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Abstract

Chitosan is a polymer derived from naturally-abundant sources of chitin and can be
seen referred to in the literature for a wide variety of applications. However, it has
its limitations due to lack of strength and stability as a single polymer structure.
This problem can be overcome by cross-linking the polymer with other natural or
synthetic polymers, in the hope of providing the ‘back-bone’ structure it is missing.
This PhD thesis describes the study of a range of organic-inorganic composites
which were synthesised by combining chitosan with a tetra ethyl orthosilicate
(TEOS) cross-linker to form an interpenetrating polymer network (IPN). In
combination with a variety of ordered and disordered polymer and metal
nanoparticles, the composites formed were studied with respect to their optical,

mechanical and antimicrobial properties.

The IPNs made from chitosan and TEOS were prepared in an aqueous-acid
environment to form a hydrogel which could then be drop-cast onto a substrate of
choice to dry and form a thin film structure. It could also be drop-cast onto pre-
existing structures such as photonic crystals, in order to study the resulting optical
properties or infused with particles such as gold and silver nanoparticles in order to
form composites with enhanced mechanical and antimicrobial properties. The
properties of all individual materials have been studied, while the novel composites
described above have been studied in-depth the results of which have been
published. For this reason, the following thesis has been prepared using a

publication format with the main results chapters presented in their published form.

Briefly, the main findings of the work are as follows: the pH-sensitivity of chitosan
carries forward to the Chi-TEOS IPN and that by combining this feature with the
optical properties of a SiO> photonic crystal provides a pH-sensitive composite
which elicits an optical response as an indicator of pH conditions. The mechanical
properties of chitosan are found to be enhanced by cross-linking, even though it is
occurring by weak bonding interactions. The ideal chitosan: TEOS ratio was
determined as 1:1 as this ratio results in a mechanically strong thin film which
retains chitosan’s inherent flexibility. This is then further enhanced by the addition
of polymer particle structure enhancers in the form of colloidal silica and

polystyrene particles. While the addition of Ag and Au NPs did not contribute

Xi



towards enhanced tensile strength these films were also investigated with respect
to their antimicrobial abilities. Here it was concluded that the NPs weren’t being
released when pH is neutral and so they effectively couldn’t contribute towards
antimicrobial activities. In contrast the metal NPs were released under more acidic
conditions, potentially providing some possibilities in terms of their use in in-vivo
drug release materials. While embedding particles/ drugs for release in neutral
conditions isn’t suitable, the Chi-TEOS IPN is an ideal candidate as a stand-alone

antimicrobial wound-dressing or for drug release in acidic conditions.
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1. Introduction

1.1 Introduction to Chitosan and the Chitosan-Based Composites
Studied

Chitosan, a polymer derived from natural sources, was the central material studied
during the course of this PhD. A range of organic-inorganic composites were
synthesised by combining chitosan with a tetraethyl orthosilicate cross-linker to form
an interpenetrating polymer network (IPN) and also in combination with various
ordered and disordered polymer and metal nanoparticles. The composite structures
formed were studied with respect to their optical, mechanical and antimicrobial
properties; all of which will be described and discussed in individual sub-chapters of
this introductory chapter, which also serves to introduce the main individual topics —
chitosan, interpenetrating polymer networks and SiO, photonic crystals along with
their properties which have been studied. Subsequent chapters describe the synthesis
and analysis of the application-focussed composites based on their optical, mechanical
and antimicrobial properties, respectively. The diagram in figure 1.1 displays an
overall schematic of the work carried out. A brief description of each of the entities

along with how they are connected is also given here.



(3. Antimicrobiai) -do enhanced mechanical properties make a difference?
-antimicrobial activity of chitosan/ IPN/ + NPs
Embedded samples | j,corporating metal NPs

Chi-TEOS IPN Chi-TEOS IPN «— Polymer particles

Embedded/ grafted samples

Chitosan s 1o TEOS (2. Mechanical)
-flexibility of chitosan
$i0, photonic crystal - Chi-TEOS IPN -TEOS cross-linker
-effect of various particle
cross-linkers

Chi-TEQS-Si0; composite
(1. Opticai)

-optical properties
-shift in stop band
-pH-sensitivity

Figure 1.1. A schematic representation of the work described in this thesis which
displays all individual components of the research and shows the connectivity which
exists between topics while also indicating the main research questions addressed

1.2 Chitosan

1.2.1 Chitin and chitosan

Chitin is a naturally occurring polysaccharide which serves as the structural
‘backbone’ to crustacean exoskeletons and fungal cell walls. Its structure is analogous
to the chemical structure of cellulose with the hydroxyl groups in the C2 position
replaced by acetamido groups. Figure 1.2 below displays the regularly repeating
chemical structures of cellulose and chitin. The chemical and physical properties of
cellulose have been extensively researched and many materials and applications have
been derived from this polysaccharide e.g. celluloid, rayon and cellophane. Chitin has
also been greatly studied in the medical and biomedical fields due to its
biocompatibility. However, there are some drawbacks associated with chitin, the most
prominent of which is its insolubility in most solvents. This is due to the presence of
acetamido groups which form very strong intersheet hydrogen bonds in the chitin

structurel.
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Figure 1.2. Repeating D-glucose units make up the structure of cellulose and repeating

N-acetyl glucosamine units make up the structure of chitin.

Due to solubility problems an acid-soluble derivative of chitin, chitosan, has come to
the forefront as a valuable substitute for the more insoluble polysaccharide, chitin.
Chitosan is formed by the deacetylation of chitin in the presence of alkali hydroxides
such as sodium hydroxide. The conversion process does not result in 100 %
deacetylation. Generally, once the degree of deacetylation exceeds 50 % the
polysaccharide structure is referred to as chitosan® 2. With the majority of acetamido
groups replaced by amino groups chitosan, with less hydrogen-bonding sites available,
becomes more susceptible to protonation and so it becomes acid-soluble. Figure 1.3

shows the chemical structure of chitosan.

NH, OH NH

HO 0
OH NH,
OH

Figure 1.3. The chemical structure of chitosan, the deacetylated derivative of chitin.

Chitin is found in three forms; namely a-chitin, B-chitin and y-chitin. a-chitin strands

are arranged in an antiparallel fashion while B-chitin strands are arranged in a parallel



fashion. The cross-linked form, a-chitin, is the most common form and is found in
crustacean exoskeletons* and fungi®. B-chitin is commonly derived from squid pens®
and y-chitin is a mixture of a-chitin and B-chitin. Research into the structures of chitin
and chitosan suggests that the chitosan structure bears the most resemblance to
a-chitin’.

a) b) c)

o\
W

v
A A

A

\ 4

o
A

A A

A A AAAAA
A

Y

A

a~chitin B-chitin y=chitin

Figure 1.4. Arrows representing the alternating directions of folded chains in a)
o-chitin b) B-chitin and c) y-chiting,

A very important feature of chitosan is its cationic polyelectrolyte structure. Unlike
other naturally charged polysaccharides the structure of chitosan contains many
positive charges rather than many negative charges, unlike alginates for example
which are composed of alginic acid and consequently are anionic polyelectrolytes®.
Due to its cationic structure chitosan is a good candidate for selective complexation

with negatively charged ligands'® and chelation to macromolecules such as proteins®®.

The alkaline hydrolysis of chitin is the primary method for processing chitosan and it
has been well studied. The method generally involves the dissolution of chitin in
concentrated potassium hydroxide or sodium hydroxide by heating the solution. This
is followed by neutralization, filtration, washing and drying of the chitosan product.
Tolaimate et al. describe the process in their study of the preparation of chitin and
chitosan?. An overall outline of the process is as follows: in the presence of strong
base the depolymerisation of chitin leads to the formation of monomeric N-acetyl
glucosamine units; strong base also causes the deacetylation of the N-acetyl
glucosamine monomers leading to the formation of monomeric glucosamine units.
The subsequent polymerisation of the monomeric glucosamine units and remaining
N-acetyl glucosamine units leads to the formation of polymeric chitosan. The first
depolymerisation step can also be caused by a hydrolytic enzyme named chitinase as

this enzyme is a catalyst in the degradation of glycosidic bonds. Chitinases occur



widely in nature and have been isolated from living organisms such as plants (barley

seed chitinase)'?, bacteria'® and fungi4.

As can be concluded from the brief structure and processing descriptions above, the
resulting degree of deacetylation of chitosan is a highly important chemical
characteristic. This characteristic gives an indication of the number of amino groups
present, thereby giving an indication of the capabilities of the polysaccharide as a
cationic polyelectrolyte. When the degree of deacetylation of chitosan exceeds 70 %
the solid polysaccharide becomes soluble in aqueous acid solution®®, and it is this
dissolution of chitosan which allows for the fabrication of polymer membranes. The
degree of deacetylation can be determined by employing such methods as infrared
spectroscopy, titrimetric analysis, NMR spectroscopy and gas chromatography. The
molecular weight of chitosan can be categorized into three groups; low, medium and
high. These are simply categorized by the overall molecular weight of the polymer;
low molecular weight refers to a polymer having molecular weight in the range
50,000-190,000 gmol™?, medium molecular weight refers to a polymer having
molecular weight in the range 190,000-310,000 gmol™? and high molecular weight
refers to a polymer having molecular weight in the range 310,000- >375,000 gmol™.
The dispersity (formerly known as polydispersity index) is a variable in polymers
which gives an indication of the distribution of molecular weight in the overall
polymer structure. It is a calculation of the weight average molecular (Mw) mass

divided by the number average molecular mass (Mn)*®, equation 1.1:
Equation 1.1: Pm = Mw/My

As this value increases from unity it is an indication of a decrease in uniformity of the
structure'’. Determination of molecular weight can be carried out employing
chromatography, light scattering and viscometry. It has been reported that the
viscosity of chitosan in solution is affected by molecular weight, degree of
deacetylation, concentration, ionic strength, pH and temperature®. An increase in
viscosity is observed with increasing molecular weight and degree of deacetylation®®.
However, with an increase in ionic strength, pH or temperature a decrease in molecular
weight is observed?. For a polymer system the intrinsic viscosity can be determined
using the Mark-Houwink equation, equation 1.2 below, which relates intrinsic

viscosity 1 to molecular weight M?!. K and a are the Mark-Houwink parameters,



unitless values which vary depending on the nature of the polymer system i.e. how

flexible or rigid the polymer system may be.
Equation 1.2: [n]=KM*

Being naturally abundant, non-toxic and biocompatible chitosan is a valuable
commodity in many research fields such as chemistry, biochemistry and biomedicine.
Nanoparticles, microparticles, hydrogels and composites are reported in the
literature?2. Chitosan nanoparticles and microparticles are being developed for in vivo
drug and gene delivery and the ionic gelation technique is commonly employed for
their fabrication?>?*®, High surface area and improved mechanical properties are
among the attributes of chitosan micro- and nanoparticles. Chitosan hydrogels are
often reported in medical and biomedical journals due to their antimicrobial and
antifungal activity?®. This is largely due to the positive charge density of chitosan
hydrogels which can chelate to negatively charged ligands, such as those on the
surface of bacteria®®. pH-sensitivity is a feature of chitosan which is present due to the
amino groups available for protonation, hence the greater the degree of deacetylation
the greater the pH-sensitivity. This phenomenon has been extensively researched for
nano- and microparticles along with hydrogels as part of drug-release systems?>.
Chitosan membranes, which are generally prepared by drop-casting of hydrogels, are
pH-sensitive but tend to be lacking in mechanical strength. This can be improved upon
by the introduction of cross-linking agents?®. A cross-link in a polymer structure is a
bond that links one chain to another. Cross-linkers such as tetraethyl orthosilicate
(TEOS) used by Park et al. and genipin (a naturally-occurring, water-soluble, cross-
linking aglycone®’) used by Lien et al.?8, serve to enhance the mechanical stability of
chitosan membranes?®. Glutaraldehyde is also commonly used as a cross-linker in
hydrogel systems. Rohindra et al. conducted a study on chitosan hydrogels cross-
linked with glutaraldehyde and reported how the hydrogel structure becomes
increasingly “compacted” with increasing cross-linker concentration; the swelling

ability, percentage free water and glass transition temperature (Tg) decreased°.

1.2.2 Properties of chitosan films

The chemical and physical properties of chitosan vary massively depending on the
source, structure, degree of deacetylation, molecular weight and cross-linking

character. The number of variables in such systems is quite extensive. The most



commonly studied properties of chitosan are their chemical, physical, mechanical and

antimicrobial properties

Chemical properties such as degree of deacetylation and molecular weight, described
in section 1.2.1, contribute to the physical properties. The pH-sensitivity of chitosan
depends on the degree of deacetylation, molecular weight and cross-linker density. As
the degree of deacetylation increases intersheet hydrogen-bonding decreases resulting
in more freedom for separation of sheets which in turn allows access to amino groups
for protonation. Electrostatic repulsion between protonated amino groups causes
intersheet and intrasheet (chain) expansion resulting in system swelling?. Molecular
weight also contributes to swelling ability; with increasing molecular weight the
average chain length elongates, therefore an accumulation of longer chain lengths
dispersed in aqueous media leads to greater swelling in the polymer system. The
temperature-sensitivity of chitosan films has also been extensively researched. The
degree of deacetylation and water content are important factors with respect to thermal
analysis®. Thermogravimetric analysis carried out by Nieto et al. showed a mass loss
of 10 % at 60 °C which corresponded to the loss of water and a maximum mass loss
of 41.4 % at 380 °C which corresponded to the thermal and oxidative decomposition
of chitosan. It was suggested by Nieto et al. that the decomposition is increased by the
split of glycosidic linkages in the intersheet hydrogen structure®2,

The mechanical properties of chitosan vary depending on whether the structure is
enhanced by incorporation of cross-linkers and / or further additives. Studies on
various systems have been carried out e.g. Wang et al. incorporated montmorillonite
particles in a chitosan structure to improve its mechanical properties®. The aim of
cross-linking is often to provide an enhanced structural ‘backbone’ for chitosan’s
flexible chemical structure. Analysis of the improvement in strength is carried out
using mechanical tests. Aryaei et al. applied a method of determining the elastic
modulus to show that films of chitosan cross-linked with tripolyphosphate have
improved hardness and mechanical properties, while they also report that cross-linked
films become more brittle than chitosan films®*. The optical properties of chitin and
chitosan also depend on the system studied because naturally occurring chitin often
displays structural colour due to the ordered micro-fibrils which make up its
structure®. Azofeifa et al. carried out an extensive study on the optical properties of

chitin and chitosan in both particulate and thin film form. With regard to optical
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analysis on a chitosan thin film in the visible range of the spectrum the average
refractive index, n, is about 1.52%. This can be modified e.g. an increase to n=1.69 has

been observed by the inclusion of silver nanoparticles in the polymeric system®’.

1.2.3 Chi-TEOS IPN

An interpenetrating polymer network (IPN) is defined as a ‘combination of two
polymers in network form, at least one of which is synthesized and /or cross-linked in

the immediate presence of the other’38,

IPN synthesis is basically a reaction between
a monomer and a cross-linker to form a polymer network, where the monomer could
be a protein, a natural monomer or a synthetic monomer. A cross-link is formed by a
chemical reaction with any species which successfully bonds two polymer chains
together, either covalently or ionically®. The chitosan — tetraethyl orthosilicate
(TEOS) IPN contains two main components; chitosan is a monomer which forms
individual polymer chains, TEOS is also a monomer which undergoes hydrolysis
followed by condensation to form a siloxane polymer chain. These two chains
subsequently cross-link to form a chitosan-TEOS interpenetrating polymer network

(Chi-TEOS IPN). This material can be successfully formed into membranes.

In order to exploit the pH-sensitive characteristics of chitosan such membranes must
be stable in solution. For this reason, IPNs comprising chitosan and TEOS have been
studied previously. The synthesis of such IPNs was first described by Park et al.?®.
The experimental method employed involved the preparation of hydrogels comprised
of chitosan in aqueous acid solution and TEOS in the presence of concentrated acid.
The chitosan dissolved in the aqueous acid and the TEOS formed so-called ‘strands’
of linear molecules in the presence of the acid*’, figure 1.5. When formed, the IPN
displayed two particularly interesting characteristics; flexibility due to the presence of
chitin and mechanical strength due to the presence of the TEOS-contributed siloxane
‘backbone’. The study conducted by Park et al. involved swelling studies on IPNs of
varying chitosan: TEOS ratio, namely 1:1, 1:2 and 1:3. It was observed that the degree
of swelling decreased with increasing TEOS concentration.



{a) {h)

Figure 1.5. Schematic of IPN proposed by Park et al.(a) TEOS IPN (b) Chitosan-
TEOS IPN*,

TEOS has been previously reported as a cross-linker; Jena et al. cross-linked TEOS
with hyper-branched polyurethane as an organic-inorganic hybrid material*? and Pinto
et al. cross-linked TEOS with polydimethyl siloxane (PDMS) in the presence sodium
dodecyl sulphate (SDS) in a study on conduction mechanisms in the membrane with

varying concentration of SDS*®.

1.2.4 Experimental Methods for Chitosan: TEOS IPN Formation

Chi-TEOS IPN formation initially involves the synthesis of two separate networks; a
chitosan hydrogel in the presence of aqueous acetic acid and a TEOS solution in the
presence of concentrated hydrochloric acid. The two separate networks are then
combined to form the IPN hydrogel. According to the polymeric composition the
Chi-TEOS IPN is in the class of hydrogels known as multi-polymer interpenetrating
polymer hydrogels. This class of hydrogels consists of two independent cross-linked
synthetic and/or natural polymer component(s), contained in a network form®.
Hydrogels are also classified according to the nature of the cross-linking mechanism;
being either chemically or physically cross-linked depending on whether the cross-
linking interaction is irreversible or reversible, respectively. The TEOS network
undergoes hydrolysis and condensation in the formation of a polymer chain linked by
siloxane groups and the remaining hydroxyl groups are then available for interaction
with the cationic chitosan polymeric structure, see figure 1.6. It is proposed that the
cross-linking occurs physically by H-bonding interactions in the polymer chain
entanglements between the polar hydroxyl groups of the TEOS network and the polar
hydroxyl and amino groups of the chitosan polymer network. The amino groups on



the chitosan polymer network are then still available for protonation, hence retaining

the pH-sensitive properties of the IPN. See figure 1.7.

m\\\\O/Si\\\O/Si\\O/Si\\O‘//’,,

Figure 1.6. The chemical structure of the of the polymer chains formed by the
hydrolysis and condensation of TEOS, showing both the bridging siloxane groups and

the hydroxyl groups.
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Figure 1.7. Adjacent siloxane and chitosan networks, illustrating how physical
polymer chain entanglements may form via H-bonding between amino, hydroxyl and
carbonyl groups.

The viscosity of the resulting hydrogel depends on the quantity of TEOS in the IPN
and increases with increasing quantity of TEOS. This is attributed to the increasing
degree of cross-linker density in the IPN which is caused by H-bonding and
hydrophobic interactions*. IPN membranes are formed by casting hydrogels and
allowing the evaporation of water under controlled conditions. The dimensions and
thickness of the membranes are controlled by varying volume of hydrogel and
substrate dimensions. Thermogravimetric studies on chitosan report thermal stability
up to >300 °C with initial thermal degradation observed at 326.8 °C*® suggesting that
thin film membranes can be formed at temperatures < 300 °C. Membrane formation

can be carried out under ambient atmosphere or under vacuum?®4’.
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1.2.5 Applications of pH Sensitive Chitosan-based Membranes

Currently, the majority of the applications for pH-sensitive chitosan membranes are
related to in vivo controlled release of biologically active agents or substances, wound
dressings and other biomedical applications. In 2013 Chen et al. profiled the controlled
release of gastro-retentive drug delivery systems with respect to time employing
chitosan as a pH-sensitive medium under conditions similar to those found in the
digestive system“®, Also, in 2013, Mukhopadhyay et al. successfully demonstrated the
possibility of oral insulin delivery via self-assembled chitosan-insulin nanoparticles
with insulin release occurring under the acidic pH conditions inherent to the gastric
system*. Several other applications of chitosan membranes have been described; for
example, Barros et al. studied the swelling behaviour of chitosan-cellulose hydrogel
films with aqueous solutions mimicking human sweat®®. Such materials could find
application is various skin patch drug delivery systems for example. See chapter 3 for

further development on this topic®?.
1.3 Colloidal SiO2 Photonic Crystals

1.3.1 What are colloidal photonic crystals?

Photonic crystals are periodic optical materials that occur in nature in the form of
opals, butterfly wings, beetle shells and peacock feathers. The change in colour seen
when examining any of the above naturally occurring photonic crystals is the most
obvious feature observed by the human eye but there are several other scientifically-
applicable features which occur due to the internal structure of the crystals. Such
materials are termed ‘periodic’ in that they have a crystal-like lattice structure and
‘photonic’ as photons, light energy, propagate throughout and can possibly be
confined within the crystal lattice structure. The geometry present has been described

as a “suitable environment for the guiding or trapping of photons”®2.

Considering the term ‘colloidal’, a material is said to be colloidal when it contains a
specific substance dispersed throughout another separate substance e.g. spherical
silica nanoparticles in water/air. Silica nanoparticles are prepared in situ using the
well-known Stéber method®; this is discussed to a greater extent in section 1.3.2.
Photonic crystals constructed of silica particles are known as ‘artificial opals’ as they

bear the same chemical and physical structure as naturally occurring opals.
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1.3.2 Fundamentals of crystal lattice structure

As mentioned above the silica (SiO2) particles are prepared via the Stober method®2.
This is a base-catalysed reaction which involves the hydrolysis and condensation of
tetra-alkyl silicates in the presence of a low molecular weight alcohol and/or water.
Owing to the basic conditions mono-disperse, uniform silica spheres (of 0.05-2 pum
diameter) are formed while under acidic conditions a sol-gel form is adopted due to
the formation of linear molecules*. An increase in ammonia concentration leads to
the formation of larger spheres, it acts as a catalyst by providing OH" ions which are
necessary for the hydrolysis of tetra-alkyl silicates®. The kinetics of the Stober
synthesis were under speculation for many years with much research put into whether
hydrolysis or condensation was the rate-limiting step and what optimum reaction
conditions were. A study was carried out based on the structures present at the various
stages using 2°Si NMR®. This study provided great insight revealing that (1), a higher
reactive temperature was beneficial, (2), the rate-limiting step is the first step,
hydrolysis of the tetra-alkyl silicate and (3), the key intermediate is the silanol Si(OH)a
species formed during hydrolysis. The silica particles formed via the Stéber synthesis
undergo self-assembly when in a colloidal suspension and form a distinct face-centred
cubic (fcc) close-packed crystal lattice®, the most energetically favourable array. Self-
assembly occurs via a natural, gravitational sedimentation process. It is apparent in all
self-assembly processes as it is here that “weak forces usually ignored in macroscopic
processes, such as entropic, electrostatic and capillary forces, become the essential
driving forces for the self-assembly of colloidal particles™®’. Much research has been
undertaken in providing evidence that the crystal lattice structure of SiO; is face-
centred cubic. The majority of this evidence is based on the statistical study of SEM
imagery of artificial opals. The ordering is believed to be due to the successive
adsorption/desorption processes that the particles undergo which allow for them to
organise into this minimum energy structure®®®8, There are three low-index planes
present in a face-centred cubic structure which can be described and labelled using
Miller indices notation. These are the (100), (110) and (111) planes. The natural
formation of this ordered internal structure is a major advantage in SiO2 synthesis and

provides for many of the distinct properties of photonic crystals.
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Figure 1.8. SEM images of the faces of an fcc photonic crystal. Upper left and upper
right (111), bottom left (110) and bottom right (100)%°.

1.3.3 Optical Properties of Photonic Crystals and their Applications

A key feature of photonic crystals is that the regularly repeating crystal lattice that
constitutes their structure is of the same order as the wavelength of light in a particular
part of the electromagnetic spectrum; this is a key concept as it is very important to
understand light energy (photons) as wave vectors in relation to photonic crystals.
Essentially, photons exhibit wave-particle duality and should be thought as neither
wave nor particle alone. The photon behaves as a wave as it transmits (propagates)
through the crystal lattice, of comparable wavelength, without scattering. Whereas it
behaves as a particle when it interacts with an impurity or defect and is reflected in
another direction, scattered within the crystal lattice®®. The photon that enters the
photonic crystal may be transmitted (light propagating through the crystal), reflected
(reflection off external surface or within internal structure), refracted/diffracted
(interaction with internal structure causing the light to scatter or bend in another
direction) or absorbed (light transformed to internal energy of absorbing medium). In
addition, there can also be scattering effects which generally contribute to the losses
observed when considering propagation in specific directions. Considering these
various interactions should make it easier to visualise the so-called “guiding and
trapping of photons”>? within the crystal. Unlike most materials which generate their
colour from the absorption of light, photonic crystals generate their colour by a
combination of light interactions. So-called ‘structural colour’ arises from this
phenomenon; upon observing a photonic crystal green light may appear due to

reflection and red light may appear due to transmission. It is for this reason that it is
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essential to carry out both reflection and transmission optical analysis on photonic

samples. This is discussed to a greater extent later in this chapter.

The feature that affects electromagnetic wave propagation in a photonic crystal is the
regularly repeating regions of high and low dielectric constant within the crystal
lattice. “If the dielectric constants (refractive indices) of the materials in the crystal are
sufficiently different, and if the absorption of light by the materials is minimal, then
the refractions and reflections of light from all of the various interfaces can produce
many of the same phenomena for photons (light modes) that the atomic potential
produces for electrons”®. The dielectric constant (k) is related to permittivity; a
measure of a material’s ability to be polarized by an electric field. It is the ratio of the
permittivity of a substance to the permittivity of free space. Silica has a permittivity
of ca 3.8-3.9, while air has a permittivity of 1.05, yielding a dielectric constant of ca
3.66 for a SiO> photonic crystal. Refractive index (n) describes how light propagates
through a medium and represents the ratio of the velocity of light in a vacuum to its
velocity in a specified medium with a dimensionless, numerical value. The refractive
index of silica prepared by the Stober method is about 1.45%, while the refractive
index of air is 1. A lot of interest lies in increasing the refractive index contrast in
photonic crystals by introducing high refractive index materials within the voids of the
crystal® for applications in advanced optoelectronics. Much research has been carried
out on the efficiency of various colloidal structures as photonic crystals and it has been
concluded that “if they possess enough refractive index contrast and proper packing
order and density” fabricating colloidal crystals is an effective route in the
development of photonic crystals®®. Depending on the periodic structure involved,
photonic crystals may have a 1D, 2D or 3D framework. The dimensionality is based
on how the differing refractive index materials align within the crystal, figure 1.9 (a)
provides a conceptual view of this phenomenon using a simple cubic example. In a
1D photonic crystal the refractive index varies along one direction only, while in 2D
and 3D photonic crystals the refractive index varies along two and three axes
respectively. Summarising the optical and dimensionality requirements; “this can be
realised in three dimensions in arrays of mono-disperse nanoparticles which are
embedded in a medium that has a diffraction (or refraction) index sufficiently different
(by ca. 2 units) from that of the particles in order to generate diffraction (or refraction)

effects”®,
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Figure 1.9. (a) The 1D, 2D and 3D cubes above illustrate the varying refractive indices
in the various structures. (b) A diagram similar to that of an electronic band gap
corresponds to a photonic band gap. Excitation from the dielectric band (high
dielectric constant) to the air band (low dielectric constant) provides optical energy in

the photonic material®.

When describing the light interactions within a photonic crystal lattice the presence of
the so-called ‘photonic band gap’ emerges as a concept. There is a familiarity here
with the electronic band gap which arises due to the band structure in semiconductor
materials where electrons are forbidden from having certain energies (and hence wave
vectors), due to the lack of available states within photonic band gaps photons
possessing specific energies and moving in specific directions are forbidden®. This
phenomenon arises due to the destructive interference of the associated waves. Figure
1.9 (b) is an example of a photonic band diagram in which the photonic band gap can
be seen. The band below a band gap is referred to as the dielectric band and the band
above the band gap as the air band, a promotion in optical energy is required for photon
promotion from the dielectric band to the air band®. Consideration of the light as a
wave vector is of key importance when relating to photonic band gaps. Photons are
forbidden to propagate with certain energies and certain wavelengths in certain
directions®®, becoming rejected wavelengths. This means that a change in direction
would correspond to a change in the wave vector. The rejected wavelengths, if within
the visible part of the spectrum, correspond to colour, hence the reflected (rejected)
wavelengths are the colours observed from the photonic crystals. The peak wavelength
corresponding to the rejected photons is referred to as the ‘stop band’ In transmission

it appears as a dip while in reflectance it appears as a peak, figure 1.10.
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Figure 1.10. (a) Transmittance dip and reflectance peak at ca. 554nm. (b)
Transmittance shift with change in incident angle. (c) Graph of incident angle versus
dip wavelength (stop band)®®.

Transmittance and reflectance spectra play a very important role in the analysis of
photonic crystals. As already mentioned the reflectance peak and transmittance dip
overlap at the same wavelength corresponding to the viewed colour of the photonic
crystal. An example of this can be seen in Figure 1.10 (a); in this case 560 nm
corresponds to green structural colour. Figure 1.10 (b) shows the shift in transmittance
as the incident angle of the beam of light is varied from 0-40 degrees as measured
from normal. This demonstrates the change in structural colour as the incident angle
is changed. Figure 1.10 (c) is a graph of tilting angle (y-axis) versus dip wavelength
(x-axis)®®. Application of these properties to Bragg’s law of diffraction and Snell’s law
which relates to refraction led to development of the modified Bragg-Snell law, which

is accurate for calculating the effective refractive index:
Equation 1.3: A=2DV(nZ; — sin?8)

Here D is the interplanar spacing, A is the wavelength at the stop band, nesr IS the
effective refractive index and 0 is the incident angle®’. Upon calculating the effective
refractive index of the photonic crystal sample, the refractive indices of the contrasting
materials can be calculated separately via the following equation:

Equation 1.4: nesr=+/ (n2V; + n3V,)

Here n is the refractive index of the respective materials and V is the volume fraction

of the respective materials.
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1.3.4 Fabrication of Photonic Crystal Structures

There are various types of three-dimensional photonic crystals which can be made
using particular fabrication techniques. The range includes ‘woodpile’ stacked
structures, Yablonovite structures, opals and inverse opals.®®. “Woodpile’ photonic
crystals are fabricated by a top-down technigue which involves etching by lithography
and the synthesis of perpendicular stacks of dielectric materials and the name
‘woodpile’ arises to the similarity of the photonic crystal to a crossed-stack of wooden
logs®®. The Yablonovite structure is named after its proposer Prof Eli Yablonovitch-a
pioneering photonic crystals researcher. The original Yablonovite structure was
fabricated by drilling holes in a dielectric material simulating (110) faces in the
diamond-like structure®. Opals themselves, being fcc arrangements of colloidal silica
particles, can be made by controlled evaporation’, under-oil crystallisation®® and
Langmuir-Blodgett (LB) crystallisation’. Inverse opals are constructed from opal
crystal lattice templates that are initially infilled with a different material, such as a
metal’?, a semiconductor’ or a polymeric material’. The crystal lattice template can
subsequently be etched or removed with a suitable organic solvent leaving the inverse
opal, bearing the varying dielectric of the infill material/air™. The formation of inverse
opals generally leads to greater refractive index contrast, which leads to a more
complete photonic bandgap. SEM images of some of the photonic crystal structures
described above are shown in Figure 1.11

This present work focuses on synthetic opal crystal lattice structures fabricated by the
bottom-up self-assembly of silica particles by capillary-enhanced, under-oil and
controlled evaporation techniques. A detailed description of the various experimental

methods employed is presented in sections 1.3.5, 1.3.6 and 1.3.7.
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Figure 1.11. SEM images of (a) a ‘woodpile’ structure (b) a Yablonovite structure (c)

an inverse opal and (d) a 3D fcc opal crystal lattice of silica particles.

1.3.5 Fabrication of Colloidal Photonic Crystals
1.3.5.1 The Capillary-Enhanced Method

One of the most commonly used methods to grow colloidal photonic crystals is
the so-called capillary-enhanced method™®. This method involves the primary and
secondary capillary forces which occur at different stages of the solvent
evaporation process during the horizontal sedimentation of dilute particles onto a
substrate of choice. The primary capillary force is a gathering force which begins
as the bulk solvent evaporates from a position close to the surface of the substrate;
the particles are attracted to the substrate surface by capillary forces and arrange
in a poorly packed fashion. Secondary capillary forces begin when the liquid
interface is below the substrate. It is via the evaporation of solvent remaining
between the particles that further capillary action takes place; this inverse force
arranges the particles in an ordered structure. It is important to note that a humid
environment is essential in this experimental setup. Figure 1.12 shows a schematic
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of the primary and secondary capillary forces taking place at different stages of

the evaporation process.

—’ Evaporative direction=» ->Gathering Force direction

Figure 1.12. (a) Primary capillary forces and the resultant poorly ordered structure of
the colloidal particles and (b) secondary capillary forces and the resultant highly
ordered structure of the colloidal particles’®.

1.35.2 The ‘Under Oil” Approach

Very similar to the capillary enhanced setup described above is a method known as
‘under-oil’, developed by Fudouzi et al.®®. This method overcomes some problems
encountered during the capillary enhanced method. Due to the fact that the rate of
evaporation is faster at the edge than at the centre of the colloidal suspension the
capillary flow occurs from the centre to the edge. As a result, a thicker ring of particles
deposits at the edge of the hydrophilic substrate, reducing the uniformity of the film.
Employing an ‘under-oil” setup reduces this effect. It involves covering the colloidal
suspension with high viscosity hydrophobic silicone oil; this enhances uniform
evaporation throughout the film as evaporation at the edge of the suspension has been
reduced significantly due to the presence of excess oil on the surface®®’’. Upon
completion the colloidal film can be rinsed with low viscosity silicone oil to remove
any excess high viscosity oil. The diagram in Figure 1.13 below represents a
comparison of the capillary enhanced method and the ‘under-oil’ method, highlighting

the areas of solvent evaporation in both.
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Figure 1.13. (a) Represents the experimental setup of the capillary enhanced method
and the ‘under-oil’ method. (b) Demonstrating the different areas of solvent

evaporation in both methods®.

1.3.5.3  The Controlled Evaporation Method

This final method is a controlled evaporation technique for fabricating high quality
colloidal films on hydrophilic substrates. It also depends on capillary forces but the
experimental setup differs in comparison to the two methods previously discussed, in
that it is said to be a vertical deposition technique™. It differs in that the hydrophilic
substrate of choice is placed vertically in a prepared dilute silica particle suspension
solution and as the solvent evaporates the colloidal particles deposit onto the substrate
in an ordered fashion. A major advantage of this technique is the ability to control the
thickness of the colloidal film when the concentration of the original colloidal
suspension is known. Due to the fact that larger volume solutions must be prepared
for the vertical deposition method there is a certain degree of freedom when it comes
to the solvent system that may be used. Generally, ethanol and water mixtures are
employed, while the ratios of EtOH: H>O can be varied according to the desired

results.

This present work focuses on the use of Capillary-Enhanced Growth, Under Qil
Growth and Controlled Evaporation Growth for the production of the photonic crystals

described.
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1.3.6 Substrates Employed in Colloidal Photonic Crystal Fabrication

In general researchers working in this area have not discussed the possible ‘substrates
of choice’ for the deposition of colloidal suspensions and growth of colloidal photonic
crystal films. Necessarily many types of substrate can and have been employed,

including both flexible and rigid substrates.

Flexibility allows for stretching, compressing, bending and flexing of the crystal
lattice all of which in turn can result in the alteration of the crystal lattice causing a
change in the structural colour of the photonic crystal, which sometimes can be
observed by the naked eye. Many photonic crystals have been successfully deposited
on glass with a resulting highly ordered structure®® 7’7798 Subsequently various
plastics and minerals have been used, including; PMMA (polymethyl methacrylate),
PET (polyethylene terephthalate), Kapton and mica. In all cases, it is essential that the
substrates are suitably cleaned to ensure that their surfaces are hydrophilic prior to
deposition; this is required in order to ensure that the first monolayer adheres to the
surface due to hydrophilic interactions between the prepared surface and the colloidal
particles. The cleaning technique employed varies with the nature of the substrate
material. Glass and mica can be cleaned by soaking in a corrosive solution and drying
with an inert gas such as N2, while in general plastics must be plasma cleaned; both
methods are successful in removing contaminating organic material and providing a
hydrophilic surface. A more detailed description of the specific substrate preparation

methods used in this work is provided in the experimental methods section.

1.3.7 Analysis of Colloidal Photonic Crystal Thin Films

Without doubt the most important parameter that is always discussed in relation to a
particular colloidal photonic crystal thin film is the degree of ordering, since it is this
order that results in the interesting optical properties of the materials concerned. The
order of a colloidal photonic crystal can be assessed using two main approaches, these

being electron microscopy and optical analysis.

Scanning electron microscopy (SEM) is an analytical technique which reveals spatial
heterogeneities of a microstructure with dimensions of nm to mm. The sample is
scanned with a high energy electron beam, which results in backscattered electrons
and secondary electrons, it is these electrons which are detected and provide

information on the composition and structural properties of the sample. SEM analysis
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generally provides vital information associated with the size of the particles, the order
and uniformity of the structure, the thickness of the sample, the structure of the
substrate and the presence of impurities or defects; it is an excellent visual aid. Show

some examples with references, taken from both your work and from the literature.

As described in section 1.3.3 optical analysis of the photonic crystal film is very
important in revealing information associated with the quality and structure. The types
of optical analysis employed are transmission and reflectivity, these being of the four
fundamental light interactions that can occur between the photons and the crystal
structure, the others being absorption and scattering. Figure 1.10 displays some
examples of transmittance and reflectance spectra of colloidal photonic crystals taken
from some highly cited papers in the literature. It is important to observe that the
spectra display Bragg peaks or stop bands (see section 1.3.3) in the visible region of
the electromagnetic spectrum due to the presence of particles of appropriate diameters;
this visual information has been found to be a very helpful diagnostic tool as it gives
an idea of the film quality prior to SEM analysis™. It is also important to observe that
in general transmittance/reflectance is measured as a percentage and the greater the
percentage the better the quality of the crystal. Such optical set ups are usually
calibrated against a very high performance, control reflector such as a silver mirror,
such that dimensionless ‘percentages’ may be used rather than some other unit system.
The sample spectra selected also reveal other features- namely the presence of Fabry-
Pérot fringes at either side of the Bragg/stop band feature. These fringes occur due to
light interference within the crystal which is maximised when the crystal is viewed to
be a slab having parallel top and bottom faces, such that the individual layers are also
parallel to each other. The Fabry-Perot fringes occur at different wavelengths®. The
wavelengths of the Fabry-Pérot fringes can be used to calculate the number of layers

in the sample prior to SEM analysis.

As mentioned previously the dip/peak of the transmission/reflection spectrum is also
referred to as the Bragg peak or stop band. The wavelength of the stop band allows for
calculating the effective refractive index of the crystal film using the Bragg-Snell law,
see equation (1.3). The effective refractive index, which is a combination of the
refractive index of the colloidal crystal and the medium within which it is suspended,
can then be used to determine the refractive index of the colloidal crystal film, see

equation (1.4). Thus, as may be easily appreciated, the optical spectrometer is an
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essential tool in the analysis of colloidal photonic crystals and the associated

substrates.
1.4 Chitosan-based composite materials

1.4.1 Introduction

The work presented under the heading of composite materials in this thesis revolves
around the following scientific hypothesis: for a SiO2 photonic crystal embedded in a
Chi-TEOS IPN it should hold true that as the IPN swells in aqueous environment of
particular pH the photonic crystal lattice should also swell, while retaining its order

and therefore its optical properties.

With this in mind this section presents information designed to demonstrate to the
reader exactly what the composite materials are and how an experiment was designed
in order to test our basic hypothesis, which is illustrated schematically in figure 1.14

below:

Chitosan-TEOS
IPN

Si0, photonic [j
crystal

Figure 1.14. Schematic representation of the 3-step formation of a Chi-TEOS-SiO>

Chitosan-TEOS -
SiO, composite

photonic crystal composite.

1.4.2 Composite Materials

The IUPAC definition of a composite is a “multicomponent material comprising
multiple, different (non-gaseous) phase domains in which at least one type of phase
domain is a continuous phase”. There are many types of composite depending on the
individual component materials. According to the IUPAC definition, the Chi-TEOS-
SiO2 composite proposed in section 1.4.1 is considered as a polymer composite; “a
composite in which at least one component is a polymer”, with the polymer component
being chitosan. However, it may also be considered as a nanocomposite; “a composite

in which at least one of the phase domains has at least one dimension on the order of
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nanometres”, due to the presence of the SiO2 nanoparticles. For the purpose of our
research we may refer to the material as a ‘polymer nano-composite’, bearing in mind
that this is not an official IUPAC definition. Composites are made up of phase
domains; “a region of a material that is uniform in chemical composition and physical
state”. The proposed Chi-TEOS-SiO, composite is made up of three so-called ‘phase
domains’ — chitosan polymer, siloxane polymer derived from TEOS and SiO:

nanoparticles. We refer to these ‘phase domains’ as networks.
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Figure 1.15. Concept map diagram depicting the connection between phase domains,
composites and the resulting types of composites. Both polymer composites and
nanocomposites are highlighted as they both apply to the Chi-TEOS IPN suggested in

section 1.4.1. Resulting in a ‘polymer nano-composite’.

The IUPAC definitions in the above text and the concept map diagram in figure 1.15

are available from the following reference®.

A wide range of polymer composites bearing chitosan as the polymer chain have been
researched. Wang et al. report the synthesis of chitosan/ multi-walled carbon nanotube
composites prepared by a solution evaporation method, where the presence of carbon
nanotubes at low concentration significantly improves the mechanical strength of the
chitosan films®. Venkatesan et al. also report on incorporating carbon nanotubes into
chitosan polymer composites for enhanced mechanical properties; this is present in a
review on chitosan/ hydroxyapatite polymer composites for bone tissue engineering,
due to the biocompatibility of both chitosan and hydroxyapatite®. This topic has been
extensively studied with a variety of methods reported; including electrospinning®,

solvent casting® and electrochemical deposition®. The biocompatibility of chitosan
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is one of its most widely researched attributes, because bio-reactive entities are easily
introduced into the polymer, such as hydroxyapatite for bone engineering already
described. Chitosan polymer composites have also been proposed as antibacterial
dressings for wound-healing. Sezer et al. prepared chitosan/ fucoidan polymer
composites of varying concentration to study wound-healing on burns®’. Fucoidan is
a naturally-occurring sulphated polysaccharide. Results indicated that the chitosan/
fucoidan composite had enhanced healing properties compared to either chitosan or
fucoidan on its own. Nanocomposite films with antibacterial activity have also been
reported; many referring to the inclusion of biocompatible polysaccharides such as
chitosan and cellulose. For example, zinc oxide/ cellulose nanocrystal composites
were synthesised by Azizi et al. with antibacterial activity enhanced with decreasing
particle size against gram-positive and gram-negative bacteria®. A variety of
nanoparticle/ chitosan nanocomposite films were prepared by Rhim et al. by a solvent-
casting technique with both quantitative and qualitative studies carried out by the cell
count method and the inhibition zone method, respectively. Results indicated high

antibacterial activity with the inclusion of silver nanoparticles®®.

1.4.3 Stimuli-sensitive composites

Stimuli-sensitive composites are composites which react to external stimulus in a way
that reflects the physical properties of the composite. It may be a reflection on one or
more networks in the composite structure, again depending on the physical properties
present. External stimuli include heat, light, pH, ionic strength, magnetic field and
solvent, among others. A simple example is the dissolution of a polymer in a heated
solution: when the upper critical solution temperature is reached, the physical
properties of the polymer react to heat and a phase change to hydrogel/ solution occurs.
If this is a reversible reaction, then the polymer will phase change back to solid upon
a decrease of temperature below the upper critical solution temperature. A vast amount
of colorimetric sensors have been reported in the literature with their development
based on the methods outlined above®. The basic principle is that of a polycrystalline
colloidal array (PCCA) where the tuneable and detectable structural colour of a
colloidal crystalline network embedded in an external network responds to external
stimulus such as solvent, temperature, pH or strain. In a review article by Stuart et al.
the diverse range of stimuli-responsive polymers is referred to as a ‘galaxy’ of stimuli-

responsive materials, aptly describing the vast range of materials that have been
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studied®. Stimuli-sensitive polymers react to specific stimuli in a specific manner; this

can then be detected depending on the response action and applications derived.
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Figure 1.16. The ‘galaxy’ of stimuli-responsive materials, illustrated by Stuart et al.%*.

A variety of pH-responsive polymer systems have been reported in the literature,
together with associated targeted applications. One example is the development of pH-
sensitive polymeric micelles for the controlled delivery of doxorubicin by Hruby et
al.%2. The polymeric micelles are composed of two biocompatible block copolymers;
polyethylene oxide and a doxorubicin antibiotic block. The pH-sensitivity arises from
the formation of hydrazine bonds between the drug and the carrier. Cleavage of the
hydrazine bonds occurs in mildly acidic conditions; this was confirmed by results as
more than double the concentration of doxorubicin is released in aqueous conditions

of pH 5, as compared to aqueous conditions of pH 7.

The Asher research group are prominent in the study of both colloidal photonic
crystals and polymeric composites®®. As part of this group Lee et al. have done
extensive research on so-called polymeric crystalline arrays (PCCAs) which are
composite materials constructed of acrylamide hydrogel and colloidal polystyrene
nanoparticles®. The PCCA is sensitive to pH and ionic strength due to the presence of
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carboxylated acrylamide. The polymer system swells between pH 5 and 11 and with
this the crystalline colloidal array swells. The swelling can then be detected by a red-
shift in the Bragg peak — see figure 1.17. The mechanism of action is similar to that
proposed for the Chi-TEOS-SiO> composite described in this present work.
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Figure 1.17. Optical data collected by Lee et al.** from a polymerized crystalline
colloidal array made up of acrylamide and colloidal polystyrene. The ordered colloidal
polystyrene swells with the acrylamide in aqueous conditions of pH 5-11. Here the

Bragg diffracted wavelength is monitored as a function of pH.

In more recent work carried out by the Asher research group application-specific
development of such PCCAs was researched. As before, the PCCA was made up of
polystyrene nanoparticles surrounded by an acrylamide polymer network. Glucose
sensing abilities were introduced to the system by the inclusion of boronic acid
derivatives which are available for glucose-binding®. In this case the swelling
phenomenon was different in that the polymer network shrinks upon binding glucose
causing a blue-shift in the Bragg diffracted wavelength of the colloidal crystal
structure, see figure 1.18. This is due to contraction of the photonic crystal lattice.

Blood-glucose level sensing is the proposed application of such a PCCA.

27



>
Q
W

Response Kinetics

2 o to 1 mM Glucose
= 5 .o S = .
2 - = = =t=0 min | : :-10'3.
2 — = =1=20 min = * come Exp i
g p— ) ﬁ 20 ‘ e Exp2
3 c ‘"
= ) v
- = 30 . PG AMRARE & & & & & |
S e ‘ K3 .
- - R 3 S
2 £ 40 T o«
g o LN LA
o
7 -50 v v
£50 ao s 200 750 800 0 10 20 30 40 50 60 70 80 90

Wavelength / nm Time / min

Figure 1.18. Data collected by Ward et al.® in the development of a polymer
composite glucose sensor known as a polymerized crystalline colloidal array (PCCA).
Boronic acid derivative in the array binds with glucose causing the network to shrink
and as the photonic crystal component of the array shrinks a blue-shift in Bragg

diffracted wavelength is observed.

The Chi-TEOS-SiO2 composite introduced in section 1.4.1 is very similar to the
PCCAs produced by the Asher research group; therefore, an in-depth understanding
of the previous work cited here is very important in terms of the discussions regarding
the development of a Chi-TEOS-SiO> composite presented in this thesis. The
underlying rationale here is that by successfully introducing colloidal particles into a
stimuli-sensitive framework, such as a chitosan-TEQOS interpenetrating polymer
network (Chi-TEOS IPN) it should be possible to manipulate the lattice structure as
the crystal lattice would be expected to swell and shrink as the framework reacts to
external changes in pH. Chitin/chitosan-silica composites have been reported in the
past but without the ordered crystal structure®®’. In order to exploit the optical
properties of a photonic crystal embedded in an IPN the colloidal silica particles which
make up the photonic crystal must be ordered in an fcc orientation. This is one of the

issues that is addressed in this thesis.

There are three key variables in the formation and study of composite membranes such
as those described above; hydrogel material, colloidal suspension and external
stimulus. For example, Asher et al. prepared their PCCA’s employing acrylamide as
hydrogel material, polystyrene as colloidal material and pH and ionic strength as

external stimuli®. Wu et al. prepared a chitosan composite with polystyrene
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nanoparticles incorporated, using water as external stimulus and varying particle size
allow for a tuneable stop band and observable colour®. In 2013, Wang et al. developed
a pH-sensitive nanocomposite constructed of colloidal polystyrene nanoparticles
embedded in a PVA/ acrylamide IPN%. They successfully demonstrated how the
embedded polystyrene photonic crystal swells with the IPN as a function of pH. In this

case the IPN swells in transition from acidic to neutral conditions.

1.4.4 Experimental Methods for the Synthesis of the Chi-TEOS-SIiO2
Composite

Logically, a three-step formation mechanism may be suggested for the synthesis of a
Chi-TEOS-SiO, composite. The first two steps would be the separate synthesis of the
two basic elements of the composite; the SiO2 photonic crystal and the Chi-TEOS IPN.
The third step would then involve combination of the two separate elements to form a

composite membrane.

SiO2 photonic crystal synthesis could be performed using any of the methods
described earlier. As will be discussed, in this work the vertical controlled evaporation
method described in section 1.3.5 was employed. Similarly, there are several possible
routes to the production of the Chi-TEOS IPN hydrogel. In our case the method
described in section 1.2.4 was employed. Combining the two separate entities to form
the composite may then be achieved using a simple casting technique, which involves
casting the hydrogel onto the SiO> photonic crystal film and with the aid of capillary
action and at constant temperature the IPN should infill the film, surrounding the SiO-

particles.

Considering this process in more detail, capillary action is the phenomenon by which
liquid travels in narrow spaces without the aid of external forces. It is due to
intermolecular forces between the liquid and the solid - or hydrogel and photonic
crystal structure. In an fcc structure the packing factor is known to be 0.74:0.26 i.e. in
a fcc SiOz photonic crystal the SiO> particles account for 74 % of the total volume and
air takes up the remaining 26 %. It is this 26 % void area that can be filled with
hydrogel by the capillary action described. Chen et al. describe the fabrication of a
two-dimensional nano-patterned surface by capillary action at the interface between a
hydrophilic substrate and a 3D photonic crystal structure!®. In this case the polymer

array pattern (octadecyltrichlororsilicane) is limited to the surface through a
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phenomenon described by the authors as “colloidal crystal-assisted capillary
nanofabrication”. Galusha et al. utilize capillary forces to infill a naturally-occurring
photonic crystal structure in the formation of a 3D inverse opal framework'®, The
naturally-occurring crystal structure chosen was the scale of a biopolymeric beetle; L.
augustus, which was infilled with a mesoporous silica sol-gel by capillary action. The
beetle scales were subsequently removed via acid etch to yield an inverse opal
photonic crystal structure. The inverse opal was then infilled with a titania sol-gel by
capillary forces and acid-etched to yield the final titania structure. This method
successfully describes how ‘simple’ capillary action is utilized in the manipulation of

photonic crystal structures. See figure 1.19 for an overview.

l silica
templating

Sol-gel
titania
templating

Figure 1.19. Galusha et al. synthesised a titania mimic of L. augustus beetle scales by
formation of a silica inverse opal structure and subsequent titania templating;
templating method in both steps is attributed to the phenomenon of capillary action®,

In another study, Cho et al. prepared inverse opal structures suitable for force sensing
via changes in optical response since the application of force on impact alters the
inverse opal structure®?, Their initial SiO2 photonic crystal structure was fabricated
by a dip-coating method and subsequently infilled with a thermoplastic polymer by
capillary forces. This reference is important in portraying how capillary action driven
experiments are relevant in modern research and also how the resulting structures and
their associated mechanisms are suitable for a wide array of applications. See figure

1.20 for the associated schematic.
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Figure 1.20. Schematic of the synthesis of a thermoplastic inverse opal structure by
Cho et al.1%2, Backfilling is carried out by capillary action of the porous structure.
Upon impact the structure behaves as a pressure sensor due to changes in optical

response.

The capillary infilling methods described illustrate how the thermoplastic polymer can
be added so as to surround the porous structures in question, facilitating further
manipulation of the structure and the development of various applications. The
capillary infilling method described has been used in this present work, in order to
surround the SiO2 photonic crystal with the Chi-TEOS IPN during the formation of
the Chi-TEOS-SiO2 composites described here, see Chapter 5.

1.4.5 Analysis of Composite Thin Films

As with the colloidal photonic crystals research in the area of composite thin films
containing said photonic crystals also requires that optical analysis must be carried out
both prior to and after infilling PhCs to compare Bragg diffraction peaks before and
after infilling samples with Chi-TEOS IPN. Such analysis is also necessary in order to
be able to quantify changes in refractive index contrast. The refractive index of cross-
linked chitosan thin films has been reported in the range of 1.54 to 1.59; Yap et al.
reported a stable refractive index of n=1.54 for chitosan films with a range of chitosan
concentrations and glutaraldehyde as a cross-linker'®, while Ligler et al. reported a
refractive index of n=1.59 for a chitosan thin film cross-linked with tetra ethylene
glycol®, Where the composite contains a photonic crystal then swelling will alter the
optical properties of the composite which can be measured using the optical
approaches described earlier, see section 1.3.7. As described further in Chapter 5,

when exposed to an acidic environment the composite should swell to a greater extent
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than when exposed to a neutral or basic environment and therefore the Bragg diffracted

wavelength should shift accordingly.

The structure and morphology of most composite can be examined using electron
microscopy. In the case of the materials described in this thesis, SEM analysis can be
used as a visual tool to observe the degree to which the IPN hydrogel has infilled the
SiO2 photonic crystal structure upon composite formation. Backscattered electron
imaging can also be used for imaging samples with areas of contrasting molecular
weight due to the fact that heavier atomic constituents backscatter electrons more
intensively than lighter atomic constituents. The differing compositions can be
identified according their brightness; areas of heavier atomic constituents appear
brighter. The thickness and packing quality of the crystals can also be observed. In
this present work secondary electron SEM imaging has been used in order to analyse
of the structural properties of the Chi-TEOS IPNs. Secondary electrons are
inelastically scattered from the surface of the sample hence providing surface
information with the same overall energy distribution, whereas backscattered electrons
are elastically scattered from deeper in the sample yielding overall constituent analysis
with relative energies. Figure 1.21 displays the difference in interaction of secondary

electrons (SE) and backscattered electrons (BSE)®.
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Figure 1.21. Diagram displaying the path of a primary electron whether emitted from
the sample surface as a secondary electron or as a backscattered electron from a certain

depth of the sample!®.
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1.4.6 Proposed Applications of Inorganic- Organic Composites

The primary applications of an inorganic-organic composite such as the Chi-TEOS-
SiO. composites described in this thesis are in the area of environmental, chemical
and biological sensing. Due to the pH-sensitivity of the IPN the composite would be
an ideal proton detection system in aqueous conditions, since the SiO2 photonic crystal
lattice would then be expected to swell and shrink with the IPN providing a colour
change or shift in Bragg wavelength as an indicator for particular pH conditions. The
pH range of aqueous, biological and environmental systems is quite broad depending
on the particular system, ranging from neutralization and protection in the body% to
animal or plant growth and survival in bodies of water'°"1% In addition materials that
alter their shape under the influence of a particular external stimulus (such as pH), may
also find application is areas such as drug delivery and wound dressings refs.

1.5 The Mechanical Properties of Chitosan-Based Composites

1.5.1 The Need to Understand the Mechanical Properties of Chitosan-Based

Composites

In order to contribute to the development of applications such as the drug delivery or
wound dressings mentioned above, it was apparent that an understanding of the
mechanical properties of chitosan-based membranes was required. In particular, one
of the aims of the work presented in this thesis was to understand how the
incorporation of nanoparticles into chitosan-based membranes influences their
mechanical properties -specifically to study whether the presence of nanoparticles will
improve the tensile strength properties of the IPNs. The variables to consider include
the type and diameter of the nanoparticles. In addition, the method of incorporation of
nanoparticles also needed to be investigated. The proposal that was investigated was
whether or not the nanoparticles act as structure enhancers when included in the

polymer structure. The nanoparticles were introduced by two means;

1. Grafting separate Chi-TEOS IPN membranes.

2. Introducing nanoparticles to the Chi-TEOS IPN hydrogel prior to membrane
formation, so that the nanoparticles were essentially ‘embedded’ in the Chi-
TEOS IPN membrane.
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Both methods of nanoparticle incorporation have been studied. The nanoparticles
employed this work include SiO, nanoparticles of varying diameter, polystyrene (PS)
nanoparticles of varying diameter, Ag nanoparticles and Au nanoparticles. The SiO>
and PS nanoparticles were studied since they were available in a range of diameters,
meaning the influence of the size of the nanoparticle could be studied. The Ag and Au
nanoparticles were of interest due to their antimicrobial properties, which are
frequently mentioned in the literature in conjunction with the antimicrobial properties

of chitosan.

Indeed, there is currently a great demand for the use of natural and biocompatible
sources in the biomedical industry; therefore, providing that ways can be found to
incorporate a significant antimicrobial function without compromising mechanical
robustness, this may facilitate the development of a range of functional dressings. With
this in mind the focus of these present studies has been on mechanical properties, in

the presence of the added nanoparticles.

1.5.2 The Mechanical Properties of Chitosan

Before conducting research into the properties of any composite material it is
important to have an understanding of the properties of the individual components, as
this allows for direct comparison of results and true insight into whether the properties
of the individual components are enhanced following combination. First of all, it is
important that the mechanical properties of the chitosan component of the composite
are investigated. Chitosan is the original polymer structure which has been altered in
this work, initially by introduction of TEOS to form an IPN (see section 1.2.3) and
then by altering the Chi-TEOS IPN further by the incorporation of various
nanoparticles. The mechanical properties of chitosan and chitosan composites have
been researched extensively in the past. However, factors such as quantity of chitosan,
sample dimensions and environmental conditions are likely to influence the resulting
properties; therefore, it is important to consider the differing synthetic procedures

employed when comparing results from different studies.

Zhang et al. carried out a study on the mechanical properties of chitosan films

modified by the presence of varying concentration of vanillin®

. They performed tests
on a pure chitosan control film with a concentration of 3 % (w/v) and a thickness of

77 + 2.3 um with a yielding tensile strength of 6.64 + 0.77 MPa (1 MPa = 1 Nmm™2).
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In another study Qin et al. examined chitosan films modified by the presence of
montmorillonite and natural antioxidants from pomegranate rind, their analysis
including a study of the mechanical properties!?. In this case the chitosan control film
had a concentration of 1.5 % (w/v) and a thickness of 65 £+ 2.3 um and yielded tensile
strength results of 20.8 £ 1.20 MPa. Despite minor differences between the
experimental arrangements employed by Zhang et al. And Qin et al., it is apparent that
the results obtained vary considerably. This is perhaps surprising considering that the
samples concentrations and thickness values don’t vary to the same degree. This sort
of variance in results highlights the importance in understanding that there will be
differences from study to study and that the main comparisons should be drawn from
variables within the individual studies. The most prominent variables are pore size,
swelling index, thickness, charging effect, synthesis conditions, casting method,

molecular weight and chain flexibility,

It is for this reason that in the work described in this thesis, tests were carried out on
chitosan films with the same concentration of chitosan as in the Chi-TEOS IPNs from
the original study in section 1.2.3 and also the IPNs which were grafted with

nanoparticles.

The properties of chitosan which contribute most to the mechanical properties are poly
dispersity index (PDI) and average molecular weight. A lower PDI value is expected
to result in a lower distribution in molecular weight i.e. the uniformity of the
polysaccharide chain structure. It is also expected that the mechanical properties
should be enhanced with increasing average molecular weight. Huei et al. conducted
a study on how varying molecular weight affects the tensile strength, tensile elongation
and enthalpy of high purity chitosan samples with degree of deacetylation of 90 %!,
Their results showed that the mechanical properties and enthalpy increase with
increasing molecular weight of chitosan. Their results were attributed to two factors;
more molecular entanglement with longer chain length and a higher degree of
crystallinity in the higher molecular weight samples, which is suggested by the

increase in enthalpy values.

More recently, Leceta et al. carried out a study on how varying glycerol concentration
influences the functional properties of both low molecular weight and high molecular

weight films!'2. The study included analysis of both low molecular weight and high
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molecular weight films, in order that the functional properties of the materials with
contrasting molecular weights could also be compared. As expected, their results
revealed that the high molecular weight chitosan films have greater tensile strength
properties than the low molecular weight films; 61.82 + 4.43 MPa and 55.83 + 2.96
MPa, respectively. Here the enhanced mechanical properties were attributed to the
distribution and density of inter- and intramolecular interactions in the chitosan
network, which was interpreted as a greater degree of possible interactions by chain
overlap with increasing chain length.

A study on the effects of solvent acid and molecular weight of chitosan on the barrier
and mechanical properties of chitosan films was carried out by Park et al. 13, Tensile
strength tests revealed that acetic acid is the best solvent acid for the preparation of
mechanically strong films with tensile strength results increasing accordingly from
low to medium to high molecular weight chitosan. The lowest tensile strength results
were obtained from chitosan films prepared with citric acid solvent. Interestingly the
opposite behaviour was seen in the percentage elongation tests: here chitosan films
prepared with acetic acid showed the lowest results while those prepared with citric
acid showed the greatest percentage elongation as a function of increasing molecular
weight. This inverse relationship between tensile strength and percentage elongation
is generally expected for such polymer films. These results are a good reflection on

the influence of chain length and chain overlap on mechanical properties.

With respect to the research carried out on chitosan entities up to the time of writing
(as described in sections 1.3 and 1.4) there have been no mechanical tests on chitosan
membranes prior to IPN formation. As previously noted the main reason for
considering IPN formation is to prevent the chitosan membrane from degrading when
in solution as the TEOS IPN provides a mechanical ‘backbone’ for the chitosan
polymer network. Cross-linking is therefore paramount and without it the IPNs and
composites described in sections 1.4 would not be long-lasting or reusable. However,
what is apparent is that prior to the studies presented here, there was a knowledge gap

in that the tensile strength of the chitosan composite described was unknown.

1.5.3 The Mechanical Properties of Chitosan-Based IPNs

As previously described in section 1.3.3 - an interpenetrating polymer network (IPN)

is defined as a ‘combination of two polymers in network form, at least one of which
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is synthesized and /or cross-linked in the immediate presence of the other’®. It is
expected that the mechanical properties of the individual components of the IPN
would be altered when cross-linking of the individual components occurs. The
mechanical properties might be expected to change depending on the physical and/or

chemical changes which occur upon IPN formation.

Aryaei et al. carried out a study on the mechanical properties of both non-cross-linked
and cross-linked chitosan films, with the aim of enhancing the mechanical properties
of chitosan for applications in the biomedical field®. Results from both elastic
modulus and hardness tests show that the cross-linked chitosan sample had enhanced
properties; however, the cross-linked chitosan sample was described as brittle
compared to the non-cross-linked chitosan sample which was described as ductile.
This provides evidence for modification properties due to cross-linking and although

the cross-linked sample was stronger the brittle characteristic may not be desirable.

The changes in the physical properties of chitosan cross-linked with starch and varying
glutaraldehyde concentration were studied by Li et al.}4. This was an extensive study
with analysis methods ranging from thickness measurements, FTIR, Raman, SEM,
light transmission, mechanical, swelling studies, moisture uptake and water vapour
transmission rate. Spectroscopic methods provided evidence for the reaction of
glutaraldehyde with the polymer composite due to the loss of the characteristic
aldehyde peak in the FTIR spectrum and a decrease in light transmittance in the UV-
Vis spectrum with increasing glutaraldehyde concentration. This was attributed to
phase separation within the composite as the glutaraldehyde was interfering with the
integrity of the composite structure. Evidence of phase separation with increasing
glutaraldehyde concentration was also seen in the results from the mechanical studies.
The tensile strength and elongation at break values decreased with increasing
glutaraldehyde concentration. According to the authors this was a contradiction to the
other studies which appeared to show that the mechanical strength increased with
increasing cross-linker concentration. However, it could be suggested that
glutaraldehyde was not acting as a cross-linker as such but rather it was interfering
with the chitosan-starch composite, inducing phase separation and weakening the
cross-links between the chitosan and starch entities. Results from the elongation at
break and tensile strength tests performed in this study are shown in figure 1.22.

37



i (72222 Tensile strength
é‘ o S Breaking elongation 23 _63,7
%
- &.
%; 50 4 % i ”2'°§
] N 7 R
E 40 é\§ / 1.5 o%
e ®1 N Lo B
21 N -
221 N 2
- /§ 05 X
= a0{ N S

FI F2 F3 F4

Kind of films

Figure 1.22. Results obtained by Li et al. for mechanical tests carried out on chitosan-
starch composites with varying concentration of glutaraldehyde cross-linker
incorporated (F1-no glutaraldehyde, F2, F3, F4 - 3, 6, 12 x 10 molg™, respectively).
These results were said by the authors to be contradictory to the data produced in other
studies. However, the results may be interpreted in a different way — perhaps
increasing the concentration of the ‘cross-linker, glutaraldehyde, actually induced
phase separation which then interferes with the chitosan-starch bonds thereby reducing
the mechanical properties of the structure!4,

1.5.4 The Incorporation of Nanoparticles into Chitosan-Based IPNs

There has been an abundance of research carried out on chitosan-cross-linker networks
with respect to their mechanical and other properties. Typically, the same general
trends are described and it can be concluded that the mechanical properties of chitosan
are enhanced with increasing cross-linker concentration, as the cross-linker acts as a
so-called ‘backbone’ when introduced to the chitosan polymer structure. The increase
in mechanical strength generally causes a reduction in swelling ability as the flexibility
and freedom for polymer chains to elongate is inhibited by the presence of a cross-
linker ‘backbone’. Moving on from this the question now is whether the mechanical
properties of chitosan can be further enhanced while retaining the ‘backbone’
characteristic of the cross-linker; which should be maintained to prevent solubilisation
of chitosan in agueous solutions and a range of solvents. The overall aim of this section

is therefore to review the previous work pertinent to this question and by doing so
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provide some background to the studies described in this thesis, involving the

introduction of nanoparticles into the composite structures.

In general, the properties and applications of nanoparticles seem endless due to the
vast array of nanoparticles that exist together with their shared and individual
characteristics. One invaluable property and common denominator for all
nanoparticles is the high surface area associated with a minute quantity of nanoparticle
material. This property is highly exploitable in catalytic chemical and physical
reactions as only a minute quantity of nanoparticle material is required to significantly
decrease the activation energy, compared to the quantity that would be required at the
macro level. The phenomenon behind the large surface area of nanoparticles is neatly

illustrated in figure 1.23.
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Figure 1.23. A simple illustration to demonstrate the phenomenon behind the large

surface area of nanoparticles®.

A recent study by Mathesan et al. on the mechanical properties of modified chitosan
samples included incorporating nanoparticles into the chitosan network*6. The stress-
strain behaviour of three different chitosan networks was analysed; chitosan polymer,
chitosan-hydroxyapatite (HAP) network and chitosan cross-linked with
glutaraldehyde. It was determined that the Young’s modulus and maximum stress
increased in both the presence of HAP and glutaraldehyde; with the latter showing the
greater increase. Radial distribution function analysis was carried out and provided
evidence that hydrogen bonding and electrostatic interactions were the primary
bonding interactions leading to the enhanced mechanical properties. These results are
concise and novel, however there is room for further study as to how a network with
the three combined entities would behave; chitosan, cross-linker and nanoparticle.

Such a network has been investigated here.
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The size of nanoparticles employed is a fundamental variable when considering the
fabrication of a polymer network into which nanoparticles are to be incorporated,
because it is expected that as the size of the nanoparticles varies that the bond strength
between the nanoparticle and the polymer would also vary. An inverse relationship
might be expected between particle size and bond strength as the increasing surface
area should allow for more interactions. However, the opposite result was observed
by Rose et al. as they performed tensile strength tests on various materials, including
animal tissue, grafted with various nanoparticles of varying size'!’, including SiO-
nanoparticles. In their work they describe how the nanoparticle size (needs to be?) is
comparable to the dimensions of the network into which it is being grafted. The results
obtained were outstanding from a biomedical viewpoint as the nanoparticles employed
have been suggested as wound-healing entities due to their ability to graft human
tissue. Figure 1.24 displays a schematic of nanoparticle and a polymer network as

illustrated by Rose et al.

Figure 1.24. Nanoparticle surrounded by and interacting with a polymer network put

reference here also.

1.5.,5 Experimental Methods for the Preparation of Nanoparticle-Loaded
Chitosan-Based IPNs

In general, the work described has involved the use of three types of chitosan; namely
LMWChi, MMWChi and HMWChi. However, in relation to the work presented in the
part of the thesis that describes the incorporation of nanoparticles into the chitosan:
TEOS IPNs, only LMWChi is relevant (See Chapter 6).
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This material was chosen due to the nature of the results obtained from other studies
presented here and in particular the fact that it has the lowest degree of swelling. This
Is advantageous because elsewhere in this thesis we describe the exposure of LMWChi
samples to aqueous conditions after the incorporation of nanoparticles and as such a
lower degree of swelling was desirable in order to control the experimental conditions.
The same experimental conditions as described in section 1.2.3 were employed for
IPN synthesis. For tests on non-cross-linked chitosan the chitosan hydrogel was
synthesised in aqueous acid conditions, see Chapter 3.

Silica (SiOz), polystyrene (PS), silver (Ag) and gold (Au) nanoparticles have all been
used in this work as part of the embedding/ grafting studies using LMWChi-TEOS
IPNs. The main aim of using Ag nanoparticles was to compare the abilities of metal
nanoparticles versus polymer nanoparticles in relation to antimicrobial activity and
mechanical strength. Ag is renowned for its antimicrobial activity and as such it was
of interest to combine this with the antimicrobial activity of chitosan. SiO>
nanoparticles were prepared by the modified Stober method first described in section
1.3.2; PS particles were prepared by Fudouzi et al. in the National Institute of
Materials Science by the polymerisation of styrene monomers. Varying sizes of both
SiO2 and PS nanoparticles were used. Using similar concentrations for the SiO> and
PS solutions allowed for direct comparison of the respective nanoparticles abilities as
cross-linkers for embedding/ grafting. Also, comparison of the results from the Ag
nanoparticles and the PS/SiO> nanoparticles allowed for a comparison of metal
nanoparticles versus polymer nanoparticles in terms of their ability to act as structure

enhancers.

The first method used in this work for testing the interactions of the nanoparticles with
the Chi-TEOS IPN is referred to as ‘embedding’. In this method the nanoparticles are
introduced to the polymer network when it is in hydrogel form and the IPN membranes
are subsequently formed with nanoparticles ‘embedded’ in the polymer network.
Using this approach, it is expected that there would be more of the bonding
interactions, such as H-bonding and van der Waals forces already discussed, taking
place, as the nanoparticles would be present throughout the polymer network rather
than only at the surface as would be the expected situation for the alternative approach

known as ‘grafting’, discussed below.
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The second method described for testing the interactions of the nanoparticles with Chi-
TEOS IPNs is referred to as ‘grafting’. In this case two of the same polymeric
networks (LMWChi-TEOS IPNs) are joined when a layer of nanoparticle solution is
spread onto the surface of a LMWChi-TEOS IPN membrane and then another
LMWChi-TEOS IPN membrane is placed on top. In this case the bonding interactions
are expected to form between the surfaces of the membranes and the nanoparticles in
between. H-bonding would be expected to occur between amine and alcohol groups
of chitosan, siloxane/ alcohol groups of TEOS and surface siloxane/ alcohol groups of
SiO2. Bonding between PS and the Chi-TEOS IPN would be expected due to
interactions such as van der Waals forces, which are significantly weaker than
hydrogen bonds and occur in the presence of non-polar groups on PS. However, an
induced dipole due to the presence of electronegative atoms in the IPN may enhance
the intermolecular bonding. These types of interactions are generally expected of
polymers as part of the so-called supramolecular chemistry that they facilitate!'8. The
exact bonding interactions between silver nanoparticles and differing organic entities
are not fully understood. Sun et al. proposed coordination bonding between silver
nanoparticles and O and N atoms of a polyvinylpyrrolidone polymer network!®.
Obviously, a similar mechanism of bonding may be proposed for silver nanoparticles
and a Chi-TEOS IPN.

This strategy was adopted in an attempt to determine if, as proposed, the IPN-
nanoparticle interactions are primarily at the surface for grafted membranes and
throughout the membranes for membranes with nanoparticles embedded. Tensile
strength tests were carried out on chitosan membranes for comparison with results
from tests on various Chi-TEOS IPNs, see Chapter 6. The main thrust of the
experiments described in this thesis concerns the tensile strength testing of the various
membranes although other mechanical testing as well as electron microscopy
morphology studies were also performed. Following results from these further
mechanical tests such as elongation at break and hardness tests may provide more
insight. SEM analysis should also be carried out on the various IPNs with

nanoparticles introduced.
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1.5.6 Potential Applications of the NP-Containing Membranes?

The grafted/ embedded membranes described above have considerable potential on
the development of various mechanical, antimicrobial and biomedical applications of
chitosan membranes enhanced by cross-linking of the polymer network. The
mechanical properties of chitosan have been widely discussed and reported but in
general these previous reports have focused on modifying the chitosan membrane with
one cross-linking entity!®®12 In contrast this thesis looks at the effects of cross-
linking with TEOS and also the possibility of further enhancing the mechanical

properties by introducing nanoparticles as a third cross-linking entity.

Cross-linked chitosan networks have many potential applications in the biomedical
industry. One proposed application which would benefit from increased cross-linker
density and tensile strength is the use of chitosan membranes as wound-dressings.
Chitosan provides a breathable, biocompatible layer which is well-suited for
biomedical applications such as wound protection?®. However, currently the lifetime
of such wound dressings is questionable and so the concept addressed here concerns
the possibility of improving the durability of the dressings via an increase in tensile
strength. In addition, surface wound-healing membranes as described are ideal
candidates for the controlled release of drugs at the epidermis? or at the surface of
bone tissue!?!. The other underlying driver to the research described here concerns
enhancement of the anti-microbial activity of the membranes. This is discussed in

more detail in the following section.
1.6 Antimicrobial Activity of Chitosan Composites

1.6.1 Rationale Behind the Antimicrobial Studies

In addition to studying the optical and mechanical properties of chit