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Abstract

Hydrocolloid materials have been used for some time in the fields of
regenerative medicine and drug delivery. Despite a significant body of work,
to date the majority of research in the area has focused on relatively simple
compositions and microstructures. In comparison, the food industry has long
used refined and often subtle methods to structure and thereby tailor the
release and handling properties of a vast range of similar materials. In this
thesis, a range of processing methodologies has been used to generate novel
materials intended for use in the regenerative medicine and drug delivery
using gellan and kappa carrageenan. The thesis demonstrates how even small
changes in process conditions can result in significant changes in the way a
material handles and may deliver therapeutic molecules. It has been
demonstrated that gellan, when combined with poly (vinyl alcohol) (PVA)
produces a material of enhanced robustness. However, the enhanced
robustness was subject to gellan forming the dominant phase.

By imparting a shear force to gelling materials, it was also possible to produce
shear thinning fluid materials using similar biopolymers (gellan with kappa
carrageenan). These polymers typically phase separate, however, when the
concentration of polymers were controlled, simultaneous gelation could be
achieved suggesting that a single phase system was formed.

Finally it was demonstrated that it was possible to generate a novel cell



delivery device by the hydration of kappa carrageenan in warm biomedical
buffers, with no high temperatures required.

Overall this thesis demonstrates the range and complexity of structures that
can be produced using the relatively small number of polymers that can be

used in the clinic.
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emulsions with a range of concentrations of «C dispersed in DMEM buffer as the
aqueous phase. Emulsions are stabilised with PGPR (CJ/H) or Span 80 (A/A). G is
represented by closed symbols, and G” is represented with open
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Figure 5.18 - Oscillation sweeps of kC HEPES-in-paraffin oil emulsions, stabilised with
PGPR (C1/H) and Span 80 (A/A) (internal phase contains 5% «C HEPES (a), and 6%
kC HEPES (b)). Elastic modulus (G’) is represented by closed symbols, with open

symbols representing viscous Modulus (G”')....c..cevevieieieiieiieessseseseseeveeveesveesiesenenn. 136

Figure 5.19 - Linear Visco Elastic Region value from the oscillation sweeps of primary
emulsions with a range of concentrations of kC dispersed in HEPES buffer as the
aqueous phase. Emulsions are stabilised with PGPR (CJ/H) or Span 80 (A/A). G is
represented by closed symbols, and G” is represented with open
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Figure 5.20 — Micrographs of duplex emulsions with the inclusion of 6% (a, d), 7% (b,
e) and 8% (c, f) xC dispersed in DMEM buffer. Inner droplets were stabilised with
PGPR, and outer droplets stabilised with Tween 20 (a, b, c) and Tween 80 (d, e, f).
Micrographs  were  taken immediately after forming the  duplex

L1 4 101 K Lo TP N 1°

Figure 5.21 — Micrographs of duplex emulsions with the inclusion of 5% (a, c) and 6%
(b, d) xC dispersed in HEPES buffer. Inner droplets were stabilised with PGPR, and
outer droplets stabilised with Tween 20 (a, b) and Tween 80 (c, d). Micrographs were

taken immediately after forming the duplex emulsion........ccccccovceeeviececceice e 140

Figure 5.22 — Micrographs of duplex emulsions with the inclusion of 6% (a, d), 7% (b,
e) and 8% (c, f) kC dispersed in DMEM buffer. Inner droplets were stabilised with
Span 80, and outer droplets stabilised with Tween 20 (a, b, c) and Tween 80 (d, e, f).
Micrographs  were  taken immediately after forming the  duplex
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Figure 5.23 — Micrographs of duplex emulsions with the inclusion of 5% (a, c) and 6%
(b, d) xC dispersed in HEPES buffer. Inner droplets were stabilised with Span 80, and
outer droplets stabilised with Tween 20 (a, b) and Tween 80 (c, d). Micrographs were

taken immediately after forming the duplex emulsion........ccccccovevveiieeeeeeiccciviiieeeee. 143

Figure 5.24 - Oscillation sweeps of kC DMEMe-in-oil-in water duplex emulsions,
stabilised with PGPR/ Tween 20 (C1/H), PGPR/ Tween 80 (O/®), Span 80/ Tween 20
(A/A) and Span 80/ Tween 80 (V/V) (the internal phase contains 6% kC DMEM
(a), 7% xC DMEM (b), and 8% «C DMEM (c)). Elastic modulus (G’) is represented by
closed symbols, with open symbols representing viscous modulus
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Figure 5.25 — G’ and G” in the Linear Visco Elastic Region from the oscillation sweeps
of duplex emulsions with a range of concentrations of kC dispersed in DMEM buffer
as internal aqueous phase. Emulsions are stabilised with PGPR/ Tween 20 (C1/H),
PGPR/ Tween 80 (O /@), Span 80/ Tween 20 (A/A) and Span 80/ Tween 80 (V/V).
G’ is represented by closed symbols, and G” is represented with open
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Figure 5.26 - Oscillation sweeps of kC HEPES in-oil-in water duplex emulsions,
stabilised with PGPR/ Tween 20 (C1/H), PGPR/ Tween 80 (O/®), Span 80/ Tween 20
(A/A) and Span 80/ Tween 80 (V/V¥) (internal phase contains 5% kC HEPES (a), and
6% kC HEPES (b)). Elastic modulus (G’) is represented by closed symbols, with open

symbols representing viscous modulus (G”')....c.cuvveieieecieiiiesssece e s e evesevierieeenn. 148

Figure 5.27 — G’ and G” in the Linear Visco Elastic Region value from the oscillation
sweeps of secondary emulsions with a range of concentrations of kC dispersed in
HEPES buffer as internal aqueous phase. Emulsions are stabilised with PGPR/ Tween
20 (CJ/M), PGPR/ Tween 80 (O /@), Span 80/ Tween 20 (A\/A) and Span 80/ Tween
80 (V/V). G’ is represented by closed symbols, and G is represented with open
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1.1 Context of the study

Mean life expectancy is consistently increasing (Giacomoni, 2005, Walport,
2014); with governing bodies and agencies describing countries as has having
“aging populations” (Cracknell, 2010). This is accompanied by consumers being
increasingly more interested in all-natural personal care and cosmetic products
(Carvalho et al., 2015). As a result there has been a dramatic increase in the
research carried out in the field of natural therapeutics (Lubbe and Verpoorte,

2011).

The human skin is a complex structure (Edwards and Marks, 1995). Its purpose is
to protect and regulate the body, to control temperature, prevent water loss, as
well as to protect against pathogens or diseases (Bouwstra et al., 2003, Groeber
et al., 2011). Whilst the skin is usually able to completely repair with little or no
scarring (Percival, 2002), damage over the size of 4 cm in diameter, genetic
abnormalities or existing diseases can all result in the human skin being unable
to repair itself (MacNeil, 2007, Groeber et al., 2011, Shevchenko et al., 2010).
This results in medical treatment being required (MacNeil, 2007). Cartilage also
has limited capabilities to repair itself, and therefore trauma to the cartilage

would often need medical intervention (Malda et al., 2003).

The gold standard for treating such cases has previously been to harvest tissue or
cartilage from elsewhere, and then re-implant them into the patient (known as
an autograft (O'Brien, 2011)). The use of autogenous cell or tissue

transplantation for cartilage repair has been described as one of the most
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promising techniques in biomedical engineering (Hutmacher, 2000, Patrick et al.,
1998). However, it also carries high levels of trauma, increased potential of
contracting an infection, donor site morbidity and scarring. Alternatively, tissue
or cartilage can be harvested from another person and placed in the patient. This
is known as allografting (O'Brien, 2011), and carries higher levels of risk of
infection as well as rejection from the patient’s body. Furthermore, it is said that

suitable donors are also limited (Lee and Mooney, 2001).

Wound dressings, such as those applied after any surgical treatment, are
primarily designed to protect the affected area of the body, and replace the
functions of the skin (Pereira et al., 2013), such as protecting against
microorganisms and infections. These dressings can then also have a dose of
drugs that can assist in the healing process (Dias et al., 2011, Elsner and
Zilberman, 2010, Kim et al., 2008), thus creating a multifunctional dressing.
Furthermore, the controlled release of a therapeutic drug from the dressing
could reduce the frequency of replacing the dressings (Lisa, 1997). Contrary to
previous beliefs (Queen et al., 2004), it has been found that creating a warm and
moist environment around the wound can actually increase healing times (Field

and Kerstein, 1994, Winter, 1962).

The risks associated with grafting have resulted in an increased interest in the
development of new technologies that can advance the treatment of patients,
lowering any surgical trauma and speeding up recovery times. Thus, tissue

engineering (which involves the fabrication of tissue) has developed (Drury and
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Mooney, 2003). Additionally, research into improving the wound dressings for

more efficient wound healing treatments has also received interest.

The selection of materials for tissue engineered structures has to be carefully

considered (O'Brien, 2011), as the materials must:

e Be biocompatible — meaning cells must adhere to the material, and
function normally;

e Degrade allowing for the cells to deposit their own extracellular matrix
(ECM) structure, and;

e Have mechanical properties that are consistent with the site which it will
be implanted and also have a structural integrity to withstand handling

during the implantation process.

Hydrocolloids have been readily used within tissue engineering (Zhu and
Marchant, 2011, Radhakrishnan et al., 2014, Hunt and Grover, 2010, Bidarra et
al., 2014), as they exhibit many of the characteristics required for a tissue-
scaffold material. Hydrocolloids, however, have been previously described as
having insufficient mechanical properties, and complexity. This has resulted in
research into multicomponent systems, which this thesis will investigate in both

the literature review and the experimental chapters.

Hydrocolloid wound dressings are already commercially available (Pereira et al.,
2013, Boateng et al., 2008), and has been shown to assist with creating a moist

environment around the wound, and also the removal of damaged tissue from



INTRODUCTION

the wound site, hence having a beneficial impact on recovery (Paddle-Ledinek et

al., 2006).

1.2 Objectives

Current gold standards within both the pharmaceutical and personal care
industries can still be improved upon, in order to give patients the best products,

and the best chance of maintaining or improved health.

Considering this, the aim of this thesis was to investigate two hydrocolloids, low
acyl gellan and kappa carrageenan, and how they could be utilised to deliver
bioactive molecules. This thesis investigated how these materials could be
structured to provide a range of structures with differing functions. These

include:

e Investigate whether quiescent low acyl gellan/ poly (vinyl alcohol) gels
may be used as a structure for auricular replacement.

e Investigate the effect of mixing low acyl gellan and kappa carrageenan
during the formation of fluid gels, and how they may be used for wound
care.

e Develop structured kappa carrageenan that is compatible for the delivery
of hydrophilic drugs or mammalian cells. This involved structuring the
hydrocolloid system with minimal heat and shear. These structures were

then investigated for the stabilisation of emulsions.
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1.3 Thesis Structure

The following chapter reviews the relevant literature of hydrocolloid structuring,

including the use of hydrocolloids within emulsion systems.

The first results chapter (Chapter 3) is split into two main parts: Section 3.2
discusses quiescent gelation of low acyl gellan modified with the addition of the
synthetic polymer, Poly (vinyl alcohol). Section 3.3 then investigates the
development of a staining method to attempt to visualise the resultant

microstructure using DTAF.

Chapter 4 investigates the formation and characterisation of low acyl gellan/
kappa carrageenan fluid gels. Processing parameters are investigated for both

single polymer fluid gels and mixed fluid gels.

The final results chapter (Chapter 5) discusses the hydration of kappa
carrageenan in warm (30 °C) buffers. These gums are then added to complex

emulsions. Both the rheology and stability of the emulsions are analysed.

Chapter 6 concludes the thesis and discusses the possible future work. Chapter 7

then lists the references used for this body of work.
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1.4 Publications and Presentations

Results obtained throughout this study have been published as follows:

Publications:

Norton, A. B., Hancocks, R. D., Grover, L. M., (2014) Poly (vinyl alcohol)
modification of low acyl Gellan hydrogels for applications in tissue
regeneration, Food Hydrocolloids, 42, 373-377.

Norton, A. B., Hancocks, R. D., Spyropoulos, F., Grover, L. M., (2015)
Development of 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) staining for
the characterisation of low acyl gellan microstructures. Food Hydrocolloids,
53, 93-97.

Norton, A. B., Spyropoulos, F., Grover, L. M., The formation and
characterisation of low acyl gellan/ kappa carrageenan mixed fluid gels,

Submitted.

Patent:

Norton, A. B., Spyropoulos, F., Grover, L. M., GB1608595.3.
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Oral Presentations (speaker underlined):

e Norton, A. B., Hancocks, R. D., Spyropoulos, F., Grover, L. M., Characterisation
of gellan fluid gel microstructures, 12th International Hydrocolloids
Conference, Taiwan, 2014.

e Norton, A. B., Hamilton, I. E., Spyropoulos, F., Grover, L. M., Microstructural
design of multicomponent hydrocolloid fluid gels for the delivery of model
actives, 18™ Gums & Stabilisers for the Food Industry Conference, Wrexham,
2015.

e Norton, A. B., Spyropoulos, F., Grover, L. M., Warm hydration of kappa
carrageenan and its use to structure and stabilise single and double

emulsions, 13" International Conference, Canada, 2016.

Poster Presentations:

e Norton, A. B., Grover, L. M., Mixed Gellan/Poly (vinyl alcohol) Hydrogels for
Auricular Replacement, 13" UK Society of Biomaterials (UKSB) Annual
Conference, Birmingham 2013.

e Norton, A. B., Grover, L. M., Effect of Poly (vinyl alcohol) on the Structural
Properties of Low Acyl Gellan Hydrogels, 1st UK Hydrocolloids Symposium,

Huddersfield 2013.
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2.1 Introduction

Engineering new, sustainable structures to improve everyday products has been
a long-standing research field. Improving the quality of life is a big driving force,
with research focusing on reducing fat in foods (e.g. “light” versions of
mayonnaise and margarine (Norton et al., 2006, Norton et al., 2007)), delivery of
pharmaceuticals (Kashyap et al., 2005, Lin and Metters, 2006), and improving
personal care products (Ammala, 2013), such as washing detergents and

shampoos.

The design of new structures involves consideration of all aspects of the product,
including the material properties, their effect on health and sensory qualities,
and the possible responses from consumers (a schematic representing these
aspects and how they are linked is shown in Figure 2.1 (Norton and Foster,

2002)).
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Figure 2.1 — Schematic representation of the microstructural approach, linking the
materials and processing parameters with the resultant sensory response. Adapted

from Norton and Foster (2002).

Hydrocolloids and emulsions are found in a large proportion of commercial
products, in both food and personal care (Dickinson et al., 2009). However, there
are areas in both fields which could be further developed (McClements et al.,
2009). In addition, there are a number of aspects of both food and personal care

which have similar material properties.

For this literature review, hydrocolloids and their capacity to be used in a range
of applications will be discussed. This includes hydrocolloids structured to form
fluid gel particles, multicomponent gel systems, and the use of hydrocolloids

within emulsions.
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2.2 Hydrocolloids

Hydrocolloids, which include polysaccharides, proteins and some synthetic
polymers such as poly (vinyl alcohol) (PVA), are versatile materials, and thus have
received a great deal of attention in food (Tang et al., 1994, Nishinari et al.,
1996), pharmaceutical (Osmatek et al., 2014, Guo et al.,, 1998) and tissue

regeneration applications (Birdi et al., 2012, Hunt et al., 2010, Smith et al., 2007).

Polysaccharides (derived from plants, seaweeds, microbial and animal sources)
are complex carbohydrates that have repeating monosaccharide units (Rees,
1977). The complex structure, high molecular weight and hygroscopic character
of polysaccharides allows for the structuring of free water (Ablett et al., 1978),
thus stopping flow so that solid-like structures are produced (Nishinari et al.,
2000a, Watase and Nishinari, 1988). Synthetic polymers are often used in tissue
regeneration, such as PVA, which are available in a range of molecular weights,
all of which have a hygroscopic character and are highly soluble in aqueous

media.

Hydrocolloids can be formed from polymers exhibiting a wide range of
structures, from random coils to helices, to extended egg box structures,
depending on the molecular structure of the polymer backbone (Rees, 1977).
This variety of structures and interactions results in a diverse range of rheological
and physical properties. These range from hydrocolloids which increase in
viscosity, such as guar (Robinson et al., 1982), to those which have suspending

properties such as xanthan (Sworn et al., 2010), and to those which form gels,
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such as kappa and iota carrageenan, gellan, and agarose (Morris et al., 1980). Of
particular interest are the gel properties and how they can be manipulated for
use in a wide range of products related to foods, personal care, and
pharmaceuticals. The range of gelling profiles (which will be further discussed in
Section 2.3), and their resulting mechanical properties, are shown in Figure 2.2
(Phillips and Williams, 2009). Figure 2.2 identifies how the conformation of the
polymer backbone, and the presence of side groups, can greatly affect the
resultant properties of the gel. For example, xanthan-locust bean gum form a
synergistic interaction between the different polymer chains resulting in short
ordered sequences (Lundin and Hermansson, 1995), whereas high acyl gellan
(containing acyl side groups) form soft and flexible gels, while polymers which
form longer and more rigid ordered conformations such as kappa carrageenan (a
double helix), agar (a double helix) and low acyl gellan (a double helix) form
firmer gels. Within each polymer chain for these hydrocolloids, there are
sequences which can adopt the ordered structure and residues or sequences of
residues that have a conformation which stops them from interacting (Anderson
et al., 1968) (this will be discussed further for the hydrocolloids studied in this
thesis in Sections 2.2.1 and 2.2.2). As the length of the sequence which can form
an ordered structure increases, the resultant gels become firmer and more
brittle (Hermansson et al., 1991, Dunstan et al., 2000). However, if the number
of disruptions in the chain decreases too much, the hydrocolloid will become
insoluble and precipitate out on cooling, as is the case for starch and cellulose

(Parker and Ring, 2001, Jane, 1993). This shows the importance of the molecular
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structure of the hydrocolloid backbone, the presence of side groups and the
chain conformation, and how the overall rheological and material properties can

be affected and manipulated by the careful choice of a hydrocolloid.

Figure 2.2 — Comparison of the textures, from soft and flexible to firm and brittle,
exhibited by a range of hydrocolloids. Image adapted from Phillips and Williams
(2009).

The term “dilute hydrocolloid systems” describes when the concentration of
polymer is lower than the minimum concentration for gelation, within a solvent
such as water (Nickerson et al., 2004). The polymer chains are then able to move
independently of each other and the viscosity of the solution increases based on
the volume occupied by the independent polymer chains. This results in a
gradual increase in viscosity, as shown for the lower concentrations in Figure 2.3
(Phillips and Williams, 2009). The concentration range for this regime varies for

different hydrocolloids. Once the polymer concentration is increased, the
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polymer chains are forced to occupy less volume and thus overlap. At this point,
the viscosity increases more steeply because the polymer chains are unable to
move freely due to molecular crowding. This results in chain entanglement which
causes a drag when the polymer chains are moved against each other (the more
rapid increase shown in Figure 2.3) (Morris et al., 1981). The point of the distinct

viscosity change is known as the critical overlap concentration, or C*.

~]
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Figure 2.3 — Schematic representation of the viscosity dependence of polysaccharide
systems, showing the transition from dilute regions, past the critical concentration

(C*) into a concentrated region. Image adapted from Phillips and Williams (2009).

2.2.1 Gellan Gum

Gellan gum is a naturally occurring anionic hydrocolloid containing
tetrasaccharide repeating units (1,3-B-D-glucose, 1,4-B-D-glucuronic acid, 1,4-f-
D-glucose, 1,4-o-L-rhamnose) (O'Neill et al., 1983, Jansson et al., 1983, Gibson

and Sanderson, 1997) (Figure 2.4), which is synthesized from the bacteria
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Sphingomonas elodea (formally known as Pseudomonas elodea) (Morris et al.,

2012, Kang et al., 1982).

Figure 2.4 — Tetrasaccharide repeating unit of deacylated gellan. The presence of an
acetyl (*) and a glyceryl (**) groups are found in native gellan (also known as high acyl

gellan). Figure adapted from Mao et al. (2000).

Through alkaline hydrolysis, acyl groups present on the native gellan backbone
(otherwise known as high acyl gellan) are removed, to form deacylated gellan
(also known as low acyl gellan) (Sworn et al., 2009, Mao et al., 2000, Kang and
Veeder, 1982, Kang et al., 1982). The removal of the acyl groups results in the
chain being a polyanion due to the carboxyl groups. This results in a salt
sensitivity, particularly to divalent ions, and increases the interaction between
the polymer chains through an ion bridge, allowing greater aggregation. This
results in firmer and more brittle gels, and if only monovalent cations are
present, decreases the gelation temperature (from 70 °C - 80 °C to 25 °C - 60 °C)

(Morris et al., 2012). Alternatively, the bridging of the gellan chains can be

16



LITERATURE REVIEW

achieved using cell culture media for tissue engineering applications (Smith et al.,
2007), or bodily fluids such as tears, for medical applications (Rupenthal et al.,
2011). Furthermore, low acyl gellan gels are thermoreversible (i.e. they set on
cooling and can be remelted by heating) (Morris et al., 2012). The process of
deacylation causes a decreased viscosity, probably because the polymer chains
are a lower molecular weight due to a small amount of chain cleavage taking

place.

High acyl gellan forms weak gels, because the acetyl and glyceryl groups hinder
close association of the polymer chains (Mao et al., 2000), while low acyl gellan
forms strong gels at very low polymer concentrations (i.e. 0.05% (wt%)) (Garcia
et al., 2011, Sworn et al., 2009), which is of economic benefit for using low acyl
gellan. Gellan has also been shown to have similar structuring and texture to
gelatin, allowing for potential vegetarian alternatives for products (Morrison et
al., 1999), such as desserts. Furthermore, gellan has been previously suggested
for use in tissue regeneration and cartilage engineering (Oliveira et al., 2010).
Gellan has been found to be noncytotoxic, and does not require harsh processing

to form gels which are self supporting (Sworn et al., 2009).

As the molecular structure of the high and low acyl gellan are very similar, it may
be expected that the two chains could interact or bind together in a mixed
network. However, there is no evidence that mixing the two forms of gellan
results in helices formed containing both high acyl and low acyl gellan
(Matsukawa and Watanabe, 2007), showing that these two forms of the polymer

behave as separate polymers (Mao et al., 2000). The two forms of gellan also
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exhibit different conformation temperatures (Kasapis et al., 1999) strengthening

the indication that they act as individual polymer types.

2.2.2 Kappa Carrageenan

Originating from seaweed (red algae), carrageenan is a high molecular weight
linear polysaccharide, consisting of repeating galactose and anhydrogalactose
units (Figure 5) (Anderson et al., 1969). Carrageenan is often used within systems

for stabilisation, thickening and as a gelling agent.

It has three main molecular forms: iota (1), kappa (x) and lambda (A) (Morris and
Chilvers, 1983). One of the major differences between these hydrocolloids is the
extent of sulphation of the disaccharide-repeating unit: kappa carrageenan has a
single sulphate per disaccharide, iota has two sulphates per disaccharide and
lambda has three sulphates per disaccharide (Rochas and Rinaudo, 1984,

Nickerson et al., 2004).

Similar gelation mechanisms have been established for kappa carrageenan as for
gellan, with molecular ordering into a helix structure followed by aggregation
and gelation (Morris et al., 1980). Again, the extent of ordering and gel strength
are dependent upon the ionic environment in the aqueous medium (Mangione
et al., 2005). This difference in sulphation levels results in kappa carrageenan
binding monovalent ions, particularly potassium ions (Austen et al., 1988). As the
potassium ions are bound, the random coil conformation of the carrageenan into

a double helix; these helices then aggregate to form the gel (Figure 2.6). This
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behaviour was first reported by Robinson et al. (1980) and is known as the
domain model. The presence of the aggregates in kappa carrageenan gives the
structure greater stability, and as a result, a hysteresis exists between the gel
setting temperature and the gel melting temperatures which can be separated
by approximately 10 °C (Smidsrgd et al., 1980). The strongest and highest
melting temperature gels with the greatest extent of aggregation therefore
occur for kappa carrageenan in the presence of potassium. However, as the
binding of potassium results in extensive aggregation, the gels are cloudy, brittle
(i.e. fail at low strains) and show syneresis (Dunstan et al., 2000). Kappa
carrageenan has been shown to bind other monovalent ions, resulting in less
aggregation, lower melting and more elastic gels and less syneresis. A range of
gel properties can thus be obtained with different melting and gelling profiles,
potentially valuable in the biomedical area when temperature sensitive

molecules need to be delivered.

lota carrageenan has a greater sensitivity to divalent ions, particularly calcium
ions (Morris et al., 1980). At low levels of calcium ions, iota carrageenan forms
strong clear elastic gels. It has been argued that iota carrageenan produces
clearer, more elastic gels than kappa carrageenan, due to the charge densities
and the extent of aggregation being lower for iota than kappa carrageenan
(Rees, 1977). The way that the conformation of the carrageenan backbone
affects the resultant gel strength, texture and temperature of both melting and
setting, and syneresis has been described by Imeson et al. (2000). Lambda

carrageenan, which has a highly sulphation level and a lack of anydro bridging,
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does not gel even in the presence of high concentrations of ions (Slootmaekers
et al., 1991). This shows the importance of the molecular structuring within

carrageenan.

Figure 2.5 — Chemical structure of the kappa carrageenan showing the anydro bridge

with a single sulphate group.

Not only do cations have an effect on the ordering and gelation of kappa and iota
carrageenan, but so do the anions. This has been shown to follow the lyotropic
(Hofmeister) series (Norton et al., 1984), whereby large soft ions such as iodide
disrupt the aggregation of the carrageenan, particularly kappa carrageenan. This
results in lower gelling and melting temperatures, as well as softer and more
elastic gels. lons from the other end of the series (e.g. hard small ions such as
fluoride) cause greater aggregation and stronger, more brittle, gels. Thus if
carrageenan is to be used for structuring in complex growth media (such as
Dulbecco's Modified Eagle's Medium (DMEM)), the effect of the ions, both cation
and anion, need to be considered. This is an area which has received little

research, and forms the basis of Chapter 5.
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2.2.3 Poly (vinyl alcohol) (PVA)

The use of the synthetic polymer poly (vinyl alcohol) (PVA) has been increasing in
recent times, for applications such as biomaterials and drug delivery systems
(Bercea et al., 2013, Drury and Mooney, 2003). PVA is formed by the hydrolysis
of poly (vinyl acetate) (PVAc), which has been shown to not cause cell death, is
flexible in nature, and has the ability to completely degrade (Barbani et al.,
2005). Like the natural polymers discussed earlier, PVA requires high
temperatures (above 70 °C) to dissolve, which can potentially decrease the

applications that PVA can benefit.

For many pharmaceutical or medical applications PVA is required to be
structured. PVA polymer chains can be crosslinked through chemical methods
(Drury and Mooney, 2003). Adding glutaraldehyde, acetaldehyde, formaldehyde,
or other monoaldehydes, in the presence of an acid (such as sulphuric acid) or
methanol, causes acetal bridges to form between the hydroxyl groups of the PVA
chains (Hassan and Peppas, 2000a). This chemical method, however, produces
residues which are toxic (Baker et al., 2012). This can result in degradation of any
bioactives included in the system, such as therapeutic drugs. Therefore,

chemically crosslinked PVA gels are often unacceptable for medical applications.

PVA also forms a structured system by hydrogen bonding (ionic bridging)
between polymer chains through the process of freezing the PVA, and then

defrosting it (Peppas, 1975). This is known as freeze-thaw cycling, resulting in a
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structured gel known as a cryogel (Lozinsky et al., 1996). This method overcomes

the toxicity drawbacks of chemically crosslinking PVA.

Freeze-thaw cycles result in crystallites forming between the polymer chains.
These crystallites force the polymer chains to align, allowing them to hydrogen
bond (Gupta et al., 2012, Hassan and Peppas, 2000b). As the concentration of
PVA increases, the degree of crystallinity increases (Hassan and Peppas, 2000a),
and therefore more structuring occurs within the PVA. It has also been
previously shown that as the number of freeze-thaw cycles increases, the gel
strength also increases (Bercea et al., 2013). However, while the rate of thawing
rate influences gel properties, the rate of freezing rate does not have an effect

(Bercea et al., 2013).

If PVA is left untreated from either freeze-thaw cycles, or chemical crosslinkers,
then a gel network is not formed. Instead, the PVA is a viscous liquid and has the

potential to thicken other systems.

2.3 Gelation

2.3.1 Quiescent gels

Under the right conditions of temperature and salt, the gelation of
polysaccharides can occur, whereby the formation of the ordered structure and
junction zones between polymer chains are formed (shown in Figure 2.6)
(Miyoshi et al., 1996). In natural polysaccharides, these junction zones are often

formed through physical interactions (e.g. hydrogen bonding, cation crosslinking
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etc.) (Rees, 1977). They are referred to as “physical gels” because the junctions
and the gels are transient and can be reversed by changing the conditions (e.g.
temperature or salt environment) (Phillips and Williams, 2009). This term is used
to distinguish them from hydrocolloids (often proteins and synthetic polymers)
which form covalent bonds between chains which are then not reversible

(Nishinari et al., 2000b). These gels are termed permanent.

Figure 2.6 — Schematic representation of the coil-helix transition and the sol-gel
transition of hydrocolloids (Miyoshi et al., 1996). This highlights how thermo
reversible gels behave during the cooling process (a & b) and then transition back
through the phases to a random network (d & c) during heating. Temperatures of the

transitions are dependent on the hydrocolloid.

Major attractions to using hydrocolloids that form physical gels are that gelation
and gel melting may be manipulated to suit a given application. Hydrocolloid

systems, formed under quiescent conditions, are beneficial as they are self
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supporting (shown in Figure 2.7), allowing a range of tissue engineering
applications to use hydrocolloids as the scaffold systems (Hunt et al., 2009, Hunt

and Grover, 2010).

Hydrocolloids are also highly hydrated in nature, enabling the diffusion of a
range of molecules through their matrix. This allows structures to be designed
for delivery of bioactives. Furthermore, with the wider range of hydrocolloids
available, with a variety of gelation pathways and mechanical properties as
discussed above, there is potential for producing structures with the desired

rheological and mechanical properties.

For physical gels there are two further subdivisions that need to be considered:
those hydrocolloids which can form thermo reversible gels such as gellan, iota
and kappa carrageenan and xanthan; and hydrocolloids that form thermo
irreversible gels such as alginate. Thermo reversible gel systems have been
widely used for drug delivery as a method of controlling and modulating the drug
release due to their swelling behaviour (Roy et al., 2010, Lee and Mooney, 2012).
Whereas, thermo irreversible gels are widely used in food products which are
subjected to a high temperature process (e.g. pasteurisation or sterilization)
after formation. In the study carried out here, the target was to obtain structures
that can be used in skin applications and deliver a range of bioactives, hence the

major interest is on thermo reversible systems (Boateng et al., 2008).

Although the gelation and gel properties can be tailored by the selection of the

hydrocolloid and ionic environment, there are still occasions when the properties
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of the final application require further modification/manipulation. For example,
in fat replacement for food products (Norton et al., 2006, Lundin and Golding,
2009), where a single gelling systems causes textural defects in use, or in mouth
sensory defects, or in skin application where spreadability and easy of
application are not satisfied by application of a three dimensional gel or highly
viscous liquids. For this reason, two approaches have more recently been
investigated: 1) fluid gels (Gabriele et al., 2009, Mahdi et al., 2014a, Norton et al.,
1999) and 2) mixed hydrocolloid systems (Morris, 1986, Wolf et al., 2000). These

will now be further discussed in the next two sections.

2.3.2 Fluid gels

Fluid are produced by applying a shear during gelation of hydrocolloids such as
kappa-carrageenan (Gabriele et al., 2009, Garrec et al., 2013), agarose (Norton et
al., 1999) or gellan (Sworn et al., 1995, Mahdi et al., 2014b). By applying shear as
the hydrocolloids undergo conformational ordering and gelation, the gelation is
forced to occur over a limited length scale so that discrete particles are produced
(Brown et al., 1996). These studies have shown that shear needs to be applied
throughout the majority of the ordering and gelation process. This results in a
system of gel particles suspended in a non-gelled continuous medium, which are
a pourable and spreadable (as shown in Figure 2.7). This allowed for a wider
range of applications to have the inclusion of hydrocolloids, such as dressings

(Sworn et al., 1995), shampoos and skin creams.
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Figure 2.7 — Low acyl gellan formed under quiescent conditions (a) and sheared cooling

to form a fluid gel (b) of low acyl gellan.

However, if the shear is stopped before complete ordering, then some of the
chains remain in the disorder state and will then order and aggregate quiescently
(Garrec and Norton, 2012). This leads to bridging between particles and gives the

fluid gel a yield stress when subsequent shear is applied.

For thermally set gels, the bulk properties of the fluid gel can be directly
influenced by the polymer concentration, cations added, level of shear applied,
and the temperature profiling throughout the gelation process (Norton et al.,

1999).

Researchers have shown that the properties of the hydrocolloid within the gel
particle are the same as those measured for the bulk quiescent gel. A paper from
Garrec and Norton (2012) did identify a small decrease in the enthalpy of melting
of kappa carrageenan fluid gels when compared with quiescent gels. They
argued that this was a consequence of less helix formation in the chains that

were close to the surface of the particle. The difference measured was small and
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could well be due to some disruption of molecular ordering at the surface. Other
papers have not reported this effect and have shown that the melting enthalpies
are the same for the fluid gel as for the quiescent gel. Thus it would seem that
the difference observed by Garrec and Norton (2012) was down to the particular
process used (e.g. cooling rate). Data reported in this thesis has shown that for
the particles produced here, there is no difference in the melting enthalpies

(data shown in Chapter 4).

In addition to the formulation controlling the final rheology of the fluid gels, it
has also been shown that processing parameters have a major effect. By
increasing the shear rate applied during gelation, the resultant particles are
reduced in size. This includes the gel particle conformation, which can be greatly
changed and tailored to the end application requirements. This flexibility allows
the systems to closely mimic emulsion properties (Nishinari et al., 2000b, Wolf et
al.,, 2000). This has been shown to be ideal for reduced fat products. These
suspensions can be “disguised” in a product to avoid a possible negative sensory
response, whilst still achieving the desired microstructure. Furthermore, these
can be used as a protective layer to environment sensitive actives, such as

flaxseed (Carneiro et al., 2013).

As will be discussed in the next section, mixed hydrocolloids are often used to
obtain the desired rheological and thermal properties of gels. There is the
opportunity to further control and manipulate the properties of fluid gels by
producing fluid gels from mixed hydrocolloid systems. This was initially reported

by Wolf et al. (2000) who studied the formation of a fluid gel produced with a
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gelling hydrocolloid in the presence of a non gelling hydrocolloid. They showed
that the gelling hydrocolloid was an included phase for all their experiments and
that the gelling hydrocolloid phase could be spherical or could develop
asymmetric particles, depending on the flow pattern applied during gelation.
Attempts to produce a fluid gel particle containing two gelling hydrocolloids have

not been reported before the work carried out in this thesis (Chapter 3).

Within the literature, systems known as sheared gels have been reported. The
term sheared gels is normally used to describe a material which has been gelled
quiescently and subsequently sheared. This results in the formation of gel
particles which can flow; however, the particles tend to be much larger than
those produced via the fluid gel approach. Sheared gel particles are irregularly
shaped and tend to show high levels of syneresis. These systems have been used
in applications such as piping gels for pastries and cakes. However, they will not
be discussed further here as the large gel particles and synerisis would cause

problems in skin cream type applications.

2.4 Mixed hydrocolloid systems

There is a desire for a wide range of applications, but particularly tissue
engineering, to have systems which have both good mechanical properties, and
good biocompatibility (Barbani et al., 2005). As a consequence, for many end
applications, a single phase hydrocolloid system does not have the appropriate

properties such as gel strength, ability to self support, plasticity or stability
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(Norton and Frith, 2001a). More complex structures are required for many tissue
regeneration applications, as they are seen to better mimic the complex nature
of cartilage, ligaments and bone. Furthermore, for drug delivery systems, it has
been shown that by mixing polymers, such as alginate and chitosan, a controlled
and sustained release of drugs can be administered, both topically (Lira et al.,

2009) and orally (Wang et al., 2010, Wang et al., 2011).

Therefore, mixed systems, and for this body of work, mixed hydrocolloid
systems, are of interest and potentially of great importance. Within
bioengineering and biomaterials, there is also a significant interest in the
combination of natural and synthetic macromolecules, as these have been found
to have the potential to closely relate to the structures that are being mimicked

(Barbani et al., 2005).

When two hydrocolloids (either natural or synthetic) are in the same system,
three resultant networks can be formed: interpenetrating (Morris, 1986);
coupled (Fernandes, 1995) or phase separated (Butler and Heppenstall-Butler,

2003).

Interpenetrating networks involve two polymers (A and B) that are only
physically entangled (Figure 2.7a). This system involves no chemical interactions
between the two polymers, and both networks span the entire sample (Kasapis

et al., 1993).

Within a coupled network, there are interactions between the two polymers (A

and B), which favour the formation of a single A-B network (Figure 2.7b).
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Optimum levels for a coupled network are related to the number of junction
zones on each polymer chain. A coupled network can also be the binding of two
separate polymer chains via anion to cation association, or through covalent

bonding (Kasapis et al., 1993).

Finally, phase separated gels involve a polymer matrix where polymer A and
polymer B do not interact. Instead, in this system, one of the polymers usually
forms a continuous network, e.g. A forms the continuous and therefore
dominant phase, with polymer B as an included phase, or “filler” phase (Zasypkin
et al., 1997). When the two phase volumes of the polymers are approximately
50%, a bi-continuous structure forms (both polymers form continuous,
intermingled structures) (Figure 2.7c). Literature shows that for some phase
separated systems, there can be a sharp change in bulk modulus, as the

dominant phase changes (Cakir and Foegeding, 2011).

Figure 2.8 - Examples of possible structures for double polymer networks:

interpenetrating networks (a), coupled networks (b) and phase separated networks

(c).
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By the addition of a secondary network, the mechanical properties of a
hydrocolloid gel system can be manipulated and, in some cases, enhanced. An
advantage of mixed systems is that the blends can have superior material
properties compared with polymers which are in individual systems (Nautiyal,
2012), resulting in stronger gels. Mixed systems may also result in more stable
gels. Alternatively, the equivalent gel strength can be achieved at lower polymer

concentrations (Morris, 1990) which is beneficial industrially.

However, while some mixed hydrocolloid systems enhance mechanical
properties, some mixtures behave in an inferior manner to the individual
systems (Morris, 1990). This can often be explained by the phase separation of
the hydrocolloids into their own discrete phases (this is shown in the
micrographs in Figure 2.9). At low concentrations of the hydrocolloids, there is
miscibility. However, as the concentration of either or both hydrocolloids is
increased, the system reaches the bimodal line and phase separation occurs.
Mixtures that are made up with concentrations of the hydrocolloids within the
bimodal region phase separate; one region which is rich in polymer A (gelatin for
instance in Figure 2.9) and the other region rich in polymer B (maltodextrin is the
polymer B in the Figure 2.9). The concentrations of each of the two hydrocolloids
in each of the phases are those that are shown by the point at which the tie line

meets the binodal.

When two polymers phase separate, the system then contains an included
polymer phase within a continuous polymer phase (this is shown in Figure 2.9).

This is often dictated by the concentrations of each of the polymers within the
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system, whereby the polymer that is a higher concentration becomes the
continuous phase. This is also often seen in oil and water emulsions, where the
phase that is above 50% phase volume will dominate. However, when polymers
are in a 50:50 phase volume, then a bicontinuous system is formed. Phase
inversion describes when the polymer goes from being the continuous polymer,
to the included polymer, and vice versa. Phase inversion in relationship to
overlap concentration of PVA will be discussed in Chapter 3 and has been

published by Norton et al. (2014).

Figure 2.9 — Phase diagram for gelatin and maltodextrin mixed systems (Norton and
Frith, 2001b). Norton & Frith show the bimodal, phase inversion concentration line
and photomicrographs of the microstructure along a tie line. (Gelatin is the light

phase in the micrographs).

The resultant network can also be influenced by gelation profiles of the
individual polymers. For example, if the gelation temperatures and gelation rates

are similar for both polymers and happen on the same timescale as phase
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separation, there is a greater chance of forming an interpenetrating network or
interpenetrating phases, as the polymers will be structuring the water
simultaneously and thus could be forced to entangle or trapped in an early stage
of phase separation. This idea is further developed in Chapter 4. However,
testing these ideas is hampered by the ability to measure/visualise the
microstructures formed as there is little or no contrast between the phases as
they are constituted mainly by the aqueous medium. Attempts to overcome this
visualization problem are further discussed in Chapter 3 and have been

published by Norton et al. (2014).

2.5 Hydrocolloids in emulsions

One of the major uses of hydrocolloids is to increase the stability of water
continuous emulsions such as dressings or skin creams. The hydrocolloid
increases the viscosity of the continuous phase and thus causes the droplets to
collide less frequently and with lower force, thus slowing down or stopping
coalescence. In more recent times hydrocolloids have also been used for
increasing the stability and in use sensory properties of oil continuous emulsions,

such as low fat spreads.

2.5.1 Emulsion formation

An emulsion is the dispersion of two immiscible liquid phases, into a continuous

and a dispersed phase (Aguilera, 1999), stabilised using a surface-active agent
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(Figure 2.8). These are either direct emulsions (O/W) or inversed emulsions

(w/0).

While emulsions are extensively used in the food and cosmetic industries, the
bulk of emulsions formed are thermodynamically unstable, with the dispersed
phase eventually coalescing and separating out into the component phases. The
period of stability is largely dependent upon the characteristics of the interface
between the two phases, the frequency of collisions between droplets
(dependent on the dispersed phase volume and the viscosity/structuring of the
continuous phase) and force of the collisions which is dependent on either the

kinetic energy or the forces applied externally such as shear.

The ability to deliver bio actives and flavours in a controlled fashion has been a
popular interest for many years. Although this can be achieved using simple
emulsions (for example for the delivery of oil soluble bio actives from an oil in
water emulsion) there is also an interest in delivering water-soluble actives from
a water continuous system. This requires more complex structures (e.g. a double
or duplex emulsion), which have a secondary water phase, included in the
system. This is achieved by emulsifying the primary emulsion into a water phase
to create the double, or duplex, emulsion (shown in Figure 2.8). This is also
known as an “emulsion-of-emulsion”. Since their discovery, duplex emulsions
have been of interest and widely researched as ways to encapsulate ingredients
(for instance, as actives for pharmaceuticals, nutritional compounds and
flavours), as well as to reduce fat content in food products (Muschiolik, 2007).

However, duplex emulsions are more unstable than primary emulsions. This is
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due to, in part, the presence of two interfaces so that two surface-active
molecules are required in order to stabilise the water in oil interface and the oil
in water interface. The two interfaces have different curvatures, and two
different surface active molecules are required. These molecules tend to migrate
between the interfaces over time. This results in less stabilisation of the
interface, with a greater tendency for coelescence, thus causing instability of the
duplex emulsion and a collapse to a single emulsion or even total phase

separation with an oil and water layer.

\ 4
\ 4

Figure 2.9 — Schematic representation of the formation of a primary emulsion and

then a double (or duplex) emulsion from two immiscible liquids (water and oil).

The surface-active molecules required for emulsion formation are amphiphilic
molecules which absorb at the water-oil interface, thus forming droplets in a
continuous phase. The surface-active molecule used dictates whether oil or
water are the continuous phase, with this being the phase when the molecule is

more soluble. The role of the molecule is to reduce the interfacial tension during
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the emulsification stage, and therefore reduces the required mechanical energy.
The surface-active molecules also stabilise the interface and prevent newly
formed droplets from coalescing (McClements, 2005) in the process and then

stabilize the interface on storage.

There are two types of surface-active molecules which can stabilise the water-oil

interface (Wilde, 2000):

e Surfactants: detergents, emulsifiers and lipids. These can be either
water or oil soluble and usually create a compact absorbed layer, with
a low interfacial tension.

e Polymers: amphiphilic macromolecules, usually proteins. Polymers
form an ‘irreversible absorbed layer’ due to having multiple contacts
points onto the interface. As the concentration of low molecular
weight emulsifier is added to an emulsion already stabilisied by a
protein, a mixed interfacial layer is formed and the protein occupies
smaller and smaller areas of the interface, but never becomes totally
displaced (Wilde, 2000, Gunning et al., 2004). This makes polymeric
emulsifiers of interest in duplex emulsions as transfer from one
interface to the second interface is slowed or stopped. Hence, most of
the studies have used the emulsifier PGPR which has shown high levels
of stability and which has been used in the studies carried out in this

work, as reported in Chapter 5.
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‘head’ group
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Figure 2.10 — Schematic representation of an amphiphilic molecule stabilising a water-

in-oil (W/0) emulsion.

2.5.2 Role of Hydrocolloids

There has been significant research into the use of polysaccharides in emulsions,
as these have been extensively shown to stabilise the emulsion interface (Surh et
al., 2006, Dickinson, 2003). There has also been extensive research into the use
of hydrocolloids to stabilise oil in water emulsions, as mentioned above. The
hydrocolloids increase the viscosity and structuring of the continuous phase and
can reduce the interaction of the droplets, leading to less coalescence on storage
and in use. However, the use of a hydrocolloid within the aqueous phase of a
water in oil emulsion has received less attention in the scientific literature, with
the majority of this research surrounding the use of a hydrocolloid in the
aqueous phase in low fat spreads (Alexa et al., 2010, Cheng et al., 2008), and

cocoa-butter emulsions (Sullo et al., 2014).
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The use of hydrocolloids within the aqueous phases of water in oil emulsions has
been shown to enhance the consumer sensory perception of the low fat product,
including spreadability. However, the increased concentrations of a hydrocolloid,
such as kappa carrageenan, can disrupt the breakup of the aqueous phase during
the emulsification process, particularly if gelation occurs prior to, or in tandem
with, the emulsion formation. This problem has been reported at concentrations
as low as 1.88% kC in the aqueous phase with a significant change in the
microstructure (Alexa et al. (2010)). This is an important consideration for the
work reported here: Chapter 5 looks at how structuring of the inner water phase
of a duplex emulsion could give enhanced stability and potential for cell

inclusion.
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FORMATION AND CHARACTERISATION OF
QUIESCENT GELLAN GELS AND MIXED

GELLAN/PVA GELS
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3.1 Background

Gels are often used in biomedical engineering: as replacement structures (e.g.
for cartilage); materials applied for wounds to enhance healing; or as three-
dimensional scaffolding structures for housing mammalian cells. Within these
medical fields, there is a growing desire to use natural materials. However, for
many naturally occurring biopolymers, such as hydrocolloids, there are
mechanical issues that need to be addressed, such as hydrocolloid gel structures

typically not having the required gel strength for implantation into the body.

The aim of this chapter is to investigate the effect of the synthetic polymer poly
(vinyl alcohol) (PVA) on the properties of gellan gels produced under quiescent
conditions, with the aim of achieving improved gel strength and functionality. It
is hoped that these structures would be able to be used as cartilage
replacements. A range of both gellan and PVA concentrations were investigated,
with characterisation determined by compressive testing and rheology. Finally, a
method of visualising the mixed gel microstructure was investigated by the use

of stains, in an attempt to further understand the behaviour of the mixtures.
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3.2 Materials and methods

3.2.1 Materials

Low acyl gellan (CP Kelco, UK) and poly (vinyl alcohol) (PVA) (Sigma-Aldrich
Company Ltd., UK) were used for gel systems. Distilled water was used as the

solvent with no added ions.

5-(4,6-Dichlorotriazinyl) Aminofluorescein (DTAF) powder was stored at -20 °C;
once dissolved into the correct concentrations, solutions were stored at 5 °C
until required. Ammonium hydroxide (6.42 M) (Sigma-Aldrich Company Ltd., UK)
and hydrochloric acid (5 M) (Sigma-Aldrich Company Ltd., UK) were used to

adjust the pH of the gellan solution.

All concentrations were calculated by weight to weight (w/w) in distilled water,

unless stated otherwise. All materials were used with no further purification.

3.2.2 Methods

3.2.2.1 Preparation of gellan PVA gels

Agueous solutions of gellan were produced, at concentrations of 1% or 2%, and
at a temperature of approximately 80 °C in order to avoid gelation. Once fully
dissolved, varied amounts of PVA were added (0 — 30%). Samples were poured
into 30 ml cylindrical sample pots (diameter 21 mm, height 80 mm), and left to
gel at room temperature for a minimum of 24 h. Mechanical testing of all gel

samples was carried out between 24 h and 48 h after production.
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3.2.2.2 Gellan stained with 5-(4,6-Dichlorotriazinyl) Aminofluorescein (DTAF)

The natural pH of the gellan solutions was measured and recorded at pH 5.4. The
pH was increased to pH 9 - 10, through the dropwise addition of ammonium
hydroxide prior to staining. 10 ml of DTAF solution (400 uM) was then added,
and left to react for 5 hours. The pH was then reduced to natural pH of gellan, by

the dropwise addition of hydrochloric acid.

PVA was added to the system once the gellan’s natural pH had been re-
established. Approximately 5 ml of each sample was poured into petri dishes,
and wrapped in foil, until analysed using confocal microscopy (method described

in a later section) between 24 h and 48 h after production.

3.2.2.3 Mechanical Testing

The mechanical properties of the gellan PVA gels, and stained gellan PVA gels,
were assessed by performing compressive testing (5848 MicroTester, Instron,
UK), using a 2 kN load cell, and 50 mm diameter stainless steel plate covered
with parafilm. Samples were cut into 20 mm length cylinders, with a diameter of
21 mm. Compression rate of 20 mm/min was applied. Data shown is a mean of

six or more replicates.

Compression force and change in sample height were then used to determine
the stress (eq. 3.1) and strain (eq. 3.2), true stress (eq. 3.3), true strain (eq. 3.4),

and then the Young’s modulus (eq. 3.5), of each sample.

42



FORMATION AND CHARACTERISATION OF QUIESCENT

GELLAN GELS AND MIXED GELLAN/PVA GELS

0 = Aﬁ Eq3.1.
£p = ”:;h Eq 3.2.
6r = 65(1 —¢€g) Eq 3.3.
ey = —In(1 —¢) Eq 3.4.
E= ;%T Eq 3.5.

where 6¢ is Stress, F is compression force, A, is original area, ¢ is strain, h is
compressed length of sample, H, is original length of sample, 6t and €y are true

stress and true strain respectively, and E is Young’s modulus.

From the obtained true stress/true strain curves, the slope of the second linear
region (strains over 0.1), leading to the subsequent failure of the structure, were
used to calculate the bulk modulus of each sample (Norton et al.,, 2011 and

Nussinovitch, 2004).
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Figure 3.1 — Schematic representation of a typical true stress/ true strain curve during
compression of a quiescent gellan gel. The figure shows how both Young’s modulus

and bulk modulus are interpreted. (Image from (Norton et al., 2011))

3.2.2.4 Rheological Analysis

For determination of PVA specific viscosity, and the polymer overlap
concentration, PVA stock solutions were prepared (3%, 5%, 7.5%, 10%, 14%,

15%, 17%, 20% and 25% (w/w) in distilled water).

Solutions were analysed at a range of shear rates (0.01 — 1000 s™), with readings
taken when steady state was achieved. Cup and double gap geometry was used
for dilute solutions, and cone (40°, 40 mm) and plate (65 mm) geometry used for

higher viscosity solutions. Viscosity measurements were taken in a controlled 25

°C environment.
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The “zero shear” or “Newtonian” viscosity (no) of the sample and distilled water
data were used to calculate the specific viscosity (nsp) of the samples using the

below equation (eq. 3.6) (Morris et al., 1981).

Ny = 1 (sol)= 1o (H,0)
sp Mo (H20)

Eq 3.6.

3.2.2.5 Confocal Scanning Laser Microscopy (CSLM)

Confocal scanning laser microscopy (CSLM) (Lecia TCS-SPE, Lecia Microsystems
Ltd., UK) was used for DTAF gellan samples. Images were taken on a best focus
plane, using an argon laser, and 10x magnification lens. Images were all

processed using Image J.

3.3 Results and Discussion

3.3.1 Understanding poly (vinyl alcohol) (PVA) modification of gellan gels

In order to replace structural biological materials, it is important to understand
large deformation properties, both in terms of the Young’s modulus and the
failure strength and strain. Thus, as a starting position, the properties of 1%
gellan alone, with no added ions, were investigated under compression. Figure
3.2 shows the true stress verses true strain as measured using the Instron
MicroTester. As was expected for gellan with no added salt (open squares in
Figure 3.2), low stress at all strains was observed and no clear failure was

observed, showing that no gel structure was present.
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It is known that the addition of a second polymer can enhance the material
properties by forming a mixed gel network (Nautiyal, 2012) (e.g. by causing
molecular binding); producing a bicontinuous gel structure (in which both
polymers form a continuous three dimensional structure throughout the
sample); or phase separating, thus causing the effective concentration of both

polymers to increase (Morris, 1986).

To investigate the effect of a secondary polymer on gellan, varying
concentrations of the synthetic polymer poly (vinyl alcohol) (PVA) were added to
1% gellan. Gels formed under quiescent conditions were investigated using
compression testing. Figure 3.2 shows the true stress verses true strain of each
sample tested on the Instron MicroTester. On addition of 1% PVA, there was
little change in the true stress/true strain curve observed compared with gellan
alone; on further addition of PVA, the force required to deform the material
increased and the failure stress decreased, from strain values of 0.5 for 1% PVA,
to 0.24 for 15% PVA. This indicated that the material was developing gel
properties and that the gels were becoming stronger and more brittle. As
expected, the deviation between repeats became larger once sample failure had
occurred due to the presence of a broken gel. As the concentration of PVA was
increased above 20%, the stress at all strains decreased and the failure strains
increased (from strain values of 0.24 for 20% PVA, to 0.38% for 30% PVA), so that

at 30% PVA the behaviour was similar to that observed for 7.5% PVA.

Acetal linkages were not formed, as neither formaldehyde nor glutaraldehyde

were added, nor was a physical gelation of PVA performed (e.g. freeze-thaw
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cycles) (Nuttelman et al., 2002). PVA is therefore classed in this system as a non-
gelling component. Thus, the change in moduli is either due to the PVA causing
the gellan to interact with itself more strongly in a phase separated system by
reducing the available water, or because a network involving both polymers is

being formed.

0.06

0.05

0.04
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True Stress (MPa)

0.02
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Figure 3.2 - True stress/true strain curves for 1% gellan gels formed with 0% (1), 1%
(M), 5% (O), 7.5% (@), 10% (A\), 15% (A), 20% (V), 25% (V¥), and 30% (<) PVA.
Gelation occurred with temperature decrease. No external cross-linking agents were

used. Error bars represent a single standard deviation.

In order to investigate which of these two mechanisms of interaction was
occurring, the gellan concentration was increased to 2% and studies were carried

out with addition of PVA, up to 20%. Further addition of PVA was not possible as
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inhomogeneous samples were produced, possibly as a consequence of reaching
the solubility limit of PVA in the presence of gellan. Figure 3.3 shows the true
stress versus true strain of 2% gellan gels, with added PVA. As was observed for
1% gellan, the 2% gellan in the absence of added salt results in a weak gel with a
failure strain of 0.5 (open squares in Figure 3.3). On addition of PVA, the stress
for failure increased and the strain of failure decreased (from strain values of
0.44 for 1% PVA, to 0.32 for 10% and 15% PVA) with increased concentration of
PVA. The fracture stress is higher than that observed with 1% gellan. As can be
seen in Figure 3.3, 2% gellan, 10% PVA gels exhibited the maximum stress and
lowest failure strain. On further increasing the PVA concentration, the gels
became weaker again and the failure strain increased. This behaviour is a very
similar to the results shown previously in Figure 3.2 for 1% gellan and again the
variation in stress between samples was highest after failure has occurred so the

data is not shown.

By comparing Figure 3.2 and 3.3, it can be seen that the maximum stress of
failure occurs at about the same PVA concentration, suggesting that this
behaviour is unlikely to be due to a binding of the two polymers into a coupled
network; if this was the mechanism, maximum network formation would be
expected to occur at a higher concentration of PVA when the concentration of
gellan is increased as the potential for interaction is higher with higher gellan

concentration.
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Figure 3.3 -True stress/true strain curves for 2% gellan gels formed with 0% (1), 1%
(M), 5% (O), 7.5% (@), 10% (A), 15% (A), 20% (V) PVA. Gelation occurred with
temperature decrease. No external cross-linking agents were used. Error bars

represent a single standard deviation.

When designing systems for tissue engineering, the Young’s modulus and the
compressive strength of the gels are important. Figure 3.4 shows the Young’s
modulus of both gellan concentrations (1% and 2%), as a function of addition of
PVA calculated from Figure 3.2 and 3.3. The Young’s modulus for the 2% gellan
was higher than that measured for the 1% gellan samples. Although this would
be expected, the magnitude of increase (about 4 to 5 times for a doubling of the
gellan concentration) would not be expected for a coupled or bi-continuous

network, but it is in the range expected for phase separation, as a C* relationship
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is expected (Baines and Morris, 1987). For both gellan concentrations, the
stiffness of the gels increased with PVA concentration up to 10 to 15% PVA. On
further addition of PVA, the Young’s modulus decreased. This behaviour has
been reported for other hydrocolloid mixtures in which phase separation occurs,
and the concentration with the highest stiffness has been described as the phase
inversion point. This would suggest that between 0 — 10% PVA, gellan is the
continuous phase, and thus is the polymer that dominates the overall material
properties (Morris, 1986). Above a PVA concentration of 10%, the system then
becomes bi-continuous (10% and 15% PVA), before PVA becomes the continuous
phase with gellan as the included phase at higher concentrations. As PVA is a
non-gelling polymer, under the conditions used, it would be expected that once
it forms the continuous phase, there would be no gel like properties to the
composite. The fact that a Young’s modulus is observed suggests that phase
volume of the gellan included phase is high enough to cause close packing of the
included droplets. On increasing the PVA concentration further (i.e. to 30%), the
phase volume of the gellan particles decreases as the PVA forces the gellan into

more concentrated and smaller particles and a lowering of the Young’s modulus.
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Figure 3.4 - Effect of PVA concentrations on the Young’s modulus of gellan gels. Gels
were made with 1% (), and 2% (O) gellan. Error bars represent a single standard

deviation; where not seen, error bars are smaller than the symbol.

The force which a material can withstand before failure occurs is important for
the understanding of gel systems. Compressive strength was determined from
Figure 3.2 and 3.3 (Figure 3.5). Similar to the trends shown in Figure 3.4, the
mixed gels reach maximum strength when PVA is between 10% and 15%. The
larger errors observed once the gellan is an included phase are consistent with
the phase volume argument discussed earlier i.e. at these concentrations large
variations between the nine samples tested suggested that within the quiescent
gel, there are regions of higher amounts of gellan phase, and therefore regions

of higher amounts of PVA phases. As the PVA is non-gelling, this heterogeneity in
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microstructure results in a wide variability of the mechanical behaviour.
However when gellan is the continuous phase, with an included PVA phase, the
PVA is trapped within the structure at the gelation stage. This creates a more

homogenous structure and more consistent mechanical behaviour.
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Figure 3.5 - Effect of PVA concentrations on the Compressive Strength of gellan gels.
Gels were made with 1% (), and 2% (O) gellan. Error bars represent a single standard

deviation; where not seen, error bars are smaller than the symbol.

The data obtained indicates that the gellan and PVA phase separate, and that the
phase inversion point is independent of the gellan concentration, occurring at a

concentration of ~ 15% for both concentrations of gellan.

Having established that the mechanical behaviour in the system is a

consequence of phase separation, the results could be dependent on the way
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the samples were prepared. In order to investigate this, the order of polymer
addition was varied. Gels were prepared with gellan dissolved first (standard
practice), PVA dissolved first, and the two polymers dissolved simultaneously.
The results obtained for Young’s modulus and compressive strength for the three
sample preparation methods are shown in Figure 3.6. As can be seen, the
material properties are independent of the order in which the polymers were
dissolved and as such it appears that the microstructure produced is the same
for all three methods. Therefore, order of addition has no influence on polymer
interactions, and cannot be used to induce either a coupled or interpenetrating

network, rather than phase separation.
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Figure 3.6 - Effect of order of polymer addition on Young’s modulus and Compressive
strength of the gellan-PVA gels, formed by gellan dissolved first (1), PVA dissolved
first (H), or by dissolving simultaneously (Q. Error bars represent a single standard

deviation; where not seen, error bars are smaller than the symbol.
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The data presented so far suggests that the disruption of the gellan network
could be a result of increasing concentrations of PVA occupying a larger volume
of the sample, which would cause the gellan to be forced into an included phase.
If this is happening, then the effect would be expected to occur above the PVA
concentration that hydrodynamically occupies the whole volume. This is the
concentration at which the PVA chains overlap in solution. To investigate this,

the polymer overlap concentration (C*) of PVA was determined.

This was determined by measuring the viscosity as a function of shear rate for a
range of polymer concentrations (Figure 3.7). This data shows that at low
concentrations of PVA (3 to 7.5%), the samples behaved as Newtonian fluids with
the viscosity showing no dependency on shear rate, as expected for a low
molecular weight random coil polymer. When the concentrations of PVA were
increased, the viscosity of the samples increased, and started to show a shear

thinning behaviour at 17 and 20%.

In order to determine the overlap concentration, specific viscosities need to be
calculated for each concentration of PVA polymer solution. Specific viscosity is
obtained by extrapolating the viscosity back to zero shear. The data obtained for
PVA is plotted in Figure 3.8. As can be seen at low PVA concentrations, there is a
linear dependency on the log/log scale for specific viscosity versus concentration.
Then at higher PVA concentrations (above 15%), there is a linear dependency
with higher slope. When these two linear behaviours are extrapolated to the

point where they intercept, this is the overlap concentration. As can be seen, this
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occurs for PVA at a concentration of ~ 14%. Hence it seems that the PVA overlap
concentration, the concentration at which the PVA polymer occupies the
majority of the space, and the concentration at which mixtures of gellan and PVA
become PVA continuous, are the same. This implies that at this concentration
the gellan polymer is forced into an included phase, or filler phase before
gelation. This has not been demonstrated before and in the future this needs to
be checked with PVAs of different molecular weight which have different C*
values. If this hypothesis is proved, it should allow a method of controlling the
properties of phase separated gellan/PVA mixtures with the potential to closely

mimic the properties of native tissue for applications in regenerative medicine.
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Figure 3.7 - Flow curves for poly (vinyl alcohol) at 3% (1), 5% (H), 7.5% (O), 10% (@),
14% (), 15% (A), 17% (V), and 20% (V).
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Figure 3.8 - Viscosity vs. poly (vinyl alcohol) concentration showing the C* for PVA at

14%, in distilled water.

The success of these mixed polymer gels is related to their ability to create self-
supporting, three dimensional structures, which can potentially be implanted. A
model of auricular cartilage was provided (Figure 3.9), after being sculpted to
match a paediatric patient. From this, a mould was made, and the gellan-PVA

mixes were gelled within the auricular mould.

At 2% gellan/ 10% PVA (Figure 3.9a), the moulding of a structure for an ear was
unsuccessful, with failure occurring when the gel was removed from the mould.
When the concentration of PVA was increase to 15% (Figure 3.9b), the gel

network withstood the forces of being removed from the mould, and remained
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intact. Above 15% PVA, failure to form a gel in the mould was observed. This
further indicates that the addition of PVA in the gellan structure has initially
enhanced the gel network, but above 15% has weakened it. For these studies it
was the mixture where the PVA is at the polymer overlap concentration (~ 15%),
which gave the successful 3D structure. It appears as if the entanglement of the
PVA is therefore assisting the structure, rather than hindering it. This would be

interesting to study more fully in the future.
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Figure 3.9 - Photographs of 2% gellan, 10% PVA (a) and 2% gellan, 15% PVA (b)
moulded into three dimensional paediatric auricular cartilage. Removal of the sample
from the mould caused damage to the 2% gellan, 10% PVA structure. There was
successful removal from the mould, with no damage caused, for the 2% gellan, 15%

PVA.
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3.3.2 Visualisation of gellan/PVA microstructures

As many of the observations and material properties of gellan/PVA mixtures can
be explained by a phase separation mechanism, visualisation of the structures
could give a better understanding of the behaviour of the microstructures
developed. However, due to a lack of contrast between the phases, microscopic
visualisation of the mixtures indicated that some structure had been formed, but
the pictures were not of a good enough quality to interpret. This was the case
when using both simple transmission and cross polar methods. The use of simple
dyes proved inconclusive, as they were not preferentially bound to either
polymer, or just stained the water in which the polymers were structure.
Therefore, a stain was required which would preferentially stain just one of the

polymers, preferably through covalent binding.

5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) has been used to successfully
stain a range of proteins, carbohydrates and polysaccharides (Russ et al., 2013, Li
et al., 2003). It is reactive at pH levels of 9 and above (Li et al., 2003) and binds
via carboxyl groups; it was therefore hypothesised that this could be used to bind
to gellan which could then be used in the double polymer system, providing the

second polymer was added at a pH below 9.

Gellan solutions were prepared in water, to result in the required final
concentrations when PVA was later added. The gellan solutions were increased
in pH from pH 5.4, to above pH 9, using ammonium hydroxide. DTAF was then
added and left to react for 5 hours. The pH of the solution was then decreased to

pH 5.4, and the PVA was added to the solutions, to form the final concentrations.
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For this part of the research, 5%, 10% and 15% PVA were investigated, as these
should represent the three stages of the gel microstructure: gellan continuous,

bicontinuous, and then PVA continuous.

Figure 3.10 shows confocal microscopy of the DTAF labelled gellan and PVA
mixtures. The confocal microscope was programmed to so that the DTAF
appeared in green, due to the fluorescence. Anything not excited at these
wavelengths is black. Therefore, due to the sample preparation, gellan should
appear green, and PVA should be black. A range of DTAF concentrations were

investigated; however, for this chapter, only 400 uM will be discussed.

The images in Figure 3.10 clearly show an increase in black regions when the
concentration of PVA was increased. This indicated that the PVA was left
unstained, and the addition of the PVA into the system when the pH had been

reduced resulted in the PVA remaining unstained.

Figure 3.10a shows that at low concentrations of PVA, the continuous structure
is green, and therefore is the gellan. Darker regions are visible within the gellan,
indicating that the PVA is in distinct regions, with the dimensions of
approximately 10 microns or smaller. On increasing the PVA concentration to
10% (Figure 3.10b), the confocal images showed large (100 micron sized) areas of
gellan and PVA co-existing. This is what would be expected for a bicontinuous
structure. On increasing the PVA to 15% (Figure 3.10c), the image shows a dark
structure in which faint green droplets are visible in the background showing

that the system is now PVA continuous with gellan as an included phase.
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Figure 3.10 - Confocal microscopy images show quiescently set 2% gellan system with
the addition of PVA, of varying concentrations ((A) 5% PVA, (B) 10% PVA, and (C) 15%
PVA) in the presence of DTAF. Images show successful staining of the gellan polymer

(shown in green), with PVA left unstained (black).

63



FORMATION AND CHARACTERISATION OF QUIESCENT

GELLAN GELS AND MIXED GELLAN/PVA GELS

In order to understand the effect that the presence of the DTAF stain had on the
gellan structure, mechanical testing was carried out on 2% gellan with DTAF in
comparison with unstained 2% gellan. Figure 3.11 shows the true stress verses
true strain of 2% gellan gels, with and without DTAF, and then mixed systems of
unstained and stained gellan. As can be seen, the addition of the DTAF stain
affected the strength and stiffness of the resultant gel, with DTAF gellan being
stronger, and more brittle than the control (i.e. lower failure strains). This
suggests that the addition of the DTAF in the gellan structure has affected the
side-by-side aggregation of the gellan, as a consequence of the molecular size of
the stain. However, the DTAF causes a stronger interaction between gellan
chains than that observed for the unstained gellan, hence exhibiting behaviour
similar to that shown when gellan is crosslinked with ions. This is probably as a

consequence of DTAF/DTAF interactions between chains.

If the DTAF is interacting with itself leading to junction zones and increased gel
strength, it was then hypothesised that mixing stained gellan with unstained
gellan should reduce these interactions and reduce the mechanical changes seen
with DTAF gellan. Different ratios of unstained and stained gellan, with an overall
gellan concentration of 2%, were produced and stress/strain measurements
performed (Figure 3.11). The unstained gellan gave the lowest gel strength and
as the ratio of stained gellan was increased to 40% higher moduli, higher failure
stresses and smaller failure strains were observed (Figure 3.11) showing that the
DTAF cross linking of the gellan is having a significant effect. As the ratio of

stained gellan was increased to 60%, the stress/strain behaviour and failure
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stress decreased to similar levels observed for 20% stained sample. A further

decrease in stress/strain was observed for 80% stained gellan.

It appears that the addition of the stained gellan to the unstained gellan
structure initially increased the gel strength, until further addition of stained
gellan then disrupted the gellan microstructure. This indicates that phase
separation is occurring between the unstained gellan, and the gellan chains
containing the DTAF molecule. As discussed earlier in this chapter, this behaviour
is typical for multicomponent gel systems, where the presence of a second
incompatible polymer at high enough concentration causes the two polymers to
gain more enthalpy by associating with polymers of similar structure, than the

loss in entropy caused by the phase separation.
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Figure 3.11 - True stress/true strain curves for DTAF gellan (at 2%) () and the control
(unstained gellan) (at 2%) (1) and 2% low acyl with ratios of unstained to stained
gellan present: 80:20 (@), 60:40 (A), 40:60 (V), and 20:80 (®).Error bars represent a

single standard deviation from 9 repeats.

It would not be expected that phase separation would occur between stained
and unstained gellan as the majority of the polymer structures are identical. It
would, however, be predicted that the modulus would increase linearly with
increasing ratios of stained gellan, due to the stain appearing to cause more
aggregation. This would occur in a mixture where the polymers form a joint
network or even for a bi-continuous system. The bulk modulus of the different
ratios of stained and unstained gellan were calculated from Figure 3.11 and are

plotted in Figure 3.12. Initially, a linear relationship was observed on addition of
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stained gellan, with the modulus being a simple summation of the ratio of the
gellan and stained gellan moduli (as highlighted by the dashed line). This
indicates that, at values below 40% stained gellan, the system is either forming a
single network of chains or is bi-continuous. When the level of staining is
increased to 60% and 80%, the modulus drops well below the predicted value for
a single network (i.e. the dashed line) suggesting that phase-separation occurs,
with the stained gellan as the included phase. This hypothesis is further
supported because the modulus for 80% stained gellan is close to that of the
100% unstained gellan. The trend shown in Figure 3.12 is similar to that expected
for a mixed polymer system (two component composites) obeying polymer
blending laws in which an isostress/isostrain fit can be applied (Clark et al., 1983

and McEvoy et al., 1985).

Although it would not be unexpected that covalently binding a dye to gellan
would result in phase separation, the sensitivity of gellan to slight changes in
structure has previously been demonstrated. Phase separation was observed
when low acyl gellan was mixed with high acyl gellan (Bradbeer, Hancocks,
Spyropoulos, & Norton, 2014). This indicates that a difference in branching on
the polymer backbone results in the low acyl gellan and high acyl gellan phase
separate so they behave and should be considered as two completely different

polymers, similarly to low acyl gellan and low acyl gellan bound to DTAF.
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Figure 3.12 — Bulk modulus of 2% low acyl gellan, with ratios of unstained and DTAF
stained gellan. Dotted line represents the hypothesised result of a linear change as
ratios were changed. Gelation occurred with temperature decrease. Error bars

represent a single standard deviation.

3.4 Conclusions

This research has shown the potential for developing a material that can mimic
the structural properties and complexity of native tissue as described by

Boschetti et al. (2004).

The inclusion of poly (vinyl alcohol) in gellan systems has been shown to increase

the gel strength up to a critical concentration, after which the gel strength
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decreases again. The same trend is present at higher gellan concentrations,
although overall gel strength is increased, and the critical concentration of PVA
has been shown to be independent of the gellan concentration between 1% and
2%. As the PVA modified gellan forms a phase separated system, the point of
maximum gel strength and stiffness corresponds with the phase inversion point,
and the polymer forming the continuous phase determines the material
properties. Additionally, the research has shown that the dissolution order has
no effect on gel strength or stiffness, indicating that the structure formed is not

affected.

Viscosity of PVA solutions increased with polymer concentration. At low
concentrations of PVA, there is a linear dependency, with a separate linear
dependency at higher concentrations of PVA. This two-stage viscosity shows that
the polymer becomes entangled at the point of interception. Therefore, the
decrease in gel strength of PVA modified gellan appears to be due to the
polymer entanglement of the PVA, rather than as a result of the increased

viscosity caused by the addition of PVA.

5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) has been shown to successfully
stain low acyl gellan, and can be processed to ensure that a secondary polymer
remains unstained. However, the addition of the DTAF within a gellan quiescent
gel affects the mechanical properties of the bulk gel. Using ratios of unstained
gellan and stained gellan results in phase separation of the polymers. Therefore,
it is suggested that staining should only be used as a visualisation of an

investigated microstructure, and be one of many analytical methods.
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Furthermore, 100% staining should be used for visualisation so that it is known
that a second phase separation is not occurring within the system. Future work
could investigate the processing (i.e. time to stain, concentration of stain), and
how this affects the change in mechanical properties. This study left the stain to
react for a 5 hour period; however, if this time period was reduced, fewer

mechanical property changes should be seen.

This research has successfully shown that gellan hydrogels can be modified and
gel strength can be increased through the addition of a secondary polymer, poly
(vinyl alcohol). Therefore, gel properties can be enhanced and controlled in order
to closely mimic the properties of human tissue, with the potential to replace

current painful and traumatic tissue regenerative procedures.
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4.1 Background

By processing hydrocolloid gel systems during the gelation process, gel particles
can be formed, rather than to form a block of gel. This then potentially widens
the application relevance because fluid gels can flow and are spreadable,
allowing their use in products such as skin creams (as discussed in Chapter 2,

Section 3.2).

There is an increased amount of knowledge in fluid gels; however, understanding
of the effect of two polymers on the fluid gel production is more limited. The aim
of this chapter, therefore, is to investigate the effect of the secondary polymer
on the fluid gel production, and to determine if particles of both polymers could

be formed.

4.2 Materials and Methods

4.2.1 Materials

Low acyl gellan (Kelcogel F, CP Kelco, UK) and kappa carrageenan (Sigma-Aldrich
Company Ltd., UK) were used for this research, without further purification. No
external cross-linking agents were used to produce the fluid gels. The water used
for all solutions was passed through a reverse osmosis unit, and then a milli-Q

water system. All sample concentrations are weight percentage.

Salt analysis, using Inductively Coupled Plasma Mass Spectrometry (ICP-MS), was

carried out on both low acyl gellan and kappa carrageenan powders, straight
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from the respective companies. Salt concentrations for both powders are listed
in Table 4.1. The cations present in the powders will have an effect on the
gelation of each polymer, as the calcium divalent cation is said to form true ionic
bonds between gellan chains (Nickerson et al., 2003), while kappa carrageenan

has a higher affinity to the potassium cations (Morris et al., 1980).

Table 4.1 - Concentrations of salts (wt %) present in gellan and kappa carrageenan
powders. Concentrations determined by ICP-MS

Potassium Sodium Calcium
Gellan 2.16% 0.52% 0.35%
Kk Carrageenan 3.63% 0.49% 0.05%

4.2.2 Fluid gel preparation

Low acyl gellan and kappa carrageenan were dissolved in deionised water at
approximately 80 °C whilst stirring to ensure fully dissolved. Fluid gels were
produced using a vane geometry on a rheometer (Kinexus, Malvern, UK). The
rheometer was set to 80 °C before the sample was added, to avoid any gelation
occurring prior to the application of shear. Once the sample had been added to
the rheometer cup, the temperature was allowed to equilibrate for 5 min before
the sequence was started. The cup temperature was decreased from 80 °C to 5

°C, at 2 °C/min. A range of shears was investigated while gelation was occurring.
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Fluid gels were produced between 0.5% and 2% with different ratios of the two

polymers.
4.2.3 Fluid gel characterisation

4.2.3.1 Rheological characterisation

Rheological characterisation of the fluid gels was carried out 24 hours after fluid
gel production, to allow any possible aggregation of particles to occur. Fluid gels
were characterised using a cone, with an angle of 4°, diameter of 40 mm, and
plate on a rheometer (Kinexus, Malvern, UK). Viscosity tests and frequency
sweeps were carried out on each sample, between 0.001 and 100 s™. All

rheological characterisation was carried out at 25 °C.

Particle interactions were investigated for the 12 hours immediately after fluid
gel formation. Once a fluid gel sample was made, the temperature of the vane
was slowly increased to 25 °C (at 1 °C/min). Once the temperature had
equilibrated for 5 min, a single frequency oscillation test was carried out (with

frequency of 1 Hz, and strain kept at a constant of 0.5%).

4.2.3.2 Differential scanning calorimetry (DSC)

A PDSC evo Dynamic Scanning Calorimeter (DSC) (Setaram Instrumentation,
France) was used to measure enthalpies and thermal transitions of the gel
systems. Screw-top ‘closed batch cells’ were used, and filled with 650 +/- 5 mg of

a fluid gel. Reference cells were filled with an equal mass of deionised water.
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The samples were held isothermally at 5 °C for the first 30 mins, followed by
heating to 90 °C (step 1) and then cooling to 5 °C (step 2). The sample was held
isothermally for 30 mins at 5 °C, to ensure sample uniformity, followed by
heating to 90 °C (step 3) and then cooling to 5 °C (step 4) (schematic
representation shown in Figure 4.1). All temperature transitions were at a rate of
1.2 °C/ min. Transitions and enthalpies are calculated from an average of three

repeats.

Temperature (°C)

Time (h)

Figure 4.1 — Schematic representation of the Differential Scanning Calorimetry (DSC)

temperature profile used. Temperature ramps were conducted at 1.2 °C/min.

4.3 Results and discussion

4.3.1 Single polymer fluid gels

Initially, the formation mechanism and rheological properties of low acyl gellan
and kappa carrageenan fluid gels were investigated. Figure 4.2 shows the
viscosity profiles on cooling through the ordering and gelation transitions for 1%
low acyl gellan and 1% kappa carrageenan at three different shear rates (200 s™,

300 s and 500 s™). As the temperature is decreased (at all shear rates), both
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gellan and kappa carrageenan show a small increase in shear viscosity, until a
rapid ordering process occurs, resulting in a sharp increase in shear viscosity. The
onset is known as the temperature of ordering (Torq). As the shear rate was
increased, the final shear viscosity (as measured at 5 °C) of the fluid gel
decreased. Higher shear rate for production suggests that more discrete particles
were produced, as particles are unable to aggregate. It was previously suggested
that an applied shear rate affects the particle shape and size (Garrec and Norton,
2012), and not the internal structure of the fluid gel particles. The observed Toq
appears unaffected by the applied shear rate (Figure 4.2a and 4.2b), suggesting
that the internal nature of both the gellan and the kappa carrageenan particles

are unaffected by shear.

As can be seen in Figure 4.2b, the increase in viscosity peaked at 17 °C and then
decreased as the temperature was lowered further. The decrease in viscosity
below 17 °C was probably a consequence of the larger gel particles breaking up
due to the applied shear forces. The subsequent increase in viscosity at about 5
°C occurred as the strength of particles became sufficiently high to resist further

breakup at the applied forces.
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Figure 4.2 - Fluid gel production: viscosity profiles of 1% low acyl gellan (a) and 1% kC
(b) during sheared cooling at 2 °C/min. Data is shown as a function of shear rate:

200s* (—),300s* (--)and 500s™ (-.-).

77



THE FORMATION AND CHARACTERISATION OF LOW ACYL

GELLAN/ KAPPA CARRAGEENAN MIXED FLUID GELS

The influence of hydrocolloid concentration on gellan and kappa carrageenan
fluid gels was investigated at a shear rate of 500 s™* (Figure 4.3). As expected, the
end viscosity of the fluid gel increased as the concentration of the polymer
system increased. Additionally, as the concentration of gellan and kappa
carrageenan increased, the onset of gelation also increased. This could be
explained either by the increase in polymer concentration, or by increased salt
concentration as a consequence of the ions present in the hydrocolloid powders

used (Table 4.1 in Materials section).

It is well known that the addition of salt induces the ordering of carrageenan
chains and their subsequent aggregation, resulting in a higher onset temperature
than when no salts are added (Dai et al., 2010). As no extra ions (bridging/cross-
linking agents) had been added for the studies here, the fluid gels produced
exhibited lower viscosities and were weaker gels than previously described
(Garrec and Norton, 2012). Additionally, the onset of gelation is salt dependent
(Garrec and Norton, 2012) and as such onset was noted at a relatively low
temperature, which was in line with the expected temperature for the ion

content present.
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Figure 4.3 - Fluid gel production: viscosity profiles of low acyl gellan (a) and «C (b)
during sheared cooling at 2 °C/min, at 500 s'. Data is shown as a function of

concentration: 0.5% (—), 1% (- -), 1.5% (---) and 2% (—).
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In order to understand how the fluid gel properties changed on storage, the
viscosity of the fluid gels produced with gellan and kappa carrageenan was
measured after 24 hours storage post production (Figure 4.4). The samples were
stored and measured at room temperature (25 °C). As can be seen, the samples
were all highly shear thinning as would be expected for a particulate system, and
the viscosities of both the gellan and kappa carrageenan fluid gels increased after
24 hours compared with the final viscosity during production. Furthermore, all
the fluid gels exhibited similar viscosity profiles after 24 hours, irrespective of the
shear rate during production. This suggests that further particle/particle
interaction, or particle hardening, had occurred during the 24 hours between
production and testing. As can be seen from Figure 4.4, the viscosity profiles of
both gellan and kappa carrageenan fluid gels were very similar, suggesting that
the gel strength of the individual particles and phase volume of the fluid gels are

similar.

The yield stress for all the fluid gels after 24 hours have the same shear viscosity
(Figure 4.5), within the error bounds. Therefore, the bridging, or stickiness, of the
particles is the same on storage, regardless of the shear rate used for production
(between 200 s and 500 s™). Error bars are larger for samples made at 200 s™
than the higher shear rates of production, suggesting that while the bridging
between the particles may be similar, lower shear rate for production results in
larger and more irregular shaped particles than particles produced at higher

shear rates.
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Figure 4.4 - Viscosity profiles of low acyl gellan (a) and «C (b) fluid gels, 24 hours after
production. Data is shown as a function of shear rate: 200 s*(—), 300 s™ (- -) and

500s™ (---).
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Figure 4.5 — shear viscosity of gellan (ll) and kappa carrageenan (A) fluid gels at the

yield point (24 hours after production).

In order to test whether particle/particle interaction was occurring on storage,
oscillatory studies were carried out for the 12 hours immediately after fluid gel
production for the 1% kappa carrageenan and 1% gellan samples produced at a
shear rate of 200 s™ (Figure 4.6). As can be seen, the gellan elastic modulus
increases (G’ increasing from ~8 to almost 30 Pa), but no increase was observed
for kappa carrageenan. As G’ was above G” for both samples, the materials were
weak gels. The weak gel behaviour was further demonstrated at low shear rates
(see Figure 4.4), as initially there appeared to be shear thickening. As the shear

was increased, however, the samples yielded and then showed shear thinning
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behaviour. These results suggested that there was particle bridging in the
samples and that this occurred to a greater extent for the gellan sample.
Gabriele et al. (2009) showed an increase in storage modulus (G’) in the two hour
period after fluid gel production for kappa carrageenan, which they explained as
a result of helix annealing and further aggregation. This was not seen in this
study, suggesting that the samples produced here were sheared to temperatures
well below the coil to helix transition such that almost complete ordering
occurred during the shearing process. Thus there is no further ordering possible

between particles.
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Figure 4.6 — 12 hour oscillation immediately after fluid gel production of 1% gellan (a),
1% kappa carrageenan (b) and 1% gellan, 1% kappa carrageenan (c). Fluid gels were
produced at 200 s™ (CI/H), 300 s (O/®) and 500 s™ (A/ A). Open symbols are G’,

and filled symbols are G”.
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4.3.2 Mixed polymer fluid gels

The formation mechanism and rheological properties of mixed low acyl gellan
and kappa carrageenan fluid gels were investigated. Figure 4.7 shows the
viscosity profile on cooling 0.5% gellan on its own and then in the presence of
0.5, 1.0 and 1.5% kappa carrageenan. As can be seen, the addition of kappa
carrageenan increased the overall viscosity of the fluid gel and increased the

onset temperature for the viscosity increase (from about 21 °C to about 34 °C).

At kappa carrageenan concentrations of 1% and 1.5%, the profile exhibited a
two-step process with the onset temperature at 34 °C and a second step (a
shoulder) at 30 °C. The presence of the shoulder suggested that there was
separate gelation occurring within the mixed system, and it was unlikely that the
two polymers formed a combined network. As the onset of gelation of gellan
occurred before kappa carrageenan when in single polymer systems, it would
suggest that the initial step was the gelation of gellan and the shoulder was due
to the gelation of kappa carrageenan. This was investigated by DSC and will be

discussed more fully in the next section.
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Figure 4.7 - Fluid gel production: viscosity profiles of 0.5% low acyl gellan (—), and
0.5% low acyl gellan with increasing concentrations of ¥C (0.5% (--), 1% (---), and

1.5% (----)) during sheared cooling at 2 °C/min. Fluid gels produced at 500 s™.

On increasing the concentration of gellan to 1% (Figure 4.8), the addition of
kappa carrageenan resulted in the fluid gel having a higher final viscosity (at 5 °C)
and at 1% kappa carrageenan the process had two steps with the onset
temperature and temperature of the shoulder being very similar to those
observed at 0.5% gellan (Figure 4.7). A small shoulder was seen when the kappa
carrageenan concentration was 0.5% (Figure 4.8); however, this was not defined
enough to establish if this is due to separate gelation occurring, or if this is a

degree of noise on the data.
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Figure 4.8 - Fluid gel production: viscosity profiles of 1% low acyl gellan (—), and 1%
low acyl gellan with increasing concentrations of kC (0.5% (- -) and 1% ( ---)) during

sheared cooling at 2 °C/min.

On increasing the gellan concentration to 1.5% (Figure 4.9), with 0.5% kappa
carrageenan, no shoulder was observed in the viscosity during cooling. This could
be due to the gelation of the two polymers occurring simultaneously.
Considering the temperature profile obtained for the single component systems,
the shearing process was started at temperatures well above the gelation of
either component, and probably above the phase separation temperature, so at
lower gellan concentrations the gellan forms fluid gel particles first, with kappa
carrageenan being forced to form fluid gel particles within the gellan structure or

within any remaining unstructured water which existed between the gellan fluid
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gel particles. An alternative theory is that phase separation occurred on cooling
before gelation and fluid gel formation. If this was the case, then a mixture of
gellan fluid gel particles and kappa carrageenan fluid gel particles would be
formed. However, when the gelation occurs at very similar temperatures, it is
likely that phase separation and fluid gel formation are occurring at the same
time, meaning that there is a possibility of being able to produce fluid gel

particles which contain both polymers.

Figure 4.9 - Fluid gel production: viscosity profiles of 1.5% low acyl gellan (—), and

1.5% low acyl gellan with 0.5% «C ( - - ), during sheared cooling at 2 °C/min.

It was observed that when the overall concentration of the system was kept at

2%, with different ratios of each polymer, that the final viscosity of production
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was approximately 0.25 Pa s (Figures 4.7, 4.8 and 4.9). This suggests that the bulk
properties of the fluid gel at this stage were dependent on phase volume of the
particles regardless of internal morphology of the particles. It is also interesting
to note that this end viscosity is in the same region as 2% kappa carrageenan in a
single system, but lower than observed for the 2% gellan i.e. 0.7 Pa s. Therefore,
further examination was needed to determine why it appears that the end
viscosities were dictated by phase volume, and more closely match the
behaviour of kappa carrageenan than the gellan. Viscosities of the fluid gels were
examined after 24 hours, giving time for any particle aggregation to occur (Figure
4.10). All mixed polymer concentrations show similar viscosity profiles to the
single polymer systems; however, these do align more with the kappa
carrageenan behaviour. It was previously hypothesised that gellan was forming
gel particles first, with kappa carrageenan particles forming in the remaining
unstructured water. As the viscosities of mixtures (after 24 hours) were more
similar to kappa carrageenan, this suggested that the bulk properties were more
influenced by how the remaining water is structured in the secondary gelation,

rather than the internal morphology of the particles.
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Figure 4.10 - Viscosity profiles of 2% low acyl gellan (®) and 2% xC (H) fluid gels,
compared with fluid gels with different ratios of the two polymers, with
concentrations remaining at 2% (0.5% gellan with 1.5% «xC (A), 1% gellan with 1% kC

(V), 1.5% gellan with 0.5% kC (<)).
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Differential scanning calorimetry was used to determine the melting and setting
temperatures of the gellan and kappa carrageenan on their own, and when
mixed. Figure 4.11a shows the heating endotherm and Figure 4.11b shows the
cooling exotherm obtained for gellan. The sample loaded into the cell was a fluid
gel, thus the first heating cycle temperature and enthalpy are for the fluid gel
with subsequent heating cycles and all cooling cycles are for quiescent gels. As
can be seen, there was a single endotherm for all heating cycles and the peak
area was, within experimental error, the same for both the quiescent gel and the
fluid gel. The melting and setting temperatures were both approximately 27 °C,
showing that there was no hysteresis in the gellan ordering process. However,
the endotherm and exotherm peaks for low acyl gellan should be equal, which is
not the case (Table 4.2). The heating enthalpy obtained from integrating the area
under the peak is 3.4 J/g of gellan, whilst the cooling peak gives an enthalpy of
9.9 J/g. This discrepancy was a consequence the melting temperature being close
to the starting temperature of the scan 5 °C, so that the start-up transient in the
calorimeter was overlaying the start of melting peak. This means we can use the
data to obtain the melting temperature, but we cannot use the heating curve to
determine the enthalpy of melting. The cooling curve doesn’t suffer from this

problem so the enthalpy of the transition can be determined from the peak.
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Figure 4.11 - DSC heating (a) and cooling (b) profiles of 1% low acyl gellan. The first
heating scan (step 1(ll )) shows melting of a fluid gel; the second heating scan (step 3
(@)) shows the melting of a quiescent gel; step 3 (@) and step 4 (@ ) show formation

of a quiescent gel and any hysteresis affects.
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Figure 4.12a shows the heating endotherm and Figure 4.12b shows the cooling
exotherm obtained for 1% kappa carrageenan. Again, the sample loaded into the
cell was fluid gel, so the first heating cycle temperature and enthalpy are for the
fluid gel, while subsequent heating cycles and all cooling cycles were for
quiescent gels. As can be seen in Figure 4.12a, the first scan (heating of the fluid
gel) gives an endothermic peak with a melting temperature of approximately 33
°C and a very small peak at about 20 °C. Subsequent heating curves (melting of
the quiescent gel) show a major peak at approximately 32 °C and a smaller peak
(shoulder) at approximately 23 °C, which was not present in the melting of a fluid
gel. The ratio of peak area for the shoulder in relation to the major peak is
proportional to the quantity of iota carrageenan, present in commercial kappa
carrageenan powders. Therefore, it appears that the shear applied in fluid gel
production has caused the iota carrageenan to be entrapped within the same
structure as the kappa carrageenan. When no shear is applied, the carrageenans

preferentially phase separate resulting in the two peaks.

On cooling the kappa carrageenan sample, there was a single exothermic peak at
approximately 23 °C. As expected, integration of the heating and cooling peaks
(Table 4.2) shows that the transition enthalpy (within experimental error) is the
same for the fluid gel and the quiescent gel and that there was no difference
between heating and cooling enthalpies. This indicates that the helix structure
and extent of helix formation are the same under shear as they are when carried

out quiescently. As previously reported (Norton et al.,, 1983), the hysteresis
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between melting and setting temperatures is due to the aggregates stabilising

the helix form of kappa carrageenan.
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Figure 4.12 - DSC heating (a) and cooling (b) profiles of 1% «C. The first heating scan
(step 1(H)) shows melting of a fluid gel; the second heating scan (step 3 (E )) shows
the melting of a quiescent gel; step 3 (@) and step 4 ( ®) show formation of a quiescent

gel and any hysteresis affects.
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During cooling of gellan/kappa carrageenan mixtures, two distinct peaks were
observed (Figure 4.13b). The smaller peak at 35 °C has an area which was
consistent with the gellan peak observed in Figure 4.10b and the second larger
peak at 27 °C has an area which was consistent with the gelation of kappa
carrageenan. The temperatures of the peaks have shifted to slightly higher
temperature, 35 °C compared with 27 °C for the gellan and 27 °C compared with
23 °C for the kappa carrageenan. This was expected as a consequence of the
overall concentration of the polymers and ions in the mixed system. The size of
the peaks confirms that the gelation temperatures were assigned correctly in the
viscosity study and allowed the identification of the different processes in the
viscosity profiles on cooling the mixtures (Figures 4.7 and 4.8). Integration of the
cooling curves gives a combined enthalpy of ~ 40 J for the 2 g of sample present
in the sample. This was somewhat higher than the addition of the peaks
obtained for the gellan and kappa carrageenan obtained on their own (~ 34 J). As
discussed earlier, there is an increase in the ordering temperatures as a
consequence of the increased effective concentration of the polymers. This
increase in enthalpy is also probably caused by the effective concentration of the

hydrocolloids increasing in the mixed (phase separated) system.

On heating the gellan/ kappa carrageenan mixtures (Figure 4.13a), a broad peak
is observed which shows multiple transitions. Again, as the lower temperature
transition (the gellan melting) is occurring at temperatures close to the scan start
temperature, the starting transient of the calorimeter is affecting the peak area

and shape, resulting in smaller enthalpies than expected (Table 4.2). The overall
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features of the peak, however, are consistent with the peaks observed for the
single polymer systems. As can be seen, there was a smaller peak at about 32.5
°C, which is the melting of the low acyl gellan gel. This is then followed by a
larger peak at about 41 °C, which is shifted to slightly lower temperatures, and
has a lower maximum for the quiescent gel structure than for the fluid gel. On
comparing the smaller peak (the shoulder), it seems as if the area of this peak is
increased somewhat when compared with 1% gellan in a single system (Figure
4.11). As discussed earlier, the effective concentration of hydrocolloids have
increased in the mixed system due to the phase separation, so the increased size

of the peak is to be expected.
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Figure 4.13 - DSC heating (a) and cooling (b) profiles of 1% low acyl gellan 1% kC. The
first heating scan (step 1( H)) shows melting of a fluid gel; the second heating scan
(step 3 (H)) shows the melting of a quiescent gel; step 3 ( @ ) and step 4 (@) show

formation of a quiescent gel and any hysteresis affects.
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Table 4.3 - Enthalpies of melting and conformational ordering of 1% gellan, 1% «C and
a mixture of 1% gellan with 1% Kappa carrageenan from the micro differential

scanning calorimetry. All values are the mean from 3 repeats.

Step 1 Step 2 Step 3 Step 4
(Melting of (Quiescent (Melt of (Quiescent
Fluid gel) gel Quiescent gel
formation) gel) formation)
gellan 3.4)/g 9.9)/g 3.8)/g 9.6J/g
«C 22.91/g 25.41)/g 25.41)/g 23.7)/g
gellan kC 16.4)/g 19.8)/g 15.4)/g 20.0J/g

mixture (32.7)/2g) (39.6J)/2g) (30.7)/2g) (40.0J)/ 2g)

4.4 Conclusions

Both gellan and kappa carrageenan produced fluid gels by applying shear during
the setting with no additional crosslinking cations added to the system. These
fluid gels had lower onset temperatures than previous reports in the literature
due to the low concentrations of cations inducing gelation. Further ordering of
the gellan fluid gels was found to occur after production, causing some
crosslinking between the particles. This was not observed for the kappa

carrageenan.

When the gellan and kappa carrageenan were mixed, fluid gels were formed
with a two-step gelation profile. Differential scanning calorimetry (DSC)

confirmed that the first polymer to form fluid gel particles was gellan, with the
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second gelation attributing to the formation of kappa carrageenan particles.
However, the phase volume, rather than the ratio of the two polymers

determined the viscosity of the mixtures.

A small quantity of an iota carrageenan impurity was found to be trapped in the
kappa carrageenan structure by the shear forces during gelation. These forms of

carrageenan phase separate when quiescently cooled.

Finally, when the gelation of the two polymers occurred simultaneously, there is
no evidence of the fluid gel particles being mixed, although further investigation

would be interesting.
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WARM (30 °C) HYDRATION OF POTASSIUM
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EMULSIONS AND COMPLEX EMULSIONS
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5.1 Background

As discussed in Chapter 4, fluid gels are of interest in the fields of bioengineering
and wound healing because they can be structured to spread easily, but will then
thicken once the spreading has ceased, giving protection to the area that they
are applied to. However, fluid gels need to be produced from a solution of the
polymer which is in a disordered state before shearing is carried out, as fluid gels
are produced by disrupting gelation on ordering/cooling. Typical routes for
forming fluid gels are not ideal for delivery of cells, because cells are both
temperature and shear sensitive (Croughan et al., 1989, Smith et al., 1987) and
drugs are often temperature sensitive (Qiu and Park, 2012). As such, alternative

processing is needed if fluid gels are to be used for these applications.

This chapter explores an alternative method for structuring flowable materials.
The alternative method requires the dispersion of potassium kappa carrageenan
in warm water. The kappa carrageenan structure was then used within single and
double emulsions, to determine how the hydrocolloid affected the structuring.
The formation of duplex emulsions was studied as skin creams require a water

continuous system.
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5.2 Materials and Methods

5.2.1 Materials

Kappa carrageenan (Sigma-Aldrich Company Ltd., UK) with a 3.6% K* content, a
0.4% Na* content and a 0.005% Ca”* content (of the dry powder) was used (data
shown in Chapter 4). Distilled, deionised water, and 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES) buffer (Sigma-Aldrich Company Ltd.,
UK) were used as the aqueous phases for dispersion and swelling of the kappa

carrageenan, with no further ions added.

Dulbecco’s Modified Eagle Medium (DMEM) buffer (Sigma-Aldrich Company Ltd.,
UK) was supplemented with 10% foetal bovine serum (FBS), 2.5% HEPES, 2.5% L-
Glutamine and 1% penicillin streptomycin (pen strep). All samples of DMEM
buffer were supplemented, and therefore will be known simply as DMEM for the

rest of this chapter.

Paraffin oil (Sigma-Aldrich Company Ltd., UK) was used for the formation of
emulsions. Span 80 (sorbitan monooleate) (Sigma-Aldrich Company Ltd., UK) and
PGPR (polyglycerol polyricinoleate) (Palsgaard A/S, Denmark) were investigated
for stabilising the initial water in oil emulsions (W;/0), with Tween 20
(polyoxyethylene sorbitan monolaurate) and Tween 80 (Sigma-Aldrich Company
Ltd., UK) used to stabilise the second interface when duplex (W:/0/W;)

emulsions were investigated.

All concentrations were calculated by weight to weight (w/w). Unless otherwise

stated, materials were used with no further purification.
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5.2.2 Formation of kappa carrageenan samples

All samples were prepared using a Kinexus rheometer (Malvern Instruments,
UK), with cup and vane geometry. The temperature for all stages of preparations
were held at 30 °C, with a single shear rate of 500 st used. All results shown are

an average of three repeats, and error bars shown are one standard deviation.

5.2.2.1 Formation of Kappa carrageenan in water and buffers

For the formation of the gel phase, the appropriate amount of buffer was added
to the rheometer cup. The kappa carrageenan powder was added directly into
the cup, and the sequence of a single shear rate was started immediately, to try
and avoid polymer clumping. Sequences were run for 30 minutes, or until a
plateau in viscosity occurred. A range of kappa carrageenan concentrations (1% -

8%) in water, HEPES buffer and DMEM buffer were investigated.

5.2.2.2 Formation of primary emulsions

For the formation of the primary emulsion phase, the appropriate amount of
paraffin oil and emulsifier was added to the rheometer cup. The appropriate
amount of the gel phase was then added directly to the cup, and a single shear
rate sequence was started immediately. The rheometer sequences were run for

30 minutes.
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PGPR and Span 80 were investigated for the stabilisation of the primary

emulsions.

5.2.2.3 Formation of secondary emulsions

For the formation of secondary emulsions, the appropriate amount of water and
emulsifier was added to the rheometer cup. The appropriate amount of the
primary emulsion was then added directly to the cup, and a single shear rate

sequence was started immediately. Sequences were run for 30 minutes.

For secondary emulsions, two different emulsifiers, Tween 20 and Tween 80,

were investigated.

5.2.3 Sample measurements

All samples were analysed between 24 hours and 36 hours after production.

5.2.3.1 Rheology

A Kinexus rheometer (Malvern Instruments, UK) was used to analyse the
rheological properties of all samples produced. Using a cone and plate (4° cone
angle, 40 mm diameter), oscillatory tests were carried out, using a stress

controlled amplitude sweep (from 0.01% strain to 10% strain).
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5.2.3.2 Differential Scanning Calorimetry (DSC)

Enthalpies and temperatures of thermal transitions were determined for the gel
phase using a PDSC evo Dynamic Scanning Calorimeter (DSC) (Setaram
Instrumentation, France). Screw-top ‘closed batch cells’ were used, and filled
with 650 +/- 5 mg of a fluid gel. Reference cells were filled with an equal mass of
deionised water. The samples were held isothermally at 5 °C for the first 30
minutes, followed by heating to 90 °C (step 1) and then cooling to 5 °C (step 2).
All temperature transitions were at a rate of 1.2 °C / min. (Schematic

representation is shown in Figure 5.1).

100 |- i

Temperature (°C)

Time (h)

Figure 5.1 - Schematic representation of the Differential Scanning Calorimetry (DSC)

temperature profile used. Temperature ramps were conducted at 1.2 °C/min

5.2.3.3 Mastersizer

Once the primary emulsion was formed, particle sizing was investigated using a
mastersizer (Malvern Instruments Ltd., Worcestershire, England), with a Hydro
SM manual small volume sample dispersion unit attached. The mastersizer was

used to establish the diameter of the particles in micrometres. Paraffin oil was
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used as the dispersed phase in the mastersizer, and the relevant refractive index
for paraffin oil (1.475) was used. Values quoted in this chapter are of the peak
maximum, or mode value, from the mastersizer, with the results an average of 6

readings.

5.2.3.4 Microscopy

Once the double emulsions were formed, light microscopy (Brunel SP300-fl,
Brunel Microscopes Ltd.) was used for particle imaging. The size of double
emulsions were determined by imaging immediately after production. Images
were taken with a SLR camera (Canon EOS Rebel XS, DS126 191) fitted to the

microscope. Images were processed using Image J.

5.3 Results and Discussion

5.3.1 Hydration and swelling of kappa carrageenan in water and HEPES and

DMEM buffer

Dissolution of kappa carrageenan (1% xC in water) in water (with no added
cations) resulted in a hydration curve (Figure 5.2), with an initial decrease in
viscosity followed by a slow increase over the next 60 minutes. The initial
reduction in viscosity was a consequence of the experiment protocol, whereby

the carrageenan powder was added to the vane cup and then the vane was
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switched on at a shear rate of 500 s™. Thus the powder initially started to
hydrate and interact, but was rapidly disrupted by the applied shear once the
vane was rotating. At a concentration of 2%, the kappa carrageenan powder
added to the water was not dispersed properly as the initial structuring occurred
rapidly; this resulted in the presence of residual unhydrated powder that
remained in the bottom of the sample cup. This was thought to be as a
consequence of too rapid hydration of the powder at the surface of the particles,
which are then not disrupted by the shear applied. As the interest in this study
was to investigate the formation of fluid gel-like properties from kappa
carrageenan in the presence of buffers for cell cultures, attempts to investigate

this problem further were not made.

Understanding the effect of buffer on the formation of kappa carrageenan
hydrated particle gels was required, as both the HEPES and DMEM buffer contain
ions which could affect swelling and hydration. Figure 5.2 compares the time
dependent viscosity increase for kappa carrageenan in water at 2% kappa
carrageenan in HEPES and DMEM buffers. It should be noted that the hydration
and structuring are expected to be different, as potassium kappa carrageenan is
unable to dissolve and form a gel without the temperature being increased to
above the gel melting temperature (above 50 °C for the sample used here, see
DSC curves reported later). The presence of ions in the buffers slow down the
hydration of kappa carrageenan and potentially allow the swelling and hydration
to occur more evenly, resulting in more consistent paste structures. Thus this

approach may potentially be used as an alternative to high temperatures,
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allowing the addition of cells or pharmaceutical ingredients, which would remain

unaffected by the process.

As can be seen in Figure 5.2, when kappa carrageenan was dispersed in the
buffers at 2% concentration, there was still an initial decrease in viscosity at the
start of the application of shearing, but then there was no increase in viscosity
over the 60 minute period. Unlike the results obtained for dispersion in water, no
hydration or structuring was observed, and thus the resultant mixture could at
this time be described as a thin viscous fluid, rather than a particulate/fluid gel.
The presence of ions within the buffer is therefore hindering and slowing the
hydration process of the kappa carrageenan. The presence of the ions could
potentially reduce the ability of the powder to hydrate and so reduce the overall
rheological properties. This was checked by DSC, as discussed later in the

chapter.

109



WARM (30 °C) HYDRATION OF POTASSIUM KAPPA CARRAGEENAN

AND ITS INCLUSION IN EMULSIONS AND COMPLEX EMULSIONS

0.035

0.030

0.025

0.020

0.015

T

Shear viscosity (Pa s)

0.010

0.005

Time (min)

Figure 5.2 - Viscosity of 1% kC (solid line) dispersed in water versus 2% kC (dash line)
dispersed in HEPES buffer. Dispersions formed at 500s™, with temperature held at 30
°C.

To determine whether hydration and structuring could be induced within the
buffer systems, the concentration of kappa carrageenan in the buffers was
increased (Figure 5.3 and 5.4). In DMEM buffer (Figure 5.3), with kappa
carrageenan concentrations between 2% and 4%, very little increase in shear
viscosity over time was observed (2% and 4% are not shown in Figure 5.3, as the
shear viscosity was too low to distinguish from the x-axis). On increasing the
kappa carrageenan concentration to 7%, an increase in viscosity with time was
observed. At 8% kappa carrageenan in DMEM, there was an initial reduction in

viscosity at the start of shearing in the vane. However, it appeared from the
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profile that only partial breakup of the hydrated structure formed on initially
adding the powder has occurred as a viscosity/ time profile is noisy at all times
and the lowest viscosity is observed after about 5 minutes with a slight recovery

of viscosity at longer times.
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Figure 5.3 — Viscosity of kC dispersed in DMEM buffer over 30 min. 6% (dash dot), 7%

(dash) and 8% (solid). The temperature was held at 30 °C.

In the HEPES buffer, as the kappa carrageenan concentration was increased up to
4%, little change in the viscosity/time profile was observed. However, on
increasing the concentration to 5% and 6%, a significant change in the profile
was observed, with the shear viscosity increasing by a factor of 10 or more. At

higher concentrations than this, samples could not be made, since excess
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unhydrated kC was observed in the bottom of the cup, in a similar manner to the
results observed for 2% kappa carrageenan in water. As can be seen in Figure
5.4, at 6% kappa carrageenan, there was a rapid increase in viscosity after about
20 minutes followed by a plateau after 30 minutes. It appears that at this
concentration the hydration and swelling occurs after 20 minutes so that the
particles occupied the whole volume of the sample and started to interact.
Above 20 minutes, the interactions continued to build, but the applied shear was
breaking them down resulting in the noisy signal. This type of behaviour is often

observed for fluid gel production when gel breakage occurs.

After 30 minutes the viscosity observed with 7% kappa carrageenan in DMEM
buffer was about the same as that observed after 30 minutes for 5% kappa
carrageenan in HEPES buffer. This difference shows that the rate of hydration of
the kappa carrageenan is different for the two buffers, with a slower rate in
DMEM than HEPES, although, as will be discussed later, the resulting gel like

properties in the two buffers are very similar.
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Figure 5.4 — Viscosity of kC dispersed in HEPES buffer for 1 hour (2% (solid line), 3%
(dash line), 4% (dash dot line), 5% (dot line), and 6% (grey solid line)). The temperature
was held at 30 °C.

Visual observation of the samples (Figure 5.5 and 5.6) showed that in DMEM the
kappa carrageenan powder had hydrated at all concentrations and appears to
have structured the liquid at all concentrations (Figure 5.5). However, at 8%
kappa carrageenan in DMEM, the sample appeared to be a broken gel, although
the rheological analysis of the sample does not support this. At kappa
carrageenan concentrations between 2% and 5% when the sample vials were
inverted, the samples flowed and the sample collected at the bottom of the vials.

However, at concentrations of kappa carrageenan between 6% and 8% the flow
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was reduced (Figure 5.6). In the case of 6% kappa carrageenan in DMEM, some
of the sample has flowed to the bottom of the vial after being inverted for 3
hours. The 7% kappa carrageenan in DMEM sample shows that a lower amount
of sample has moved and at 8% the whole sample has remained at the top of the

vial.

Figure 5.5 — Kappa carrageenan in DMEM at a range of concentrations (2% (a), 4% (b),
5% (c), 6% (d), 7% (e) and 8% (f)). Samples were formed at 30 °C, and sheared at 500 s

for 60 minutes, using a rheometer.

Figure 5.6 — Inverted vials of 6% (a), 7% (b) and 8% (c) kappa carrageenan in DMEM.

Photographs were taken after vials had been inverted for 3 hours.
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In HEPES buffer (Figure 5.7) very similar results were observed to DMEM, with
swelling of the particles at all kappa carrageenan concentrations. Indications are
that the swollen particles appear to occupy most of the water volume even at 2%
kappa carrageenan (as indicated by the rheological measurements discussed in
the next section). At 6% kappa carrageenan in HEPES, the broken structure
suggested from the viscosity/ time profiles is apparent, suggesting that this is the

limiting concentration for sample preparation.

The viscosity/ time data and the visual observations showed that DMEM and
HEPES buffer allowed the hydration of kappa carrageenan to produce structures.
They have not, however, resulted in the same gelation as would be observed by
high temperature dissolution followed by cooling. As the shear has not been
applied while cooling, a three dimensional structure of hydrated particles has
been formed rather than a fluid gel, which could still potentially be used to
structure products for application to human skin, housing water soluble actives,
or potentially mammalian cells. These structures could be beneficial in the
intended applications, as the active could potentially be trapped within the
hydrated particle network, slowing down any movement and giving more control

over their release.
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Figure 5.7 — Kappa carrageenan in HEPES at a range of concentrations (2% (a), 4% (b),
and 6% (c)). Samples were formed at 30 °C, and sheared at 500 s™ for 60 minutes,

using a rheometer.

To further understand the structures that were produced, oscillation tests were
carried out on the kappa carrageenan systems, between 24 hours and 36 hours
after production using a Kinexus rheometer. Figure 5.8 shows the elastic and loss
moduli obtained, as a function of strain, for kappa carrageenan (2% to 8%) in
DMEM buffer. As can be seen, all concentrations exhibited a solid-like behaviour,
with elastic (or storage) modulus (G’) being larger than the viscous (or loss)
modulus (G”) by a factor of about 10, for strains up about 1%. This data shows
that even at low concentrations of kappa carrageenan hydrated at low
temperatures (30 °C), gel-like structures have been formed. The elastic modulus
obtained for 2% kappa carrageenan was 60 Pa which was lower than typically
reported in the literature for samples produced by dissolution at high
temperature (i.e. 80 °C) e.g. 1% kappa carrageenan G’ of 100 Pa (Stading and
Hermansson, 1993). However, it is still within the same order magnitude. As

expected, the elastic modulus of the kappa carrageenan samples increased with
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increasing concentration so that at 4% it was approximately 1000 Pa, at 5% it
was approximately 15000 Pa and at 6%, 7% and 8% it was approximately 50000
Pa. The elastic and loss moduli in DMEM were plotted as a function of kappa
carrageenan concentration in Figure 5.8. The elastic modulus increased by two
orders of magnitude as the concentration of kappa carrageenan was increased
from 2% to 5%, showing that a significant increase in the structuring had
occurred (as can been seen in Figure 5.8). However, the loss modulus increases
by about the same amount so that the difference at all carrageenan
concentrations remained as a factor of approximately 10. In addition, as can be
seen from Figure 5.8, the linear region was between 0.01% and 1% strain for all
the samples. As expected for a structure that has been produced by hydrating a
powder at low temperature, the data shows that all of the samples can best be

described as particulate networks.
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Figure 5.8 — Oscillation sweeps of kC DMEM gels, as a function of strain percentage. xC
concentrations are 2% (CI/M), 4% (O/®), 5% (A/A), 6% (V/V), 7% (</®) and 8%
(>>/»). Elastic modulus (G’) is represented by closed symbols, with open symbols

representing viscous modulus (G”’).

The data obtained at 6%, 7% and 8% kappa carrageenan in DMEM showed that
the solid like behaviour was no longer increasing with polymer content, but
instead had plateaued (Figure 5.9). This suggested that over 6% polymer, the
system is saturated with kappa carrageen so there was not enough liquid to
allow further hydration of the polymer i.e. there was excess polymer so it was
not properly dissolved, or the applied shear during production broke up the
interactions between the particles as they swell, resulting in fluid gel like

systems.
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Figure 5.9 — Linear Visco Elastic Region value from the oscillation sweeps of a range of
concentrations of kC dispersed in DMEM buffer. Elastic modulus (G’) is represented by

closed symbols, with open symbols representing viscous modulus (G”’).

Similar behaviours were seen when kappa carrageenan was dispersed in HEPES
buffer. Figure 5.10 shows the elastic and loss moduli obtained, as a function of
strain percentage, for kappa carrageenan (2% to 6%). All concentrations
exhibited a solid-like behaviour, with elastic (or storage) modulus (G’) being
larger than the viscous (or loss) modulus (G”) by a factor of 6 or 7, for strains up
to 1%. Again, this data showed that even at low concentrations of kappa
carrageenan, gel like structures were formed. The elastic modulus obtained for
2% kappa carrageenan was again approximately 60 Pa. As expected, the elastic
modulus of the kappa carrageenan samples increased with increasing

concentration, so that at 4% it was about 3000 Pa, at 5% it was approximately

119



WARM (30 °C) HYDRATION OF POTASSIUM KAPPA CARRAGEENAN

AND ITS INCLUSION IN EMULSIONS AND COMPLEX EMULSIONS

5000 Pa and at 6% it was approximately 20000 Pa. The elastic and loss moduli in
HEPES buffer are plotted as a function of kappa carrageenan concentration in
Figure 5.11. As can be seen, the elastic modulus increased by almost 2 orders of
magnitude as the concentration of kappa carrageenan was increased from 2% to
5%, again showing that a significant increase in the network has occurred. The
loss modulus increased by about the same amount so that the difference at all
carrageenan concentrations remained as a factor of approximately 6 or 7. In
addition, there was no strain dependency for the elastic or loss moduli between
0.01% and 1% strain, for all the samples, and the data suggested that a

particulate system was formed.
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Figure 5.11 - Linear Visco Elastic Region value from the oscillation sweeps of a range of
concentrations of kC dispersed in HEPES buffer. Elastic modulus (G’) is represented by

closed symbols, with open symbols representing viscous modulus (G”).

The rheological studies have shown that potassium kappa carrageenan can
hydrate at 30 °C under shear to form particulate gel networks in DMEM and
HEPES. In order to determine how these structures relate at the molecular level
to kappa carrageenan gels formed by dissolution at high temperature, DSC
measurements were carried out. Figure 5.12 shows the first heating and cooling
scans for kappa carrageenan concentrations of 2%, 4%, 6%, 7% and 8% in DMEM,
along with the results obtained for DMEM buffer alone. The data has been offset
on the y-axis in order to allow visualisation of the individual scans. The DMEM

buffer control, as expected, has no peaks between 10 °C and 90 °C, showing that
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any transitions observed with the kappa carrageenan samples are a result of
conformational changes occurring in the hydrocolloid (such as helix to coil on
heating and the reverse on cooling) or of further solubilisation (if all of the

carrageenan powder was not solubilised).

As can be seen from Figure 5.12, a single peak was observed for all samples on
heating and cooling, and as the concentration of the kappa carrageenan was
increased (from 2% to 7%) the peak areas increase, as do the peak temperatures.
However, there seems to be little difference in the peak positions or peak areas
on increasing the concentration from 7% to 8%. The temperatures of the peak
maximum and peak areas are shown in Table 5.1. The increase in peak
temperature was as a result of the increased polymer concentration and the
increased potassium ion concentration introduced via the kappa carrageenan
powder. The peak temperatures are in line with those reported in the literature
(Morris et al., 1980, Norton et al., 1984) and the enthalpies are about the same
as reported in Chapter 4. Therefore the enthalpy change is not affected to any
great extent by the concentration of the carrageenan or ion concentrations.

However, the transition temperatures are affected by the salt concentration.
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Figure 5.12 — DSC heating (a) and cooling (b) profiles for different concentrations of kC

(0% (), 2% (@), 4% (A), 6% (V¥), 7% (<), and 8% (P>)) dispersed in DMEM buffer.
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Table 5.1 - Enthalpies and temperature maximums for Kappa carrageenan in DMEM

buffer, determined by DSC.

Kappa Carrageenan Heating Cooling
(%) . )
Enthalpy (J/g) = Tmax(°C) = Enthalpy (J/8) = Tmax(°C)
2 17.19 54 36.81 34
4 12.29 63 32.21 45
6 14.76 71 26.51 52
7 26.98 76 27.42 54
8 24.33 76 27.04 54

Figure 5.13 shows the heating and cooling scans for kappa carrageenan
concentrations of 2%, 4%, 5% and 6% in HEPES, along with the results obtained
for HEPES buffer alone. Similar to the DMEM buffer, the HEPES buffer control has
no peaks between 10 °C and 90 °C, showing that any transitions observed with
the kappa carrageenan samples are a result of conformational changes occurring

in the hydrocolloid or of further solubilisation.

As can be seen from Figure 5.13, a single peak is observed for all samples on
heating and cooling, and as the concentration of the kappa carrageenan is
increased, the peak areas increase, as do the peak temperatures. The

temperatures of the peak maximum and peak areas are shown in Table 5.2.
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Figure 5.13 — DSC heating (a) and cooling (b) profiles for different concentrations of kC

(0% (O), 2% (@), 4% (A\), 5% (V¥ ), and 6% (<)) dispersed in HEPES buffer.
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Table 5.2 — Enthalpies and temperature maximums for Kappa carrageenan in HEPES,
using DSC. (The enthalpy of 6% kC is not stated, as the end of the transition did not

occur).

Kappa Carrageenan Heating Cooling
(%) . i
Enthalpy (J/g)  Tmax(°C)  Enthalpy (J/g)  Trmax (°C)
2 35.82 64 47.72 54
4 32.12 75 33.22 62
> 37.55 77 30.18 65
6 82 29.11 66

5.3.2 Inclusion of the kappa carrageenan low temperature hydrated gel

networks within a water in oil emulsion

Different ratios of aqueous phase to oil, emulsified with 1% PGPR or 1% Span 80,
were studied. Also the formation of simple water-in-paraffin oil emulsions was
investigated. It was found that simple emulsions emulsified with 1% PGPR or 1%
Span 80 did not form emulsions, with separation of the two phases occurring
immediately. Furthermore it was found that if oil was in a concentration above
50% (with kappa carrageenan particulate aqueous phases were used), the

emulsions were unstable, with creaming occurring.

126



WARM (30 °C) HYDRATION OF POTASSIUM KAPPA CARRAGEENAN

AND ITS INCLUSION IN EMULSIONS AND COMPLEX EMULSIONS

Both PGPR and Span 80 are common emulsifiers for the stabilisation of water-in-
oil emulsions. Therefore, the unsuccessful formation of stable emulsions could
be either due to the oil used in this study, or the shear rate used for the emulsion
formation process. The viscosity of paraffin oil (a common ingredient in skin
creams) was lower than many other oils used for oil continuous emulsions
(paraffin oil has a viscosity of 0.04 Pa s, compared with 0.075 Pa s for sunflower
oil). The viscosity of paraffin oil is therefore closer to that of water/buffer than
oils such as sunflower oil. Additionally, the formation of emulsions is typically
done by applying a high shear to a pre emulsion mix, to produce small droplets,
which in turn are slower at sedimentation and coalescing, and thus are more
stable than emulsions with large droplets. The shear used in this study was
selected to allow for the potential addition of shear sensitive actives, such as

mammalian cells.

The addition of carrageenan to the aqueous phase was therefore investigated to
determine whether changing the viscosity of the aqueous phase affects the
emulsion stability. Figure 5.14 shows water in oil emulsions (with the two phases
in a 50:50 ratio) after standing for 1 hour, with DMEM only and with increasing
levels of low temperature hydrated kappa carrageenan from 2% to 8% when
emulsified with PGPR. Samples produced with 2% and 4% kappa carrageenan
were unstable and the emulsion had split after 1 hour (a free DMEM aqueous
phase can be observed at the bottom of the vial) and the remaining water in oil
emulsion and oil phase had creamed. At 5% kappa carrageenan, DMEM buffer is

no longer observed; however, sedimentation has occurred with an oil layer
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present (two layers are observed, as opposed to the three layers observed in the
other samples on the top row of Figure 5.14). This suggests that the greater
structuring in 5% «C, compared with 2% «C and 4% «C, is having a beneficial

affect on the emulsion formation.

At kappa carrageenan concentrations between 6% and 8%, the emulsion is
observed to be lighter in colour (as opposed to the dark red of the DMEM
buffer), and have no visible sign of creaming or sedimentation, indicating that
they are oil continuous emulsions with small (micron size) water droplets and

they were stable for at least 1 hour.
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Figure 5.14 - Oil continuous emulsions with DMEM as the aqueous phase (a) and with
warm (30°C) water hydrated kappa Carrageenan at 2% (b), 4% (c), 5% (d), 6% (e), 7% (f)
and 8% (g) kappa carrageenan in DMEM (from top row second from the left to bottom

right), emulsified with 1% PGPR.

The use of Span 80 as the emulsifier exhibited similar results to the PGPR
emulsified emulsions. Samples produced with 2%, 4% and 5% kappa carrageenan
(Figure 5.15) are unstable and the emulsions have separated into their
component phases. At kappa carrageenan concentrations between 6 and 8%, the
emulsions are lighter in colour and show no creaming or sedimentation, again
indicating that they were oil continuous emulsions and they were stable for at

least 1 hour.
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Similar trends were observed for kappa carrageenan in HEPES buffer emulsions,
when either PGPR or Span 80 was used (photographs are not shown). When
carrageenan concentrations were 5% and 6% (the top kC concentrations
investigated in HEPES), emulsions appeared to be stable for at least 1 hour.
However, below 5% kC, emulsions separated into the different phases, in the
same way the DMEM emulsions had done. The formation of stable emulsions
correlates to the concentration of the particulate gel phases that had plateaued
in their rheological behaviour (as shown in Figure 5.8 and Figure 5.10). This
further suggests that the formation of stable water-in-paraffin oil emulsions is
closely linked with the viscosity of the two phases being vastly different from one

another.
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Figure 5.15 - Oil continuous emulsions with warm (30°C) water hydrated kappa
Carrageenan at 2% (a), 4% (b), 5% (c), 6% (d), 7% (e) and 8% (f) kappa carrageenan in

DMEM (from top row left hand picture to bottom right), stabilised with Span 80.

As ten formulations appeared to be stable after production, particle sizing was
carried out to determine whether particle sizing was affected by the kappa
carrageenan concentration. Table 5.3 shows the particle sizes for emulsions
containing 6%, 7%, and 8% kappa carrageenan in DMEM buffer, and 5% and 6%

kappa carrageenan in HEPES buffer.

When both PGPR and Span 80 were used to stabilise the emulsions, droplet sizes
appeared to decrease as the kappa carrageenan concentration was increased.

This trend was also observed for both DMEM buffer and HEPES buffer; however,
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there is not a significant difference. The particle sizes were smaller when Span 80
was used compared with PGPR stabilised emulsions. However, once again these
are not vastly different. As the differences between carrageenan concentrations
are not significant, the hypothesis that the rheological properties of the aqueous
phase (the particulate systems) determine emulsion stability would be further

strengthened.

Table 5.3 — Droplet sizes for the stable emulsions, determined using a mastersizer.

Values quoted are the peak maximum, or modal number.

Kappa DMEM HEPES
Carrageenan
(%) 1% PGPR 1% Span 80 1% PGPR 1% Span 80
5 54um=+0.35 44pum=0.2
6 6.2um=05 41um=035 4.7pum=04 3.8 um=0.55
7 44um=0.2 3.8um=0.2
8 3.6um=0.7 | 3.8um=0.2

Figure 5.16 shows the elastic (solid symbols) and loss (open symbols) modulii for
the emulsions produced with 6%, 7% and 8% kappa carrageenan in DMEM using
1% PGPR or 1% Span 80. As can be seen, for all the samples the G’ is above G”

with a difference of about a factor of 6. The linear region remains in the
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amplitude sweep until about 0.1% to 0.2% strain. The samples therefore behave
like weak particulate gels. The observed modulii were significantly lower than
observed for the aqueous carrageenan phase alone. 50% included aqueous
phase is considered as a high internal concentration, and therefore will result in
some interaction between the droplets when an external force is applied. This
would explain the observed modulii. The slight increase in G’ observed on
increasing the carrageenan concentration from 6% to 8% is a consequence of the
increased hardness of the droplets as the amount of internal structuring
increases. However, due to the size of the reduction in elastic modulus
(approximately 100 Pa reduction for 6% kC, 200 Pa reduction for 7% kC, and 650
Pa reduction for 8% «C) (Figure 5.17), the observed weak gel behaviour is

unlikely to be due to extensive aqueous phase continuity in the emulsions.

While no significant difference was observed in particle sizing between
emulsions stabilised with PGPR and Span 80 (Table 5.3), there is a significant
difference between the rheological behaviours of the emulsions. Span 80
emulsions had lower G’ and G” across all kappa carrageenan/DMEM
concentrations investigated (Figure 5.17). This clearly indicates that there is less
structuring within the Span 80 stabilised emulsions than seen in the PGPR

emulsions.
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Figure 5.16 — Oscillation sweeps of kC DMEM-in-paraffin oil emulsions, stabilised with

PGPR (L1/H) and Span 80 (A/A) (internal phase contains 6% xC DMEM (a), 7% «C

DMEM (b) and 8% kC DMEM (c)). Elastic modulus (G’) is represented by closed

symbols, with open symbols representing viscous modulus (G”’).
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Figure 5.17 - Linear Visco Elastic Region value from the oscillation sweeps of primary
emulsions with a range of concentrations of kC dispersed in DMEM buffer as the
aqueous phase. Emulsions are stabilised with PGPR (L1/H) or Span 80 (A/A). G’ is

represented by closed symbols, and G”’ is represented with open symbols.

Emulsions with carrageenan/HEPES internal phase show weak particulate gel
properties, with the G’ higher than G, and a linear viscoelastic region, ending at
0.2% strain (Figure 5.18 a & b). The elastic modulus measured is in the same
region as those observed for the DMEM samples and with 100 to 200 times

lower than the measured values for the aqueous phase.

Similarly to emulsions formed with kappa carrageenan DMEM, emulsions formed
with HEPES buffer had lower G’ and G”” when stabilised with Span 80 than with

PGPR. Once again, the use of Span 80 is showing less structuring within the
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system, and therefore could be an indicator of less stable emulsions being

formed.
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Figure 5.18 - Oscillation sweeps of KC HEPES-in-paraffin oil emulsions, stabilised with
PGPR (C1/H) and Span 80 (A\/A) (internal phase contains 5% xC HEPES (a), and 6% kC
HEPES (b)). Elastic modulus (G’) is represented by closed symbols, with open symbols

representing viscous modulus (G”’).
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Figure 5.19 - Linear Visco Elastic Region value from the oscillation sweeps of primary
emulsions with a range of concentrations of kC dispersed in HEPES buffer as the
aqueous phase. Emulsions are stabilised with PGPR (L1/H) or Span 80 (A/A). G’ is

represented by closed symbols, and G”’ is represented with open symbols.

5.3.3 Inclusion of kappa carrageenan stabilised primary emulsions for the

production of duplex emulsions

The production and stability of duplex emulsions (W1/O/W,) were investigated
with either 1% Tween 20 or 1% Tween 80. Duplex emulsions were produced
using warm hydrated kappa carrageenan in both HEPES and DMEM buffer. A
range of ratios of outer aqueous phase to primary emulsion phase was

investigated: those produced with a 50:50 ratio of emulsion to secondary
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aqueous phase were the most stable on storage and, as discussed later, resulted

in emulsions with a cream like rheology.

When either tween 20 or tween 80 were used to emulsify PGPR stabilised single
emulsions, the resultant duplex emulsions had similar structures (Figure 5.20 and
Figure 5.21). Furthermore, the inclusion of DMEM or HEPES buffers appears to
not greatly influence the structuring. When PGPR was used to stabilise the
internal interface, multiple inner droplets were found within each secondary
droplet. PGPR is a “sticky” emulsifier (Scherze et al., 2006), and thus this suggests
that the primary droplets are able to stick together because the applied shear is
too low to separate the droplets. Therefore, the secondary emulsion droplet is

being forced to form around these aggregates of emulsion droplets.
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Figure 5.20 — Micrographs of duplex emulsions with the inclusion of 6% (a, d), 7% (b, e)
and 8% (c, f) xC dispersed in DMEM buffer. Inner droplets were stabilised with PGPR,
and outer droplets stabilised with Tween 20 (a, b, c) and Tween 80 (d, e, f).

Micrographs were taken immediately after forming the duplex emulsion.
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Figure 5.21 — Micrographs of duplex emulsions with the inclusion of 5% (a, c) and 6%
(b, d) xC dispersed in HEPES buffer. Inner droplets were stabilised with PGPR, and
outer droplets stabilised with Tween 20 (a, b) and Tween 80 (c, d). Micrographs were

taken immediately after forming the duplex emulsion.

Conversely, when Span 80 was used as the internal emulsifier, the formation of
duplex emulsions was less successful (Figure 5.22 and 5.23). Duplex emulsion
droplets formed contain only one internal/ primary emulsion droplet. On day 1,
primary emulsions can also be seen across all concentrations, showing that the
formation of duplex emulsions has been largely unsuccessful. The difference
between the PGPR duplex emulsions and the Span 80 duplex emulsions strongly
suggests that PGPR, due to its large molecular size, is anchored into place

(Benichou et al., 2007), while Span 80 is a smaller emulsifier, and thus has moved
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from the interface, resulting in failure (smaller molecular weight surfactants
need less energy to move from the interface, and are therefore more likely to
move than larger molecules) (Frasch-Melnik et al., 2010). The instability of the
Span 80 duplex emulsions (with lower levels of duplex structures formed on day
1 compared with PGPR) shows that this formulation would not be ideal for

encapsulating environment sensitive actives.
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Figure 5.22 — Micrographs of duplex emulsions with the inclusion of 6% (a, d), 7% (b, e)
and 8% (c, f) xC dispersed in DMEM buffer. Inner droplets were stabilised with Span
80, and outer droplets stabilised with Tween 20 (a, b, c) and Tween 80 (d, e, f).

Micrographs were taken immediately after forming the duplex emulsion.
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50 pm

Figure 5.23 — Micrographs of duplex emulsions with the inclusion of 5% (a, c) and 6%
(b, d) xC dispersed in HEPES buffer. Inner droplets were stabilised with Span 80, and
outer droplets stabilised with Tween 20 (a, b) and Tween 80 (c, d). Micrographs were

taken immediately after forming the duplex emulsion.

The rheological properties of the duplex emulsions were investigated: with the
G’ and G” being very similar for the four combinations of emulsifier. The points
at which the G’ and G” are no longer independent of the strain (up to about
0.4%) is also similar across all formulations where the aqueous phase includes kC
in DMEM; but the values of G’ and G” are dependent on kC concentrations

(Figure 5.24).
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Thus the duplex emulsions containing warm water hydrated kappa carrageenan
in DMEM have produced a solid-like response at low strains, with the elastic and
loss modulii being very similar to those measured for the primary emulsion
(comparing Figure 5.17 and 5.19). For the primary emulsion, the G’ was
measured in the range 100 Pa to 900 Pa on increasing the kappa carrageenan
and the duplex emulsion is in the range 200 Pa to 800 Pa on increasing the kappa
carrageenan concentration. The weak solid-like behaviour observed for the

duplex emulsion is again a result of the high (50%) internal phase.
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Figure 5.24 - Oscillation sweeps of kC DMEM-in-oil-in water duplex emulsions,
stabilised with PGPR/ Tween 20 (C1/H), PGPR/ Tween 80 (O/@®), Span 80/ Tween 20
(AA/A) and Span 80/ Tween 80 (V/V) (the internal phase contains 6% kC DMEM (a),
7% xC DMEM (b), and 8% xC DMEM (c)). Elastic modulus (G’) is represented by closed

symbols, with open symbols representing viscous modulus (G”’).
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Figure 5.25 — G’ and G” in the Linear Visco Elastic Region from the oscillation sweeps
of duplex emulsions with a range of concentrations of xC dispersed in DMEM buffer as
internal aqueous phase. Emulsions are stabilised with PGPR/ Tween 20 (C1/H), PGPR/
Tween 80 (O/@®), Span 80/ Tween 20 (A/A) and Span 80/ Tween 80 (V/V). G is

represented by closed symbols, and G”’ is represented with open symbols.

Similar results were obtained for the duplex emulsions containing 5% and 6%
kappa carrageenan in HEPES buffer (Figure 5.26), as shown for formulations with
DMEM buffer. The point at which the G’ and G” are no longer independent of
the strain (i.e. above about 0.7%) is approximately the same for all the samples
and is very similar to the values observed for the duplex emulsions containing
kappa carrageenan in DMEM. Again, as the kappa carrageenan concentration is

increased, G’ and G” both increase (Figure 5.26), but this is not significant.
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Thus the duplex emulsions containing kappa carrageenan in HEPES have
produced structures with solid like response at low strains, with the elastic and
loss moduli similar to those measured for the primary emulsion (comparing
Figure 5.17 and 5.25). For the primary emulsion, the G’ was measured in the
range 100 Pa to 1000 Pa on increasing the kappa carrageenan from 5% to 6% and
using these emulsions as the included phase in the duplex emulsion has resulted
in G’s in the range 200 Pa to 400 Pa. The weak solid like behaviour observed for

the duplex emulsion is again a result of the high (50%) internal phase.

Span 80 was shown to form single emulsions with lower storage modulus than
PGPR stabilised emulsions. However, when the double emulsions were formed
(with DMEM buffer particulate systems), the emulsifier type had less of a
significant impact on rheological properties (Figure 5.24 and Figure 5.25). While
there is some indication of PGPR being higher across the concentrations of kappa
carrageenan in DMEM buffer, the differences are not significant. This is
unexpected, as the micrographs (shown in Figures 5.20 to 5.23) of the double
emulsions containing PGPR demonstration better formation of the double
emulsion structure, with less primary emulsion droplets present. When HEPES
buffer is used within the aqueous phase, a greater difference is exhibited
between emulsions containing PGPR and emulsions containing Span 80 (Figure
5.26 and Figure 5.27). However, once again this is unexpected, as the
micrographs show little difference in the structure between emulsions

containing DMEM buffer and emulsions containing HEPES buffer.
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Figure 5.26 - Oscillation sweeps of kC HEPES in-oil-in water duplex emulsions,
stabilised with PGPR/ Tween 20 (C1/H), PGPR/ Tween 80 (O/@®), Span 80/ Tween 20
(AA/A) and Span 80/ Tween 80 (V/V) (internal phase contains 5% xC HEPES (a), and
6% xC HEPES (b)). Elastic modulus (G’) is represented by closed symbols, with open

symbols representing viscous modulus (G”’).
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Figure 5.27 — G’ and G” in the Linear Visco Elastic Region value from the oscillation
sweeps of secondary emulsions with a range of concentrations of «C dispersed in
HEPES buffer as internal aqueous phase. Emulsions are stabilised with PGPR/ Tween
20 (C1/H), PGPR/ Tween 80 (O/@®), Span 80/ Tween 20 (A/A) and Span 80/ Tween 80
(V/V). G is represented by closed symbols, and G” is represented with open

symbols.

149



WARM (30 °C) HYDRATION OF POTASSIUM KAPPA CARRAGEENAN

AND ITS INCLUSION IN EMULSIONS AND COMPLEX EMULSIONS
5.4 Conclusions

Hydration of potassium kappa carrageenan is possible at low temperatures
under applied shear (500 s), and results in a system which resembles a
particulate, gel like, network which has properties similar to fluid gels produced
from kappa carrageenan. The ionic nature of the aqueous phase (buffers) used at
low temperature is important and controls the amount of kappa carrageenan
which can be used before insoluble powder remains in the mixing vessel, at the
applied shear rate. The presence of ions in the medium appears to slow down
the rate of swelling allowing for more easily dispersion at the start of the process
and then resulting in greater interaction and stronger gels once hydration as
occurred. However, the kappa carrageenan helixes within the warm (30 °C)
water hydrated structures are very similar to the helix contents of the high
temperature solubilised gels (as determined from DSC enthalpies from Chapter 4

and Chapter 5).

Oil continuous emulsions have been formed at low shear rates (500 s) with
warm (30 °C) water hydrated and solubilised kappa carrageenan. At higher
concentrations of kappa carrageenan aqueous phases (above 5% kappa
carrageenan), stable single and double emulsions were formed. While
carrageenan concentration and buffer type affected the gel properties and
stability of the emulsions, they appear to have no significant effect on particle

sizing.
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Two emulsifiers were investigated for the stabilisation of single emulsions. While
no significant difference was observed for the size and stability of the single
emulsions, emulsifier type did have a significant effect on double emulsion
formation and stability. The use of span 80 as an emulsifier resulted in instable
double emulsions, with the emulsifier migrating from the interface, subsequently
forming a majority single emulsion system, with very few double emulsion
droplets. PGPR, a larger emulsifier, combined with either tween 20 or tween 80,
was found to form stable single and then double emulsions. These structures
could be highly beneficial for the medical and tissue regeneration fields, as stable

and convenient methods of delivering bio-actives or cells topically to wounds.
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6.1 Hydrocolloid structuring for biomedical applications

The aim of this thesis was to investigate and advance the understanding of
hydrocolloid structuring for uses in tissue regeneration and wound care
applications. Whilst a significant amount of research had previously been carried
out in the area of hydrocolloids, there had been less research in complex
hydrocolloid systems, especially when two polymers are used within the same
system. Processing of hydrocolloid gels have previously been defined as requiring
high temperatures for dissolving the hydrocolloid, with gel formation occurring
with a temperature decrease. This method of processing limits some of the
applications, for instance, those which contain temperature sensitive drugs for
health care. This thesis therefore also aimed to investigate new methods of
processing in an attempt to widen the applications which could benefit from the

inclusion of hydrocolloids.

The conclusions of this thesis will now be separated into four key areas, with

future recommendations for each section.

6.2 Formation and characterisation of quiescent mixed gels

This study firstly looked at the role of a synthetic polymer, poly (vinyl alcohol) on
the structure of the naturally occurring gellan polymer. Low acyl gellan was
formed under quiescent conditions, with increasing PVA concentrations, with
structural properties examined. As the concentration of PVA was increased, past

the polymer overlap concentration for PVA, the system became PVA continuous
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and thus failed with regard to gel strength. This change in structure as the PVA
concentration was increased indicated a phase separation of the two polymers,
with phase inversion occurring at the polymer overlap concentration of PVA.
Three-dimensional gel structures (as shown in Chapter 3) were formed when the

concentration of PVA was kept below the polymer overlap concentration.

With the formation of successful self-supporting structures, it would be of
interest to determine whether these formulations could be used as a scaffold for
mammalian cells. If the seeding of cells is possible, then the use of gellan/PVA
mixed gels could form a new way of producing scaffolds, and thus replace the

current gold standard methods in the field of tissue regeneration.

6.3 Visualisation of hydrocolloid microstructures

Understanding of hydrocolloid microstructures had previously been based on
either mechanical properties, or inferring due to other components being

present which could be visualised (such as proteins or oils).

If phase inversion was occurring in the gellan/ PVA system, it was of interest to
visualise this occurring. Staining methods were therefore investigated. Simple,
unbound stains were found to have no specificity, and thus there was no
contrast between the polymers. The inclusion of the stain DTAF was examined,
and was found to specifically bind to gellan, and thus gave contrast between the
two polymers. This allowed for the visualisation of the phase inversion occurring

at 14% PVA. However, further investigation showed that the inclusion of DTAF
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resulted in mechanical changes to the gel structure. Furthermore, if staining
gellan and unstained gellan were mixed, these two forms of gellan phase
separated. This shows that the inclusion of DTAF changes the chemistry of the

gellan and it behaves as a different polymer.

Further research is therefore required into the staining/visualisation of
hydrocolloids. A future stain would need to have an insignificant effect on the
hydrocolloid, on how the gelation is occurring, and on the consequent material
properties. In this study, it was found that the large nature of DTAF, and the
processing that had to be used (changing pH for a long period of time), was
inappropriate. Therefore, a smaller stain, with a milder processing procedure,

would be more ideal.

6.4 The formation and characterisation of multicomponent fluid gels

The processing of the gel systems was then investigated, with the formation of
fluid gels being of interest. As spreadable systems, fluid gels give the potential of
increasing the methods in which a patient can receive treatment.
Multicomponent fluid gels were studied, with gellan mixed with the naturally
occurring polymer, kappa carrageenan. It was found that when gellan and kappa
carrageenan were mixed, phase separation occurred in the majority of samples.
However, when 1.5% gellan was mixed with 0.5% kappa carrageenan,
simultaneous gelation occurred, suggesting that a multicomponent fluid gel was

formed. As gellan and kappa carrageenan would phase separate under quiescent
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conditions, this strongly suggests that by shearing the optimal concentrations of
both polymers, that the two polymers can be forced into the same system rather

than separating (if the right conditions, such as gelation rates, were used).

In the future, mixing different thermally reversible hydrocolloids, such as pectin
or xanthan, to determine whether a fluid gel with polymer polymers included in
all the gel particles could be produced, could further develop the concept of
having a multicomponent fluid gel. (Developing a visualisation method would
then also be crucial, so that the structures produced could be more easily be
concluded). This could then be further developed by looking at the mixing of a
thermally reversible hydrocolloid, such as gellan, with a thermally irreversible

hydrocolloid, such as alginate.

6.5 Warm hydration of kappa carrageenan

Whilst the previous systems are of great interest, applications within wound
healing are more limited because bio actives, which may be required for the
health of the patient/consumer, could be destroyed either by the high
temperatures or by the processing (shear). Therefore, the use of low shear and
low temperature was investigated for the formation of hydrocolloid systems. It
was found that by mixing kappa carrageenan in warm buffers (DMEM and
HEPES), hydration of the carrageenan powder could be achieved. This hydration
method is not possible in deionised water, therefore showing that the success of

this method is strongly related to the charged species present in the buffers.
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Furthermore, the charged nature of the buffers allowed for a greater

concentration of carrageenan to be included.

For wound healing applications, it was of interest to then look at single
emulsions (so that any future active included would be protected from
environmental factors) and double emulsions (for the interest of a water
continuous product). The inclusion of kappa carrageenan allowed for stable
single emulsions to be produced. However, the success of the double emulsions
was found to be influenced by the emulsifier type and how likely the emulsifier

was to migrate between the two interfaces.

Producing hydrated hydrocolloid gums, oil continuous single emulsions and
water continuous double emulsions at low temperature and shear rates allows
for a new low energy processing method, but also for the potential of including
temperature sensitive actives in the future. This is an area which needs to be
explored, with further studies regarding how a cell population or drug dose

would be included.
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