
results correspond with previous studies reporting CUR has poor aqueous solubility
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[Mohammadian et al., 2019], which could be enhanced by its inclusion in CD cavity
[Mohan et al., 2012; Li et al., 2018].
CUR is a crystalline compound with a distinctive diffraction pattern, whereas HPβCD
is amorphous in nature, which is evident in the XRD results (Figure 4.17a&b). Upon
the inclusion of CUR in CD cavity, the diffraction peaks of CUR disappears [Aytac &
Uyar 2017]. The loss of characteristic peaks of CUR upon inclusion in HPβCD, which
was evident in the XRD test results (Figure 4.17c), further confirmed that CUR
formed an inclusion complex with HPβCD. Similar findings are published by Mohan
et al., (2012), where the authors reported the loss of well-defined crystalline peaks in
the XRD results of CUR after its inclusion in hydroxypropyl-γ-cyclodextrin (HPγCD).
In another study, the authors produced the inclusion complex of CUR with HPβCD
by the solvent evaporation method; the characteristic diffraction peaks of CUR were
reported to be absent in the XRD of the inclusion complex whereas some peaks
were seen in the physical mixture of the parent compounds (CUR and HPβCD)
[Radjaram et al., 2013]. Aytac and Uyar (2017) made an attempt of producing the
core-shell nanofibers of CUR:HPβCD as a core and polylactic acid as a shell by
electrospinning. The authors reported the loss of diffraction peaks of CUR in the
nanofibers in the XRD results, suggesting the true inclusion complexation between
CUR and HPβCD [Aytac & Uyar 2017]. Inclusion complex formation was also
suggested in 1H NMR results, with upfield shift in H3 and H5 protons of HPβCD upon
inclusion of CUR in its cavity (Figure S5&6). ROESY NMR correlation between H5
of HPβCD and CUR aryl protons spectrum further confirmed these findings (Figure
4.18).
The thermokinetic data could be used to understand the thermal decomposition
reaction and helps determine the storage conditions [Shamsipur et al., 2013]. The
150

comparison of TG curves of pure compounds, their physical mixture and the
CUR:HPβCD inclusion complex could provide evidence of interactions between
compounds and the formation of inclusion complex [Mura, 2015]. Thermal
degradation data revealed that the thermal stability of the inclusion complex was
higher as compared to its constituting moieties (Figure 4.20), but as the current
study aims at the application of the product at the physiological temperature, so the
decomposition at high temperatures (>300 °C) was not significant. It should be noted
that, due to the inclusion of CUR in HPβCD cavity, the thermal behaviour of CUR
was different from free CUR, which is in accordance with Ishiguro et al., (1995),
where the authors observed the difference in the weight loss trend in TG curves of
free CD (αCD), physical mixture (αCD and linoleic acid) and encapsulated linoleic
acid in αCD. αCD and linoleic acid demonstrated a distinctive weight loss trend. The
authors reported all significant weight losses from the parent moieties in both the
physical mixture and the encapsulated complex, although the weight loss related to
linoleic acid was less in the inclusion complex as compared to the physical mixture.
This suggests that linoleic acid complexed with αCD resulting in its thermal stability
after inclusion in CD cavity [Ishiguro et al., 1995]. In the current study, the melting
endothermal peak for CUR was absent in the thermogram of the inclusion complex.
This may be due to molecular interactions of inclusion of CUR in the HPβCD cavity
(Figure 4.20c) thus indicating the formation of the inclusion complex.
The use of natural compounds in nanotechnology is attracting wide research
interest. In the present study, a novel green chemistry approach using aqueous
CUR:HPβCD to reduce AgNO3 to produce cAgNP was developed. The change in
colour from colourless to pale yellow to yellow brown with CUR:HPβCD dose
increase during cAgNP production was observed.

This could be due to the
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excitation of surface plasmon vibrations in AgNPs, which is in accordance with
findings reported by Alsammarraie et al., (2018). The authors used the aqueous
extract of turmeric powder to synthesise AgNP by stirring overnight at room
temperature. The colour of the mixture changed from yellow (at the start) to light
brown, brown and finally brown-red (after 24 h) [Alsammarraie et al., 2018]. In
another research, AgNP were produced using tubers of Curcuma longa (powder and
aqueous extract). The authors observed the bioreduction of AgNP from AgNO 3
associated with the change in colour to pale yellow (after 2 h), which intensified with
time and increased dose of C. longa powder or extract, due to excitation of surface
plasmon vibrations in AgNP [Sathishkumar et al., 2010].
cAgNP produced in the current study were characterised for the size distribution and
surface charge. TEM results revealed the average size of cAgNP in the range of
42.71 ± 17.97 nm with a homogenous thin layer of capping agent (Figure 4.25a-c).
As the method employed in the current work only involved AgNO 3 and CUR:HPβCD,
without the use of any organic solvents and additional capping agents, this suggests
that CUR:HPβCD was acting both as a reducing and capping agent. These results
are in agreement with the green synthesis of AgNP by Alsammarraie et al., (2018),
where an aqueous extract of turmeric has been reported as both reducing and
capping agent. The functional groups in turmeric have been proposed as potent
reducing agents and the proteins as a capping agent to stabilise AgNP
[Alsammarraie et al., 2018]. Similar findings are published by Song et al., (2019),
where the authors fabricated AgNP using CUR by ultra-sonication for 30 min and
reported the role of CUR as reducing and capping agent. Yang et al., (2016)
undertook the synthesis of AgNP by two different methods and observed that AgNP
produced using CUR were more stable than AgNP synthesised by citric acid. The
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authors reported the role of CUR as reducing and capping agent in the synthesis
route. Moreover, Khan et al., (2019) also reported the use of curcumin (in the form of
curcumin oxide) as a reducing and capping agent in AgNP synthesis.
SEM photomicrographs also revealed the diameter of cAgNP (37.2-65.1 nm) (Figure
4.26a&b), which is in agreement with TEM results. DLS results identified
nanoparticles with the hydrodynamic diameter of 182.10 ± 8.83 nm and PDI of 0.196
± 0.009 (Figure 4.25d). These results indicate both the nucleation to form new
nanoparticles and aggregation could be happening consecutively. These findings are
consistent with studies reported by Sathishkumar et al., (2010), where the authors
have shown that during the AgNP synthesis using C. longa (powder or extract), both
nucleation to form new AgNP and aggregation to form larger particles occurred
consecutively.
Low PDI value (0.196) indicates that the colloidal cAgNP was not very
polydispersed. The zeta potential value is directly proportional to the stability of
nanoparticle dispersion [Srivatsan et al., 2015]. Zeta potential value of -20.1 ± 0.702
mV recorded in the current study was in a close range to the previously reported
values of -27.9 mV for AgNP bioreduced using curcumin [Song et al., 2019].
FTIR results (Figure 4.5b; 4.16d) confirmed that the purified biosynthetic BC
hydrogel produced by G. xylinus closely resembles commercial cellulose. The broad,
characteristic peak around 3328 cm-1 falls within the region of 3200–3550 cm-1, which
is attributed to the stretching of O–H bond [El-Shishtawy et al., 2011]. This may also
be due to the stretching of the intramolecular hydrogen bond of 3O…H–O5 within the
BC network, which has been reported to show a characteristic peak at 3348 cm -1 [Oh
et al., 2005]. The narrow peak at 2900 cm-1 is due to C–H stretching of CH2 and CH3
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group, whereas the peak at 1640 cm-1 is due to the O–H bending of water molecules
[Barud et al., 2008]. The peak at 1375 cm-1 (C–H bending) provides an indication for
the presence of crystalline regions within the BC structure [Castro et al., 2011].
Besides that, the peaks at 1159 cm-1 (asymmetrical C–O–C bridge stretching) and
1055 cm-1 (skeletal vibrations involving C–O stretching) can also be attributed to BC
[Barud et al., 2008]. The encapsulation of AgNO3 into the BC is confirmed by the
occurrence of the specific peaks for Ag at 733 cm -1 and 803 cm-1 [Valverde-Aguilar et
al., 2011]. The vibration bands within the region of 1350–1400 cm-1 are attributed to
nitrate ions (NO3-) [Salim and Malek, 2016]; hence the presence of a broad peak in
the region of 1300 - 1400 cm-1, indicates the availability of the nitrate group within
AgNO3-loaded BC. The peaks of AgZ-loaded BC at 980 cm-1 (asymmetric vibration
of Si–O) suggest the presence of a three-dimensional silica phase within the zeolite
structure and the peak at 665 cm-1 (symmetric stretch) may be attributed to the
internal vibrations of the tetrahedral framework [Shameli et al., 2011]. FTIR spectra
of zeolites reveal the occurrence of a large, intense band at around 986 cm-1,
corresponding to the vibration of the Si–O–Si [Hanim et al., 2016], whereas the peak
at 676 cm-1 may be due to the bending of Al–O bonds within the zeolite structure
[Shameli et al., 2011]. Additionally, peaks occurring within the region of 420–500 cm1

may also indicate internal vibrations due to the bending of the T–O tetrahedra, e.g.

477 cm-1 corresponding to the internal vibration of (Si, Al)O4 tetrahedra within the
zeolite structure [Karimi-Shamshabadi and Nezamzadeh-Ejhieh, 2016]. The
presence of silver within the AgZ-loaded BC network is confirmed by the peak at 553
cm-1, that indicates the Ag–O stretching of AgO and Ag2O within the 500–600 cm-1
region [Waterhouse et al., 2001; Kim et al., 2013].
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Moreover, in case of FTIR results of CUR, the characteristic sharp peak at 3504 cm -1
and a broad peak at band regions of 3308 cm -1 suggested the presence of OH; 1619
cm-1 was assigned to C=C and C=O vibrations; 1591 cm -1 to the stretching vibrations
of benzene ring and 1497 cm-1 to the C=C (Figure 4.16a). For HPβCD the
characteristic broad peak at 3340 cm-1 was assigned to stretching vibrations of OH
group; 2927 cm-1 to C-H stretching and other prominent peaks presented at 1156
cm-1 and 1084 cm-1 (C-H), 1024 cm-1 (C-O-C glucose units) (Figure 4.16b). In
CUR:HPβCD, due to the encapsulation of CUR in HPβCD cavity, the peaks of CUR
appeared to be masked or shifted. The prominent peaks at 3504 cm-1 and 1619 cm-1
appeared to be masked by HPβCD molecular vibrations in the inclusion complex
(Figure 4.16c), which could be due to the inclusion of CUR in HPβCD cavity [Sun et
al., 2014; Mohan et al., 2012; Li et al., 2018]. Furthermore, the characteristic peaks
of the inclusion complex and BC were observed in the CUR:HPβCD-loaded BC
spectrum (Figure 4.16e), thereby confirming the loading of the inclusion complex in
the BC network.
The thermokinetic data did not show decomposition at normal working temperatures,
suggesting that the production and storage of the inclusion complex at room
temperature does not affect its thermal stability [Figure 4.20]. BC is thermally stable
at the standard autoclaving temperatures [Figure 4.19]. The data from the current
study suggests that the inclusion complex is also thermally stable at such
temperatures. Since BC and the inclusion complex are both thermally stable at the
standard autoclaving temperatures, the hydrogel dressings may be sterilised by
autoclaving prior to the application on the wound site.
Wound dressings with high moisture content offer several benefits including, but not
limited to, high malleability, easy and pain free removal of the dressing, cooling and
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soothing effect resulting in a sensation of pain reduction with a capability of
developing a moist microclimate that has been proven to enhance epithelialisation
[Vowden and Vowden, 2017, Winter, 1962, Di et al., 2017, Tyeb et al., 2018]. BC (>
99.5 %) and other BC based hydrogels produced in the current study i.e. AgNO3loaded BC (99.16 ± 0.20 %), AgZ-loaded BC (98.06 ± 0.16 %), CUR:HPβCD-loadedBC (97.63±0.057 %) and cAgNP-loaded BC (98.86 ± 0.04 %) demonstrated high
moisture content. These findings indicate that the difference in the mass of neat
hydrated BC and antimicrobial-loaded BC is contributed to by antimicrobial agents
(AgNO3, AgZ, CUR:HPβCD, cAgNP), which were physically trapped in the fibre
network of BC during the loading process. Attributed to the high water content, these
hydrogels can confer benefits (discussed above) like increased malleability, soft
texture and can create a moist environment with increased dissolved oxygen to
facilitate aerobic conditions at the wound-dressing interface. In addition, these
hydrogels may ease removal of the dressing, reduce pain sensation and therefore,
improve patient comfort and compliance. These features have been reported to
facilitate the wound healing process [Jiji et al., 2019, Zmejkoski et al., 2018, Portela
et al., 2019, Khalid et al., 2017] and therefore, BC and BC based hydrogels have
attracted increased interest in the wound care sector.
Monitoring of wound healing process is vital from a clinical perspective [Flanagan et
al., 2003, Kenworthy et al., 2018, Malone et al., 2020]. Routinely, this assessment is
carried out by visual observation of the wound site by the removal of the dressing;
however, this can disturb the granulating tissue and could cause trauma to the
wound [Vowden and Vowden, 2017]. A dressing with the feature enabling noninvasive monitoring of the healing process without the need to remove the wound
dressing has the potential to ensure effective management [Zhang et al., 2017]. This
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would allow regular clinical assessment of the wound healing process, improve
patient comfort and potentially lower the cost of treatment with less frequent dressing
change.
Transparency is a property that measures the ability of the material to allow the light
pass through without scattering [Shahbazi et al., 2019]. In the current study an
attempt was made to produce the hydrogel dressings delivering this feature. BC
demonstrated

over

85

%

transmission

(%)

and

CUR:HPβCD-loaded

BC

demonstrated over 66 %, advocating their ability to deliver the clinical monitoring of
the healing process through the hydrogel. The transparency assessment of the
hydrogels was further extended by reading the text typed in different colours through
hydrated BC and antimicrobial-loaded BC hydrogels. BC (Figure 4.6a; Figure 21a;
Figure 4.30a), AgNO3-loaded BC (Figure 4.6b), CUR:HPβCD-loaded BC (Figure
4.21b) and cAgNP-loaded (Figure 4.30b) demonstrated good transparency when
text was read through these hydrogels. AgZ-loaded BC displayed limited
transparency feature, as text was not fully readable through these hydrogels (Figure
4.6c). This could be attributed to the colour of the AgZ, which reduced the
transparency levels of these hydrogels. A lower AgZ (<1 %) concentration may
resolve this issue and could improve the transparency levels.
Several protocols have been reported in the literature to evaluate the transparency of
hydrogels with wound dressing applications [Di et al., 2017, Tehrani et al., 2016].
The method designed and employed in the current study for transparency testing
may not exactly mirror the real wound site; for that to be considered, this study could
be extended to in vivo animal models. Nevertheless, this method has several
advantages due to its simplicity and low cost.
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Several methods have been reported for the determination of small molecule
antimicrobial release from wound dressings (including metal ions) such as beaker,
diffusion cell, paddle over disc and two compartment model [Maneerung et al., 2008;
Wei et al., 2011; Jadhav et al., 2012; Peršin et al., 2014; Wu et al., 2014]. Each
method has unique advantages and disadvantages, and hence no single, standard
method has been adopted for the determination of silver release from dressings. In
this study, a refined silver release method using 24-well tissue culture flat bottom
plates and TSB as the release medium was developed for underpinning the release
properties of silver compounds (AgNO3 and AgZ) from BC. At the wound site, silver
release from dressings is dependent on several factors, including the type of wound,
classification and size of dressing and volume of exudate. The method designed and
employed for the determination of silver release in the current study may not exactly
mirror the real wound environment; for that to occur the presence of phagocytes,
inflammatory mediators, hydrolytic enzymes, reactive oxygen species, bacteria and
their associated by-products would need to be considered [Ovington, 2007; Martin et
al., 2013]. Nevertheless, this method has several advantages due to its simplicity,
low cost and biorelevant temperature conditions. Silver release, as quantified by ICP
indicated that the Ag+ zeolite-loaded hydrogels (AgZ-loaded BC) released more Ag+
(137.60 ± 16.17 ppm) than their AgNO3 (64.53 ± 6.47 ppm) counterparts (AgNO3loaded BC) (Figure 4.7). The microporous zeolite framework allows greater initial
Ag+ loading and a subsequent ion-exchange mediated release of biologically active
Ag+ into the surrounding medium [Kwakye-Awuah et al., 2008]. The results further
confirmed that silver release from AgZ-loaded BC was steady and prolonged, which
advocates the potential application of AgZ-loaded BC as an antimicrobial hydrogel
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dressing for infected non-healing wounds. This feature would permit less frequent
dressing change, which could bring the cost of wound management down.

Invasion of opportunistic microbes could impair wound healing, leading to chronic
non-healing wounds [Williams et al. 2018, Nagoba and Davane, 2019]. Following the
evaluation of release behaviour of these hydrogels, antimicrobial properties of silverloaded BC hydrogels was evaluated using the disc diffusion assay. The antimicrobial
test results revealed that BC loaded under conditions of constant agitation
demonstrated greater antimicrobial activity, compared to the statically loaded
hydrogels. This may be due to the more evenly distributed Ag+ loading under
agitated condition as compared to static incubation, which contributed to a more
consistent release of Ag+ (Figure 4.8).

The prolonged antimicrobial activity exhibited by AgZ-loaded BC against both P.
aeruginosa and S. aureus (Figure 4.9; Figure 4.10) resulted from the controlled
release of Ag+ from the zeolite structure. Zeolites are crystalline aluminosilicate
cages with cavities occupied by cations or water molecules. The AgZ acts as an
inorganic reservoir and silver in the zeolite have considerable freedom of movements
[Kwakye-Awuah et al., 2008]. Varied amount of Ag+ can be stored in zeolites and the
release profile of silver depends on the zeolite and the ionic strength of the medium.
Therefore, AgZ serve as a unique platform for the controlled release of silver [Dutta
and Wang, 2019]. In the current study, in addition to the ionic exchange-based
release of Ag+ encapsulated within the zeolite, BC matrix was able to provide a
second layer of controlled release. In contrast, release of Ag+ from AgNO3-loaded
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BC was only controlled by the BC matrix, hence Ag+ release was less prolonged
when compared to AgZ-loaded BC.

Results revealed that both AgZ-loaded BC and AgNO3-loaded BC exhibited
antimicrobial activity against the Gram positive and Gram negative strains tested, but
that activity was stronger and more prolonged against P. aeruginosa compared to S.
aureus. Ag+ has strong bactericidal activity [Copcia et al., 2011], and Gram negative
bacteria are more susceptible to Ag+ than the Gram positive species [Ip et al., 2006;
Waghmare et al., 2015] due to differences in their cell wall structure and
composition. The Gram positive bacterial cell wall contains a thicker peptidoglycan
layer than that of Gram negative strains. Gram positive bacterial cell walls typically
lack an outer membrane and are mainly composed of a thick, negatively charged
peptidoglycan layer and cytoplasmic phospholipid bilayer. Contrary to this, Gram
negative microorganisms have a thin (≈2–3 nm) peptidoglycan layer between the
outer membrane and the cytoplasmic phospholipid bilayer [Le et al., 2010]. The
composition of the peptidoglycan layer, which contains teichoic acids, contributes to
the overall anionic charge of the Gram positive cell surface [Neuhaus and Baddiley,
2003]; this greater net anionic charge may bind more Ag+, thus reducing the amount
that can reach the plasma membrane and intracellular targets to exert their
antimicrobial activity. This finding is in agreement with Le et al. (2010) who reported
that E. coli (Gram negative) was more sensitive to the effects of silver nanoparticles
(versus S. aureus, a Gram positive) because of differences in the thickness of the
peptidoglycan layer [Le et al., 2010]. Gram negative microorganisms are generally
less sensitive to antibiotics and certain antimicrobial agents due to the selective
permeability and protective mechanism of their outer membrane structure
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[Bomberger et al., 2009; Sperandeo et al., 2009]. Nevertheless, Ag+ has shown its
ability to exert microbiocidal activity against a variety of pathogenic microorganisms,
including drug resistant strains. In addition, its multi-target antimicrobial activities are
advantageous in limiting the potential development of resistant microbial strains
[Brett, 2006; Radecka et al., 2015]. Hence, the development of a responsive, topical
silver formulation would be extremely useful for the treatment of infected chronic
wounds.

The release of CUR was also examined from CUR:HPβCD-loaded BC hydrogels.
Results revealed that the maximum CUR release of 82.19 ± 4.75 % was achieved at
48 h (Figure 4.23) through these hydrogels. These findings confirmed high
bioavailability of CUR at the wound site to control bacterial infection during the
treatment period. The antimicrobial properties of CUR:HPβCD-loaded BC hydrogels
against S. aureus was evaluated using the disc diffusion assay by measuring the
zone of inhibition (Figure 4.24). CUR is well known for its antimicrobial properties
against a broad range of microorganisms [Mun et al., 2013; Hu et al., 2013, Silva et
al., 2018]. Its antimicrobial activity ensues due to its ability to interact with an
essential prokaryotic cell division initiating protein (FtsZ) [Silva et al., 2018, Rai et al.,
2008]. Moreover, it has been identified to possess an inhibitory effect against sortase
A, a membrane-associated transpeptidase that plays a crucial role in modulating the
ability of Gram-positive bacteria (including S. aureus) to adhere to the host tissue
and cause infection [Hu et al., 2013]. The disc diffusion results confirmed that CUR
maintained its antimicrobial feature even after encapsulation in the HPβCD cavity,
demonstrating the potential use of CUR:HPβCD as an antimicrobial for wound
management.
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Silver nanoparticles have been intensively studied as antimicrobial agents
[Alsammarraie et al., 2018, Lyu et al., 2020, Sathishkumar et al., 2010]. Different
mechanisms of action of AgNPs have been proposed as their antibacterial and
antifungal effect is not completely known [Guzman et al., 2012]. In bacteria, AgNPs
have the ability to increase the permeability of the cell membrane, interfere with DNA
replication, denaturation of bacterial proteins and release of silver ions inside the
bacterial cell [Lyu et al., 2020, Guzman et al., 2012].

Like AgNO3-loaded BC and AgZ-loaded BC, cAgNP-loaded BC demonstrated higher
activity against P. aeruginosa as compared to S. aureus (Figure 4.29). This could be
explained by the difference in the cell structure of Gram positive and Gram negative
bacteria. AgNPs have been reported to have the ability to separate cytoplasm from
bacterial cell wall (plasmolysis effect), leading to the cell death in P. aeruginosa. In
S. aureus, AgNPs act differently and cause the bacterial cell death by inhibiting the
cell wall synthesis [Lyu et al., 2020, Guzman et al., 2012, Song et al., 2006].
Normal skin has the ability to control the water loss by evaporation from the body, to
prevent dehydration, which gets compromised when the integrity of the skin is
affected by injury. Lamke et al., (1977) reported the evaporation water loss of
204±12 g/m2/24 h from the normal skin, which could go up to 5138.4±201.6 g/m 2/24
h in case of a granulating wound.
An ideal wound dressing material must have a property to control the evaporative
water loss from the wound [Hu et al., 2019]. High WVTR may lead to dehydration
and scab formation, whereas very low WVTR may lead to the accumulation of
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exudate, maceration of periwound skin and increased risk of infections [Tyeb et al.,
2018]. Previous reported studies suggest that a WVTR level of 2000-2500 g/m2/24 h
would be sufficient to maintain an optimum moist environment at the wound site [Hu
et al., 2019, Adeli et al., 2019]. The WVTR results in the present study revealed that
the WVTR range of BC (2526.32-3137.68 g/m2/24h) and CUR:HPβCD-loaded BC
hydrogels (2258.53-2460.63 g/m2/24h) were close to the recommended range,
hence would be suitable for wound healing applications.

Moreover, the results

revealed that the loss of water from neat BC hydrogels was more than from the test
hydrogels (CUR:HPβCD-loaded BC). We postulated this is due to the CUR-HPβCD
loaded in the BC network structure reducing the void space in the hydrogels and
controlling the transmission of water in CUR:HPβCD-loaded BC hydrogels compared
to neat BC.

5.4.

In vivo studies of hydrogels: haemocompatibility, cytocompatibility and

antioxidant activity
Haemocompatibility is an important feature for a material to be considered for clinical
application as a wound dressing. If not haemocompatible, a material may activate
coagulation and adverse cellular response. With the aim of wound management
applications, haemocompatiblity of BC and antimicrobial-loaded BC hydrogels was
tested. The test results revealed that BC is a non-haemolytic material as %
haemolysis caused by BC hydrogels when in contact with defibrinated horse blood
was < 0.1 %.

These results on the haemocompatible nature of BC are in

accordance with findings of Leitão et al., (2013) who reported BC as
haemocompatible, thus a safe and suitable material in cardiovascular applications
for the development of vascular grafts. In another in vitro study, BC when maintained
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in contact with human blood for 3 h at 37 ºC with gentle inversion every 30 min,
demonstrated hemolytic index of 1.43 %, which confirmed its haemocompatible
nature [Andrade et al., 2011]. Moreover, CUR:HPβCD-loaded BC prepared by
dissolving CUR:HPβCD in NS and loaded in padded dry BC also demonstrated
haemocompatible nature (<0.20 % percent haemolysis) for wound management
applications.

AgNO3-loaded

BC,

AgZ-loaded

BC

and

cAgNP-loaded

BC

demonstrated high haemolysis (%). The higher haemolysis (%) of the tested
hydrogels could be attributed to the use of deionised water instead of the isotonic
solution for the synthesis of solution of AgNO3, suspension of AgZ and colloidal
cAgNP for loading in padded dry BC. In the case of chronic wound, there could be
necrotic tissue or slough at the wound bed, hence the haemolytic behaviour of these
hydrogels may be minimal. However, further research on the production of silverloaded BC and production of AgNP using CUR:HPβCD dissolved in isotonic solution
for loading in BC may improve haemocompatibility of these hydrogels.

In addition to haemocompatibility, cytocompatibility is another vital property for a
material with potential biomedical application. In the current study, cytocompatibility
of BC was tested and the results revealed that BC in cytocompatible with HEK 293
cell line with the cell viability (%) of > 98.5 %. These results are in accordance with
other findings where BC has been documented to be cytocompatible for biomedical
applications. Jiji et al., (2019) developed thymol enriched BC hydrogels for third
degree burn wound repair. The authors found these hydrogels to be biocompatible to
mouse 3T3 fibroblast cells (in vitro study) and effective natural burn wound material
in female albino Wistar rats (in vivo study). Pértile et al., (2012), conducted a BC
long-term biocompatibility (up to 1 year) evaluating the biocompatibility of BC
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subcutaneous implants and BC nanofibres (injected subcutaneously) in male BALB/c
mice (in vivo model). The authors found no clinical signs of inflammation at the
incision sites, with no foreign body reaction; signs of angiogenesis inside the BC
implants were reported. No significant effect on leukocyte haematopoiesis was
observed by BC nanofiber implants in the test animals as compared to the controls
(with no BC nanofiber implants). Based on these findings, the authors confirmed that
BC is an eligible material for biomedical applications [Pértile et al., 2012]. Di et al.,
(2017) fabricated transparent composite wound dressings of BC with poly(2hydroxethyl methacrylate) with and without silver. The authors tested the
biocompatibility of these hydrogels (in vitro) on the NIH-3T3 (mouse embryonic
fibroblast cell line). Both composite hydrogels demonstrated good cell viability, but at
each time point (24 h, 36 h and 48 h), BC hydrogels without silver showed slightly
higher cell viability (78.5 %, 109 % and 104.5 % respectively) as compared to silver
loaded composite hydrogels (72.8 %, 94.5 % and 90.6 % respectively) [Di et al.,
2017].

These

results

further

confirm

the

cytocompatible

nature

of

BC.

Cytocompability is one of the many intrinsic features of BC leading to its use in
fabricating proprietary products like DermafillTM, Biofill®, XCell®, and Gengiflex®
[Portela et al., 2019, Lee et al., 2014, Lopes et al., 2014, Moniri et al., 2017]. High
bacterial burden at the wound site has a deleterious effect on the wound healing,
hence the use of an antimicrobial becomes imperative. Since bacteriostatic and/or
bactericidal agents may have a harmful effect on the host cells, therefore a
benefit:risk ratio has to be evaluated for the selection of antimicrobial wound
dressings [Hiro et al., 2012]. The use of proprietary silver dressings in chronic wound
management to control the microbial bioburden is a good example where the benefit
outweighs the risk of cytotoxic effect of silver [Hiro et al., 2012, Zou et al., 2012]. In
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the current study, the MTT cytocompatibility study aims to find out how the
antimicrobial agent (silver and CUR) release from the BC-based hydrogels affects
the survival of mammalian cells. Different cell lines were used in this study and most
of them (Panc 1, MSTO, U251 and A549) tolerated up to 2% CUR:HPβCD over
24hrs and showed very good survival rates (Figure 4.22a-c). Despite being very
sensitive, the A549 cell line also showed around 60 % survival at the highest tested
dose (2 % CUR:HPβCD). Although this will be a significant decrease in cell survival
in comparison to control, this dose has not even reached the standard IC50/50 %
cell death to define this as a highly toxic effect. Moreover, in patients, this will
correspond to how much free CUR is being released from the material and get in the
systemic circulation. It is very unlikely that this amount will cause the toxic effect to
vital organs. When cell viability (%) was tested for free CUR:HPβCD and
CUR:HPβCD-loaded in BC, the experimental results showed that there was no
significant difference between the two forms (Figure 4.22a-c). Hence, it can be
concluded that BC matrix used to deliver CUR:HPβCD inclusion complex does not
affect the cell viability. These results are in accordance with other cytotoxicity studies
reporting the cytocompatible nature of CUR and its conjugates for biomedical
applications. Amirthalingam et al., (2015), reported the production of curcumin
containing chitosan microcomplex particles and loading these in chitosan scaffold to
fabricate antimicrobial wound dressings. The authors tested the cytotoxicity and the
ability of these CUR containing chitosan scaffolds on Vero cells as a model for
mammalian cells by in vitro MTT assay. The results showed that the material was
non-toxic and supports cell proliferation (48 h incubation), thus hold the potential for
wound management applications [Amirthalingam et al., 2015]. In another study, CUR
containing nanofibrous scaffolds were found to be sufficiently cytocompatible with L-
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929 fibroblasts to support cell growth over a period of 3 days [Kurniawan et al.,
2017]. Liu et al., (2019), reported the synthesised of CUR containing chitosan:aloe
membrane for skin regeneration. The biocompatibility tests were undertaken on NIH3T3 cells (in vitro) and on male Wistar rats (in vivo) as implants in a full-thickness
skin wounds. In vitro test results revealed that CUR stimulates proliferation as CUR
containing film achieved 112.49 % cell viability (relative) among all the groups tested
(Film1: chitosan:aloe vera; Film 2: chitosan:aloe vera-PLGA; Film 3: chitosan:aloe
vera-CUR-loaded PLGA). Moreover, in the in vivo studies where gauze was used as
a control, all the 3 composite films showed better and faster healing than the control
group. Among all the composite films, film 3 with CUR showed fastest wound healing
with smallest wound size on day 7 and 14. These findings further support the
potential wound dressing applications of CUR:HPβCD-loaded BC hydrogels.
Cytocompatibility of AgNO3-loaded BC, AgZ-loaded BC and cAgNP-loaded BC
hydrogels was tested on Panc 1, U251 and MSTO cell lines. cAgNP-loaded BC
hydrogels demonstrated good cell viability (%) with all the tested cell lines as
determined by MTT assay (Figure 4.28). Panc 1, U251 and MSTO showed 84.08 ±
7.80 %, 95.4 ± 4.42 % and 95.58 ± 8.05 % cell viability (%) respectively. When the
test was undertaken with the equivalent amount of free cAgNP, the viability (%) was
highly reduced with Panc 1 (23.77 ± 5.05 %), U251 (33.58 ± 9.61 %) and MSTO
(38.21 ± 12.31 %). These results suggest that BC controls the release of cAgNP,
thus minimising the cytotoxic effect on the mammalian cells. These findings support
the potential application of cAgNP-loaded BC for wound management as hydrogel
dressings.
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AgNO3-loaded BC and AgZ-loaded BC have variable response with the tested cell
lines (Figure 4.11a&b). AgNO3-loaded BC displayed lower cytocompatibilty as
compared to AgZ-loaded BC against all three cell lines (Panc 1 12.4 ± 1.86% vs 28.8
± 9.38; U251 30.58 ± 12.47 vs 58.87 ± 4.1 and MSTO 58.01 ± 20.93 vs 73.39 ± 8.25
% for AgNO3-loaded BC vs AgZ-loaded BC). When free AgNO3 and AgZ were
tested, the viability was highly reduced. These results further confirm that BC acts as
a controlled release matrix, thus minimising the cytotoxic effects of strong
antimicrobial agents like silver. The cytotoxicity of 0.55 % AgNO3-loaded BC and 1 %
AgZ-loaded BC could be improved by reducing the amount of silver content in the
hydrogels. This could be decided based on the type and site of wound, dose
requirement for controlling infection at the wound site and the risk to benefit ratio
assessment, by the wound management team.

In addition to infection, oxidative stress has been identified, through preclinical and
clinical studies, as one of the major causes of nonhealing in chronic wounds
[Mohanty and Sahoo, 2017]. CUR is reported as a potent antioxidant due to its ability
to reduce reactive oxygen species such as super oxide radicals, lipid peroxyl radicals
and hydroxyl radicals [Akbik et al., 2014, Jena et al., 2011]. Its antioxidant activity
arises due to its ability to undergo H-atom abstraction from its phenol groups, giving
rise to a stable, delocalised radical species [Mohanty and Sahoo, 2017]. Several
methods have been adopted to assess the free radical scavenging potential of antioxidant substance and the DPPH assay is still one of the routinely practiced method
for this assessment. In the current study, along with AgNO3, AgZ and HPβCD, the
antioxidant activity of CUR:HPβCD was assessed by this assay. Moreover, the study
was extended to test CUR:HPβCD reduced AgNP as well. The reaction of DPPH
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radicals with antioxidant is a kinetic driven process, which varies for different
antioxidants. In the current study, a fixed reaction time mode of 30 min was adopted
for estimation of the antioxidant activity [Mishra et al., 2012].
The test results confirmed that HPβCD used as an aqueous solubility enhancing
carrier for CUR does not have antioxidant activity. These results are in accordance
with findings of Rakmai et al., (2018), who reported that antioxidant activity of
essential oil from guava leaves gets more stable to sunlight exposure after
encapsulation in HPβCD. Whilst determining the antioxidant activity of free guava
leaf oil, encapsulated guava leaf oil in HPβCD and free HPβCD by the DPPH assay,
the authors observed no antioxidant activity for free HPβCD [Rakmai et al., 2018].
Also, AgNO3 and AgZ did not reveal free radical scavenging activity in the DPPH
assay. Due to CUR, the inclusion complex of CUR:HPβCD demonstrated antioxidant
activity with IC50 value of 1087.49 ± 6.47 µg/mL. These findings support the
antioxidant potential of BC hydrogels loaded with CUR:HPβCD to reduce the
oxidative stress at the impaired wound site. The results confirmed the preservation of
antioxidant activity of CUR in the inclusion complex and are in accordance with
Aytac & Uyar (2017). The authors reported time dependent antioxidant activity (in
vitro DPPH assay) for CUR:HPβCD-polylactic acid electrospun nanofibers [Aytac &
Uyar, 2017].
Wound dressing with antioxidant properties [Ahmed et al., 2018] along with
antimicrobial activity may prove beneficial. Colloidal cAgNP aqueous medium
produced using CUR:HPβCD also demonstrated antioxidant activity as determined
by DPPH assay. When loaded in BC to produce cAgNP-loaded BC hydrogels, this
could prove beneficial in wound healing process and reduce oxidative stress at the
wound site, which may otherwise interfere with the healing process [Cano Sanchez
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et al., 2018]. These test results support the wound management application of
CUR:HPβCD-loaded BC and cAgNP-loaded BC as an antimicrobial and antioxidant
hydrogel dressings.
Attributing to the unique properties, the hydrogels produced in the current study
could be employed in the management of infected, heavily exudating wounds, as it
allows the healing process to be monitored without removing the dressing, hence no
damage to fragile underlying tissue.
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Chapter 6
Conclusion
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The

results

presented

here

confirm

the

excellent

cytocompatibility

and

haemocompatibility of biosynthetic BC hydrogels in vitro. An analysis of the
physicochemical properties also indicates that BC displays good thermal stability at
physiological conditions. The moist and responsive nature of BC, along with superb
water imbibing capabilities, make it an ideal biomaterial as a matrix for wound
dressings, as all of these features are advantageous for modern wound dressing
materials.

The present study demonstrates the production, physicochemical characterisation, in
vitro biocompatibility and antimicrobial performance of biosynthetic BC based
hydrogels for potential wound management applications. Different antimicrobial
healing agents were loaded in BC to produce hydrogels and their potential
application in wound management as hydrogel dressings was evaluated.

Silver-loaded BC hydrogels demonstrated broad-spectrum (against, Gram +ve and
Gram –ve bacteria) antimicrobial activity for the management of chronic, infected
wounds. AgZ-loaded BC hydrogels offered prolonged antimicrobial activity as
compared to AgNO3-loaded BC with an equivalent amount of elemental silver. Both
these dressings did not display the capability of scavenging free radicals. Both silverloaded BC hydrogels demonstrated higher cell viability (%) as compared to the
equivalent free silver compounds, confirming that BC controls silver release in
hydrogels, hence minimises the cytotoxicity to mammalian cell lines. The
haemocompatibility of silver-loaded BC hydrogels needs further research attention,
as the currently produced hydrogels displayed some haemolytic property. This
problem could be resolved by replacing water with isotonic solvent for AgNO 3 and
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AgZ and/or by reducing the concentration of the silver compound. Transparency of
AgNO3-loaded BC ensures monitoring of the healing process without the need of
removing the dressing from the site. However, AgZ-loaded BC, due to the nature of
zeolite component, had limited transparency but shows high moisture content,
imparting malleability and strong antimicrobial properties. These features advocate
the potential application of these silver-loaded BC hydrogels in infected chronic
wound management as antimicrobial dressings. Moreover, AgZ-loaded BC offered
an added advantage of a controlled and prolonged silver release, which could be
beneficial in clinical practice.

The physicochemical characterisation confirmed the formation of IC of CUR:HPβCD
with enhanced aqueous solubility compared to free CUR. Varying the solvent volume
ratios during the solvent evaporation protocol, IC 75 emerged to be the best
preparation method with the highest encapsulation efficacy. The CUR:HPβCDloaded-BC hydrogels demonstrated high light transmission, a property that has a
potential of clinical wound monitoring without the need to remove the dressing.
Moreover, these hydrogels offer optimum WVTR that could help maintain the moist
environment at the wound site. Their high moisture content, biocompatibility
(cytocompatibility and haemocompatibility), antimicrobial and antioxidant properties
advocates their potential application as hydrogel dressings for chronic, infected
wound management. These findings suggest that biosynthetic CUR:HPβCD-loaded
BC hydrogels could represent an alternative in the dressing landscape for wound
management.
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Moreover, the current study demonstrates the production, physicochemical and in
vitro characterisation of cAgNP-loaded BC hydrogels. The results confirmed that
cAgNPs were successfully synthesised, following the green chemistry approach
using aqueous solution of CUR:HPβCD and loaded in BC to produce hydrogels with
a potential wound dressing application. These hydrogels demonstrated broadspectrum antimicrobial activity along with antioxidant properties. Moreover, the
hydrogels showed cytocompatibility with the tested cell lines. The high moisture
content and the good level of transparency further advocate their potential
application in the management of chronic wounds with high microbial bioburden.

Future Work
Further research aims to extend the antimicrobial studies on a wider spectrum of
pathogenic organisms, including common opportunistic fungi that pose a significant
health risk to patients suffering from infected wounds and in particular,
immunocompromised individuals which can result in candidiasis/candidemia and
invasive aspergillosis.

Also, the current work would be extended to optimise the performance of BC
hydrogels loaded with microencapsulated antimicrobial healing agents to provide a
responsive, controlled release delivery platform, whilst minimising the toxicity
associated with localised high concentrations of topical silver. The set objective
would be approached by producing modified composite hydrogels of BC with
polymers like poly-γ-glutamic acid (γ-PGA), chitosan and poly(sulfobetaine
methacrylate) (SBMA). The preliminary work has already been started on the
composite BC hydrogels with chitosan (in collaboration with University of Sumatera
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Utara, Indonesia), BC composite hydrogels with (γ-PGA) (in collaboration with
Silesian University of Technology, Gliwice, Poland) and BC-SBMA composite
hydrogels (in collaboration with Sun Yat-sen University, Guangzhou, China).

Future work would also involve a series of in vivo systematic studies on animal
models to better understand the healing properties of these hydrogels when in
contact with wound fluid, blood and immune cells. The data obtained from these
studies would allow evaluation and potential progressive translational research to the
next stage of clinical trials.
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Appendix 1
Supporting information
Table T1: Silver release kinetic equations:
Kinetic model
Zero order
First order

Higuichi

Korsmeyer-Peppas

Equation
𝑸𝒕 = 𝑸𝟎 + 𝑲𝟎 𝒕

𝒍𝒐𝒈 𝑸𝒕 = 𝒍𝒐𝒈 𝑸𝟎 +

𝑲𝟏 𝒕
𝟐. 𝟑𝟎𝟑

𝟏⁄
𝟐

𝑸𝒕 = 𝑲𝑯 𝒕

𝑴𝒕
= 𝒂𝒕𝒏
𝑴𝜶

where: 𝑸𝒐 = Initial amount of drug release or dissolved at time “𝑡” (usually, 𝑡=0), 𝑸𝒕 =
Amount of drug released or dissolved in time “𝑡”, 𝑲𝟎 = Zero order release constant,
𝑲𝟏 = First order release constant, 𝑲𝑯 = Higuchi dissolution constant,

𝑴𝒕
𝑴𝜶

= Fractional

release of drug and n = Release exponent.
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NMR analysis of inclusion complex
Figure S1: 1H NMR of the CUR:HPβCD inclusion complex in D2O

Figure S2: Expansion of 1H NMR of the CUR:HPβCD inclusion complex in D2O
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Figure S3: 13C NMR of the CUR:HPβCD inclusion complex in D2O.

Figure S4: Expansion of 13C NMR of the CUR:HPβCD inclusion complex in D2O.

250

Scheme S5: Structural assignment

S5 a: The schematic representation of curcumin (CUR).

S5 b: The schematic representation of hydroxylpropyl-β-cyclodextrin (HPβCD).

S5 c: The schematic representation of CUR:HPβCD inclusion complex
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