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ABSTRACT 
 

This research project focused on a range of gel forming polysaccharides, including sodium 

alginate pectin and gellan gum. All of these materials have ability to form a gel responding to 

different stimuli, such as pH and crosslinking ions.  Their capability to undergo sol-gel 

transition in presence of mono or divalent cations can often occur in seconds making it 

particularly difficult to measure the gelation in real time. Therefore, the aim of the work 

presented in this thesis was to design a new technique that allows commercially available 

rheological equipment to monitor the gelation progress of these materials.  

The first part of study involved the design a new method to measure the gelation of alginate 

and pectin in situ on exposure to an external source of calcium ions. Direct mixing of alginate 

or low methoxy pectin with divalent cations such as Ca2+ generally produces heterogeneous 

gels that form almost instantaneously. Therefore, it is particularly difficult to measure the 

rheological properties of this gelation event due to the rapid gelation kinetics. In this study the 

gelation progress was measured on exposure to three different concentrations of CaCl2 and gel 

dissolution time was measured by removing the crosslinking Ca2+ from freshly formed alginate 

and pectin gels by exposure to calcium chelators. The modification of the rheometer to facilitate 

these measurements used a petri dish attached to the lower plate of the rheometer, into which a 

piece of filter paper submerged with calcium chloride solutions (50, 100 and 200 mM) was 

placed. On top of the filter paper dialysis membrane (MWCO 14000) was placed as a barrier to 

prevent the filter paper imbibing polysaccharide samples. Samples of alginate and pectin 4% 

w/w were loaded on to the membrane and small deformation oscillatory measurements of 

elastic modulus (G′) and viscous modulus (Gʺ) were taken in the linear viscoelastic region, to 

monitor the gelation as a function of time.  Once the gelation was complete the filter paper was 
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removed and replaced with filter paper immersed with calcium chelating agents (500 mM of 

EDTA and sodium citrate (Na citrate)) to degrade the gel in situ. The results demonstrated that 

this technique was suitable for analysing the external gelation of alginate and pectin with a 

sharp increase in G′ in the first three minutes which then plateaued over the remainder of the 

test.  It was also shown that gel stiffness reduced to a greater extent on exposure to EDTA 

compared with Na citrate. This method is not only suitable for measuring rapid gelation kinetics 

on exposure to cross-linkers, but has potential applications in modelling the in situ gelation 

behaviour in simulated physiological environments.  

The second part of the study investigated using the method developed for the alginate and pectin 

gelation for the in situ gelation of gellan gum under simulated physiological conditions using 

different types of simulated body fluids, simulated wound fluid (SWF), artificial saliva (AS), 

artificial lacrimal fluid (LF) and artificial gastric fluid (GF), measuring the gelation of gellan 

gum solutions (0.25, 0.5, 0.75 and 1% w/w) in response to ionic crosslinking and acidic pH.   

The results showed that gellan made the stiffest gels with GF, followed by LF and SWF (which 

were of similar stiffness to each other) and the weakest gel was formed with AS. The results 

indicate that this method is not only of use to measure rapid gelation kinetics on external 

exposure to cross-linkers but could find application in designing bioresponsive delivery systems 

in the food, pharmaceutical and biomedical industries.   

The final section of this thesis focused on the design and proof of concept of a new device that 

was 3D printed using Acrylonitrile Butadiene Styrene polymers (ABS), termed a rheo-

dissolution cell. This was investigated to overcome the limitations of the petri dish method used 

in the initial studies. The cell was designed to contain a reservoir capable of holding 

crosslinking solutions and dissolution media allow with sampling ports to be able evaluate 

rheology measurements of in situ gel forming systems while simultaneously measuring release 
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of molecules loaded into the gel. On the top of the reservoir a retractable stainless steel mesh 

was used as the lower plate of the rheometer which allowed the polysaccharide samples to be 

in contact with the fluid in the reservoir during the gelation and gel dissolution.   Proof of 

concept was determined using 1% w/w alginate solution loaded with 50 mg of methylene blue.  

Rheological measurements were performed with CaCl2 in the rheo-dissolution reservoir to 

initiate gelation. Once the gels were formed gel dissolution was initiated by replacing the CaCl2 

with calcium chelating agents EDTA and Na citrate. During both of these processes samples 

from the reservoir were removed and analysed for methylene blue release. The results showed 

the device was capable of allowing the formation strong gels on exposure to CaCl2 and gel 

dissolution when the formed gels were exposed to the calcium chelators. It was also found that 

mesh opening size was an important factor in the final gel strength and subsequent gel 

dissolution time. The strongest gels were formed when the mesh had a large opening area and 

the chelating of calcium was faster with EDTA than Na citrate. Methylene blue was detected in 

the reservoir during both gelation and gel dissolution with gel strength appearing to be an 

important factor on the quantity released gels increased. This study indicated that the rheo-

dissolution cell has the potential to be used as a model system for measuring rheological 

changes and release rate of loaded drugs in gel forming formulations simultaneously by a simple 

modification of a commercially available rheometer. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

 Gelling materials   

The intermediate state of matter between solids and liquids is often referred to as gels and these 

materials are composed of a three dimensional polymer or colloidal network immersed in a 

fluid (Bakliwal and Pawar, 2010). When the liquid phase of a gel is water, gels can be referred 

to as hydrogels, or sometimes, described as aqueous gels as the hydrogel name indicates a 

material swollen in water (Gehrke and Lee, 1990).  Polysaccharides are a class of natural 

materials of which a large number can form hydrogels in specific environmental conditions. 

The gels can be classified based on the nature of the bonds involved in the development of the 

three-dimensional solid network which is either by chemical bonds or physical association. 

Chemical crosslinking forms strong covalent bonds that connect the network together usually 

by a crosslinker or a functionalized group on the polymer chain. These are sometimes termed 

chemical gels. Physical gels on the other hand are formed by physical association through 

hydrogen bonding, electrostatic interactions, hydrophobic interactions and van der Waals forces 

which maintain and stabilise the gel network (Bakliwal and Pawar, 2010). It is the behaviour 

of these physical gels prepared from polysaccharides which is the major focus of this thesis. 

Polysaccharide materials have traditionally been one of the major focuses of food research, and 

more recently in pharmaceutical and biomedical materials research, due to their multi 

functionality as gelling agents, thickeners, suspending agents and stabilisers (Sutherland, 2007). 

It is however, the gelling ability of polysaccharides which is arguably the most interesting 

feature of polysaccharides with regard to academic and industrial applications (Smith and Miri, 

2011). 

 



3 
 

 In situ gelling agents 

 

The ability of polysaccharides to form gels in various physiological environments in response 

to changes in temperature, pH and ionic strength has been of particular interest for 

pharmaceuticals and biomedical applications. This is in addition to other various advantageous 

features that include low toxicity, natural source and the relatively low cost of these materials. 

The concept of in situ gelling systems is that the formulations are developed and administered 

in a pre-gelled liquid state, which then rapidly convert to the solid gelled state on contact with 

the physiological target site. Thus, increasing the retention time of the formulation at the desired 

site of action (or uptake) improving the bioavailability of active ingredients (Chitkara et al., 

2006; Hatefi and Amsden, 2002). This process is described in Figure 1.1.  

 

Figure 1-1: Schematic diagram of highlighting the concept of in situ gelling formulations in 

comparison with non-gelling systems. 
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Accurately measuring the rate of gelation and final gel strength of in situ gelling systems can 

be challenging due to the rapid sol-gel transitions on physiological contact. Measuring the 

gelation of polysaccharides that gel thermally is relatively straightforward using commercially 

available rheometers fitted with a Peltier plate that can accurately control the sample 

temperature. Rapid gelation reactions that occur on contact with ions or by changes in pH 

however, are much more difficult to measure in real time using conventional rheological 

equipment.  

 Current techniques for measuring rapid gelation in situ 

The simplest method to demonstrate gelation is to turn a test tube or vial containing the sample 

upside-down and then to note whether the sample flows under its own weight. It is assumed 

that a gelled sample will not flow whereas a viscous sample will show visible flow (Macosko 

and Larson, 1994). This does not however, provide any meaningful quantitative data. The most 

useful technique to monitor the gelation is by using a rheometer whereby the sample is placed 

between a stationary lower plate and an upper plate that applies a shear force to the sample 

(Figure 1.2.) and depending on the nature of the force applied (either steadily in one direction 

or oscillation) can be used to measure viscosity and viscoelasticity of materials. 

 

Figure 1-2: Diagram highlighting the concept of a simple rheological test whereby the sample is 

placed between a stationary lower plate and a rotating upper plate. 
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Controlling environmental conditions however, can be challenging. The bottom plate is usually 

controlled by a Peltier system allowing for thermal control, but to analyse effects of changes in 

pH or ionic strength requires environmental conditioning of the polysaccharide prior to loading 

onto the rheometer. This can be particularly difficult in some gelling polysaccharides such as 

alginate, pectin and gellan gum as gelation is almost instantaneous. Previous methods used to 

measure ionic in situ gelling polysaccharides have included the controlled release of 

crosslinking ions from an insoluble source (Draget et al., 1990; Draget, 2000; Draget et al., 

2006a), the use of sequestering agent such as ethylene diamine tetra acetic acid (EDTA) to slow 

down gelation (Toft, 1982) and using the slowly hydrolysing n-glucono delta-lactone (GDL) to 

gradually lower the pH and release the complexed ions into the polysaccharide solution.  

All of these methods allow the mixing of crosslinking ions with the biopolymer without 

immediate gelation which is not what occurs when applied to physiological systems. Moreover, 

the gels produced using these methods tend to be considerably more homogeneous than those 

produced by direct mixing of polysaccharides and free crosslinking ions. Therefore, to replicate 

physiological exposure and produce gels that are alike to those in situ gelling systems, the usual 

method is to load the polysaccharide of interest into dialysis tubing and then immerse it into a 

solution containing the required crosslinking ions for various periods of time before removing 

and cutting the gel to an appropriate size for rheological testing (Kubo et al., 2003; Miyazaki et 

al., 2000). Another similar method that has been used is to add polysaccharide solutions into 

tissue culture plates containing filter paper that is soaked with soluble crosslinking ions 

whereby one is placed beneath the polysaccharide and one placed on top.  
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The polysaccharide would then be allowed to gel for selected time periods before the 

rheological properties are measured (Hunt et al., 2010; Jahromi et al., 2011). Unfortunately, 

neither of these approaches provides a realistic insight into the real time gelation of rapidly 

gelling systems. Despite the obvious industrial usefulness of such materials in foods, 

pharmaceuticals and biomedical applications there is an obvious gap in techniques that can 

suitably quantify rheological behaviour in these rapidly gelling materials. To try to address this 

problem this thesis describes modifications made to a commercially available rheometer that 

facilitates rheological measurements of rapidly gelling in situ gelling materials in contact with 

external source of crosslinking ions.  

 Aims and objectives 

 Thesis aims 

The overall aims of this work was to develop rheological techniques that are suitable to measure 

the gelation behaviour of rapid setting ionically gelling polysaccharides in situ, by modifying a 

commercial rheometer.  

 Objectives  

The objectives to achieve the aims of this work were to design two modifications to the lower 

plate of a rheometer and evaluate the suitability for measuring polysaccharide gelation of a 

variety of industrially relevant polysaccharides using various crosslinking fluids. Working 

towards these objectives included the investigation of two different adaptations of the lower 

plate of a commercially available rheometer.  

 Petri-dish adaptation  

A petri-dish containing a filter paper soaked in crosslinking fluid was covered with a dialysis 

membrane, which acted as the lower plate of the rheometer, which was then applied to 

investigate the following tests: 
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 Gelation and dissolution time of alginate and pectin gels crosslinked with calcium 

chloride in situ. 

 Apply the in situ gelation method as a model to investigate the impact of simulated 

physiological fluids on the rheological behaviour of gellan gum. 

 Rheo-dissolution cell adaptation  

The second adaptation used a 3D printed lower plate that was designed to containing a reservoir 

into which a solution of crosslinking ions could be added to investigate the following tests:  

   External gelation of alginate that loaded with methylene blue as a model of drug on 

exposure to calcium chloride (cross linker ions) in situ.   

 To investigate dissolution time of alginate gel that formed on exposure to CaCl2 using 

calcium chelating agents (EDTA and sodium citrate).  

 The effect of various mesh sizes was investigated in relation to drug accumulation in 

the reservoir, and on the rheological behaviour, as these are key to validating the method 

as a potential rheo-dissolution device.  

Overall, these objectives were designed to inform on the feasibility of employing various 

modifications to the lower plate of a rheometer to enable measuring rapid gelation kinetics in a 

more biorelevant environment than what is currently available.  
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 Thesis structure 

 

This thesis covers the design, development and production of apparatus that can be applied as 

a lower plate of commercially available rheometers to facilitate the measuring of rapidly gelling 

polysaccharides on contact with ionic crosslinkers. The development of this apparatus was 

investigated to create more realistic environment for measuring in situ gelling systems which 

are becoming popular drug delivery systems, retaining drugs at the site of action/uptake for 

longer subsequently increasing bioavailability.  

 Chapter 2 provides background theory to rheological techniques and the functional 

capacity of commercially available rheometers. This provides the background 

information on which all the results chapters (Chapter 4-6) are based. Specific 

methodologies, which apply to the individual developed apparatus that were 

investigated, are given separately in the appropriate chapters.  

 Chapter 3 provides an in depth background of the gel forming polysaccharides used 

throughout this thesis (alginate, pectin and gellan gum). This presents an insight into 

their chemical structure and conformational properties, gelation mechanisms and 

applications as in situ drug delivery systems 

 The development of apparatus and initial results begin in Chapter 4, which discusses 

the results obtained developing a technique for measuring the external gelation of 

alginate (published as “in situ rheological measurements of the external gelation of 

alginate” (Mahdi, Diryak, Kontogiorgos, Morris and Smith, 2016)). This begins with a 

description of current techniques used to measure external alginate gelation and the 

difficulties involved in making such measurements. Then information on the 

development of a modified lower plate for a rheometer is provided highlighting the 

specifications, components, and dimensions. The final part of Chapter 4 discusses the 
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potential use of the developed rheometer modification to measure the rapid gelation of 

alginate on exposure to a source of Ca2+ ions. Moreover, it is demonstrated that the 

method is suitable for measuring rapid external gelation but also can be modified to 

measure dissolution of Ca2+ crosslinked alginate gels on exposure to Ca2+ chelating 

solutions.   

 Chapter 5 presents results using the system developed in Chapter 4 and focuses on using 

the platform to recreate a more realistic physiological environment for in situ gelation 

(submitted for publication as “Experimental simulation of the gelation behaviour of in 

situ cross-linked hydrogels on contact with physiological fluids” (Diryak, Ghori, 

Kontogiorgos, Morris and Smith, 2017)). This chapter begins with an introduction to 

the challenges associated with developing biorelevant models for in situ gelling systems 

and describes various physiological target sites (oral cavity, eye, stomach and skin 

wounds) and in particular the ionic environment of these sites. Simulated physiological 

fluid was then used to as a source of crosslinking ions for the in situ gelation of gellan 

gum, to investigate the gelation strength and gelation kinetics at various physiological 

target sites. Moreover, the microstructures of the gels formed were explored to evaluate 

how this influences gel strength in the different simulated physiological conditions. 

 The final results chapter (Chapter 6) describes the development of a 3D printed lower 

plate that contains a reservoir in to which different crosslinking solutions could be 

added. The developed lower plate not only facilitates the delivery of crosslinking 

solutions to materials during rheological testing but provides the mechanism for 

sampling from the reservoir which allows quantitative analysis of the release of model 

active ingredients. The chapter provides details of the lower plate design and 

demonstrates a proof of concept for “rheo-dissolution” which is defined as simultaneous 

measurement of rheology and drug release in situ.   
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 The final, chapter (Chapter 7) provides a summary of the conclusions from this thesis 

along with recommendations for future work. 

 Publications and presentations 
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Journal Publications: 

 Mahdi, M.H., Diryak R., Kontogiorgos V., Morris G.A and Smith, A.M. (2016) In situ 
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 R. Diryak, V. Kontogiorgos, M. U. Ghori, P. Bills, A. Tawfik, G. A. Morris, A. M. 

Smith, (2018) Behavior of in situ cross‐ linked hydrogels with rapid gelation kinetics 

on contact with physiological fluids, Macromolecular Chemistry and Physics 1700584.  

Conference presentations: 

 Diryak R., Mahdi, M.H., Murphy, S., Hill, A., Morris G. and Smith, A.M. (2015) In situ 

rheological measurements of the external gelation of alginate. 2nd UK Hydrocolloids 

Symposium, Birmingham UK 

 Diryak R., Morris G.A and Smith, A.M.  (2016) Evaluation of in situ Gelation of Gellan 

Gum in Various Simulated Physiological Fluids. AAPS Annual Meeting and 

Exposition, Denver, USA  
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 CHAPTER TWO  

RHEOLOGY 

 Introduction to rheology  

 

The majority of the experimental work undertaken in this thesis is rheological measurements 

of polysaccharides during gelation and dissolution, therefore the main concepts and 

fundamental principles of rheology will be discussed. This is then followed by a review of 

rheometer types with a particular focus on modifications and add-ons that can be applied to 

commercial rheological equipment to facilitate specific measurements in application specific 

environments.  

The word rheology originates from two Greek words, “rheo” and “logos”; “Rheo” meaning 

flow and “Logos” meaning “reasoning”. Rheology therefore is the study of deformation and 

flow of materials. The term rheology was first used by Professor E.C. Bingham and was 

accepted in 1929 with the formation of the Society of Rheology. Fundamentally, rheology is 

the analysis of material behaviour under the application of stress and is generally expressed 

through the relationship between stress and strain in a material as a function of temperature, 

time, frequency etc. When a force (stress) is applied to a material the resulting deformation 

(strain) is the response to this action (Martin et al., 2011) therefore how a material behaves 

under stress provides an insight into the type of material being tested as materials are classified 

according to their observed physical behaviour. Generally, under stress materials behave in an 

elastic (solid like) manner or viscous (liquid like) manner with the two extremes being a perfect 

(Hookean) elastic solid or a perfect Newtonian Liquid. Most materials however, which includes 

the gel forming polysaccharides investigated in this thesis, have properties that are both elastic 

and viscous, and therefore are termed viscoelastic (Marriott, 2007) 
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  Stress and strain  

 

Stress is defined as the force (F) applied per unit area (A) acting upon a material and is 

expressed in units of pressure (Pa) as expressed in equation 2.1.  

 (Pa) = F/A                                            Eq. 2.1 

In all rheological measurements, the procedure is to either apply a force to the test material and 

measure the resulting deformation (strain) or apply a deformation and measure the resistance 

to the deformation (stress). Force can be applied in various directions which will result in 

differing deformation. These are compression (or tension) when the force is in the longitudinal 

direction, shear when the force is applied laterally and bulk stress when the force is isotropic 

i.e. from all directions (Figure 2.1). The application of stress to a material results in a strain 

(deformation) which is a dimensionless ratio and therefore has no units as given in equation 

2.2.     

 =Δ𝑙/𝑙        Eq. 2.2 

Where Δl is the change in length and l is the original length of the material before the applied 

stress. The relationship between stress and strain can be used to determine the modulus, 

however, as stress can be applied in a range of directions the way modulus is calculated also 

varies. 
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Figure 2-1: A schematic diagram demonstrating various types of deformation when force is 

applied in a longitudinal, lateral and isotopic direction (adapted from Mahdi, 2016).See the text 

for more details  

 

 Longitudinal (Young’s) modulus 

 

Young’s modulus tends only to be determined for materials that have a defined shape and size 

by the application of longitudinal stress either in compression or in tension. Following an 

applied force, the energy is stored in the material and once the force is removed the energy is 

recovered returning the material to its original dimensions. A good example of this behaviour 

is a spring which remains compressed (or extended under tension) until the stress is removed 

whereby it recovers to its original position. This mechanical behaviour can be described by 

Hooke’s law which states that stress is proportional to strain but independent of the rate of 

strain. Therefore, Young’s modulus (E) is calculated by longitudinal stress  divided by the 

strain () (equation 2.3).  
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E (Pa) = stress / strain = /      Eq. 2.3 

 Shear modulus 
 

Shear modulus (G) is more readily used for soft viscoelastic materials that often cannot support 

their own weight and therefore unsuitable for characterisation using compression or tension. 

Biopolymers such as the in situ gelling polysaccharides investigated in the work described in 

this thesis are usually characterised in this manner.  When determining G a lateral stress is 

applied tangentially through an angle  to the test material causing a deformation. The shear 

stress () is given by equation 2.4, where F is the lateral force applied to deform the sample 

through the angle  and A is the tangential area.  

   (Pa) = F/A                                            Eq. 2.4  

The shear strain () that occurs as a result of the applied stress is determined using equation 2.5   

    =Δ𝑙/𝑙 = tan ()     Eq. 2.5 

Where Δ𝑙 is the tangential displacement and l represents the sample thickness. From the 

relationship between the shear stress and the shear strain the shear modulus can be calculated 

accordingly using equation 2.6. 

G (Pa) = shear stress / shear strain = /   Eq. 2.6 
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 Bulk modulus 

 

Bulk modulus (K) is rarely used to characterise the mechanical properties of soft materials such 

as polysaccharide gels. The principle of bulk modulus however, is that almost all matter can 

undergo some level of compression and therefore all have bulk modulus. It is defined as the 

modulus of volume expansion. If isotropic stress is applied to solid materials, a relative change 

in volume occurs. The ratio of the isotropic stress to the change in volume is defined as the bulk 

compression modulus and can be determined using equation 2.7 (Mahdi, 2016).  

K (Pa) = σv/ɛv   Eq. 2.7 

Where bulk stress is v and volumetric strain is v. 

 Rheological measurements of biopolymer gels 

 

For biopolymer gels which exist as viscoelastic liquids or viscoelastic solids and often change 

between both of these states during application, rheological measurements are made using 

oscillatory shear rheometry. This technique allows for simultaneous analysis of both elastic 

(solid) response and viscous (liquid) response to an applied stress (Picout and Ross-Murphy, 

2003).   Rheological characterisation using oscillation involves the application of sinusoidal 

stress (or strain) to a sample immobilised between an upper disc and a lower plate. Usually, the 

upper disc applies the oscillatory stress while the bottom plate remains stationary. For the vast 

majority of measurements involving polysaccharide gels, the top, stress loading geometry 

(upper disk) is either a flattened ‘parallel plate’ or cone that has been truncated (Figure 2.2).  
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Figure 2-2: A schematic diagram of basic geometries used for measuring biopolymer gels (A) 

cone and plate and (B) parallel plate. 

 

The geometry chosen for the measurements can directly impact results obtained. This is because 

there are differences in how the stress is transmitted through the sample when using parallel or 

coned geometries.  When using a parallel plate, the applied stress at the outer radius of the 

parallel plate is much greater than those applied at the inner radius however the software that 

run most modern rheometers usually take an average value of the applied stress.  Cone and plate 

geometries reduce this problem as the stress is applied uniformly across the geometry diameter 

and is therefore is homogenously applied to the sample. Moreover, these measuring systems 

can also show variance dependent upon geometry diameter (Ewoldt et al., 2015) with smaller 

diameter geometries better suited to stiffer materials and larger geometries more suitable for 

weak materials due to having a larger surface contact with the sample.  

During shear oscillation measurements the sample materials constrained between the geometry 

and the lower plate is subjected to sinusoidally oscillating stress (or strain), and the viscoelastic 

material characterisation is revealed by the manner in which the stress is transmitted through 

the sample. In elastic materials the stress is transferred and stored by the sample whereas in 

viscous materials the stress is dissipated as heat.  
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This results in different relationships between oscillation phases of stress and strain between 

viscous and elastic materials. In perfectly elastic materials stress and strain are completely in 

phase whereas in perfectly liquid materials are out of phase with one another. Therefore, in 

viscoelastic materials the phase lag () is somewhere between completely in phase and 

completely out of phase. This method of measurement can therefore characterise a materials 

elastic response and viscous response which in turn, provides a useful insight into polymer-

polymer interactions and their relative contribution to viscoelasticity.  

For instance, if a sinusoidal strain wave at a fixed low amplitude (o)and angular frequency 

(ω) as a function of time (t) is applied to a sample the strain input will be: 

 = o sin ωt    Eq. 2.8 

The resulting shear stress will also be a sine wave but with a different stress amplitude (𝛔𝐨)  

and phase as shown in equation 2.9 

σ = σo sin (ωt + δ)   Eq. 2.9 

Where is the phase angle between the strain and stress waves. 

Purely elastic materials display no phase lag (δ = 0). Perfect liquid materials exhibit a δ value 

of 90° due to viscous losses resulting in out of phase stress and strain. Therefore, viscoelastic 

materials have a phase lag that falls between 0° and 90° whereby more solid like materials have 

a phase lag closer to 0° and more liquid like materials closer to 90° (Figure. 2.3). (Osada and 

Khokhlov, 2001).   



19 
 

  

Figure 2-3: Differences in stress response for elastic, viscous and viscoelastic materials, adapted 

from (Moxon, 2017). 

 

Polysaccharide gels are excellent examples of viscoelastic materials and by studying in-phase 

and out-of-phase behaviour several key parameters can be derived that demonstrate mechanical 

properties. In practice this is achieved by resolving the in phase and out of phase components. 

The elastic component of a viscoelastic material is represented by the ratio of in phase stress to 

strain and is termed the elastic or storage modulus (Gʹ). This is representative of the amount of 

energy stored in a material and how much is recovered per stress/strain cycle and can be 

calculated using equation 2.10.  

           Gʹ= (σ0 / γ0) Cos δ   Eq. 2.10 

In a perfect solid Gʹ is completely independent of oscillatory frequency or shear stress. 

Viscoelastic materials on the other hand, show dynamic changes in Gʹ as a response to changes 

in frequency or stress.   
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The viscous component a viscoelastic material is represented the amount of energy dissipated 

per cycle and can be calculated by the ratio of out-of-phase stress divided by strain (equation 

2.11) and is termed the viscous or loss modulus (Gʹʹ).  

 

Gʹʹ= (σ0 / γ0) Sin δ    Eq. 2.11 

 

The overall stress response is defined by the complex modulus (G*) which is reflective of the 

ratios of stress and strain amplitudes regardless of storage or loss responses.   

                          G* =  √(𝐺′)2 + (𝐺")2                            Eq. 2.12 

The complex modulus is frequently used to determine the complex dynamic viscosity (*) 

which another important indicator of viscoelastic behaviour that can often be interpreted as 

analogous to the sample viscosity when measured using steady shear rather than oscillation. 

This is calculated from the ratio between G* and the frequency of oscillation (equation 2.13). 

* = G*/     Eq. 2.13 

From a simpler perspective, in viscoelastic materials such as polysaccharide gels, Gʹ is a 

representation of how ‘solid-like’ the sample material is and Gʹʹ, how ‘liquid-like’. Therefore, 

a solid self-supporting gel would generally exhibit a Gʹ that is higher than Gʹʹ as the material is 

more solid like, with the difference between the two indicative of the material strength. In 

contrast, if G″ is much larger than G′ the material behaviour would be more liquid like where 

the energy has dissipated greater than it was stored (Rao, 2013).  
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 Common oscillatory tests 

 

Applying small deformation oscillatory methods can be used to elucidate many different 

properties of polysaccharide gels which include gel strength, elasticity, stress at fail, gelation 

and melting points and also gelation kinetics. In determining these different mechanical 

properties using small deformation oscillations it is often necessary to perform such 

measurements within the linear viscoelastic region (LVR).   

 Determining the linear viscoelastic region 

  

The LVR is the range of stress in which the test material exhibits a proportional strain response 

figure 2.4 (Coleman and Noll,1961) Therefore, within the LVR, a viscoelastic material will not 

be ruptured allowing these dynamic measurements to probe the material’s microstructure 

(Mezger, 2006). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: The relationships between stress in strain both within and beyond the LVR of 

viscoelastic materials. 
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The LVR can be determined experimentally by subjecting the test material to a gradually 

increasing shear stress until the deformation of the sample is sufficiently large and elasticity is 

lost. This is usually performed on a rheometer by using an amplitude sweep whereby the sample 

is maintained at a constant temperature and increasing oscillatory stresses are applied at a 

constant frequency. The strain response is then measured and used to plot G′. The stress is 

increased until the modulus begins to decrease due to failure of the sample (Figure 2.5). This 

indicates the onset of non-linear elasticity and the end of the LVR. Once the LVR has been 

determined for a particular sample, a stress (or strain) value that is well within the LVR is 

selected and used in all other small deformation oscillatory analysis that are performed on the 

sample.  

Amplitude sweep measurements are a simple and convenient method of determination of the 

LVR and in addition provide information on the critical stress (or strain) at failure of the sample 

which can be useful when designing formulations for industrial application.   

 

 

 

    

 

 

 

 

Figure 2-5: Experimental determination of the LVR to enable the selection of an appropriate 

stress or strain for use in further small deformation oscillatory testing. 
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 Mechanical spectra (Frequency sweeps) 

 

Once the LVR has been determined mechanical spectra profiles can be obtained by measuring 

the frequency dependence of Gʹ, Gʹʹ and η*. This can provide useful information on 

characteristic structural properties of polysaccharide samples. Figure 2.6 illustrates the 

characteristic mechanical spectra for typical polysaccharide systems that include dilute 

solutions, concentrated biopolymer solutions, and structured biopolymer liquids (weak gels).  

strong biopolymer gels (true gels). 

 

Figure 2-6: Characteristic mechanical spectra of dilute biopolymer solutions, concentrated 

entangled biopolymer solutions, structured liquids (weak gels) and strong gels , adapted from 

(Moxon, 2017). 
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In dilute biopolymer solutions the concentration of polymer molecules is low enough so that 

they do not interact with one another and are considered to be in isolation and free to move 

independently. This behaviour is characterised by a dominance of Gʹʹ over Gʹ with both moduli 

increasing with increasing angular frequency while complex dynamic viscosity is independent 

of angular frequency.  Concentrated entangled biopolymer solutions are also characterised by 

a dominance of Gʹʹ over Gʹ at low frequencies behaving like a dilute solution. This is because 

at low frequencies of oscillation the entangled polymer chains have enough time to rearrange 

within the time period of the oscillation (Morris, 1981; Clark, 1992).  

As the frequency of oscillation increases however, Gʹ becomes greater than Gʹʹ displaying solid 

like behaviour. This is due to the reduced time for entangled polymer to detach from each other 

between each oscillation manifesting in a solid like response. More simply, molecular chains at 

higher frequencies behave like a cross-linked gel, as within one oscillation period there is no 

time for interchain entanglements to come apart. But at lower frequencies, molecular chains 

have a behaviour similar to dilute polymer solutions, as the long periods of oscillation allow 

chains to disentangle and rearrange (Miyoshi et al., 1996). Complex dynamic viscosity also 

transitions from being independent of frequency to inversely proportional to frequency.  

Structured biopolymer liquids (sometimes referred to as weak gels) are classified between 

concentrated entangled biopolymer solutions and strong gels. In concentrated entangled 

biopolymer solutions, the polymer molecules are entangled whereas in structured biopolymer 

liquids there are a network of ordered structures associated at junction zones. The mechanical 

spectrum of structured biopolymer liquids is characterised by a Gʹ that is higher than Gʹʹ with a 

slight frequency dependence. Complex dynamic viscosity decreases with increasing angular 

frequency and although an elastic response to small deformations is observed, on exposure to 

large deformations beyond the LVR structured biopolymer liquids flow and can be poured 

rather than fracturing which would be the response to high stresses in a ‘true’ gel (Clark and 
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Ross-Murphy, 2009). Strong gels (sometimes referred to as firm gels or true gels) have a similar 

characteristic mechanical spectrum to structured biopolymer liquids, exhibiting a Gʹ that is 

greater than Gʹʹ, however differences between the two values is much greater at all frequencies 

(often in the order of 5-50 times greater), (Clark and Ross Murphy, 1987; te Nijenhuis, 1997; 

Kavanagh and   Ross-Murphy, 1998). Complex dynamic viscosity also reduces with increased 

frequency however true gels cannot be poured responding to excessive stress by fracturing. 

 Determination of the gelation/melting point 

 

Small deformation oscillatory measurements of G′ and G″ (within the LVR) are often used to 

detect mechanical changes in viscoelastic properties of polysaccharides when changing from 

sol to gel and vice versa as both moduli can change significantly. Gelation events can occur as 

a response to environmental changes such as temperature. Many polysaccharides form 

thermoreversible gels and this approach is used to evaluate their melting characteristics and 

gelation behaviour. Thermal gelation (or melting) can be initiated in situ on a rheometer fitted 

with a temperature controlled lower plate. To analyse gelation (or melting), the strain input and 

angular frequency are kept constant while Gʹ and Gʹʹ monitored as a function of temperature. 

In thermally gelling systems, prior to gelation values of Gʹʹ are greater than the value of Gʹ 

however, as the temperature progresses through the samples sol-gel transition temperature a 

dramatic increase G′ occurs rising to values that are significantly higher than Gʹʹ. The point at 

which G′ and Gʹʹ cross is often taken as the gel point (Figure 2.7).  Polysaccharides can also 

undergo changes in rheological behaviour as a function of time under isothermal conditions 

which can also be analysed in this manner and over time, the pseudo-equilibrium values of the 

elastic G′ and viscous G″ moduli are reached which are characterised by a pseudo-plateau of 

the moduli.  
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Figure 2-7: Characteristic temperature sweep showing changes in G′ and G″ as a function of 

temperature on cooling and heating highlighting the gel point and melting point for a 

thermoreversible gel. 

 

 Adaptations and limitations  
 

Over the past few decades’ rheology has proved a powerful technique in developing the 

fundamental understanding of polysaccharide behaviour and microstructure in the hydrated 

state by using precisely controlled stresses and strains at controlled temperatures. These 

methods are also often developed using parameters that mimic specific industrial processes.  

This has led to some innovative and high value applications of these materials.  The physical 

behaviour of polysaccharides has traditionally been one of the major focuses of food research, 

they have also found use in pharmaceutical and biomedical applications.  Gel forming 

polysaccharides used in encapsulation and controlled release technologies are of particular 

interest and are now widely investigated for such applications.  

These systems however, often function by changing state either melting or gelling in various 

physiological environments. Many of the polysaccharides used for such applications have very 

rapid gelation kinetics on contact with the physiological environment which may be due to 

changes in temperature, pH or the presence of salts in physiological fluid (Olhero, 2000). 
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Imitating temperature dependant changes can easily be measured using commercially available 

rheometers. Monitoring rapid gelation due to changes in pH or ionic strength, however, is much 

more challenging. This is because introducing solutions to trigger the gelation of the 

polysaccharide when loaded between the upper and lower plate of the rheometer cannot be 

achieved easily. Moreover, if the crosslinking solutions are added prior to loading on the 

rheometer the gelation reaction often occurs almost instantaneously, therefore the sample will 

have gelled before the operator can load it on to the rheometer for testing. Methods that have 

been used to try to overcome this limit are discussed in Chapter 3.    

 Specialised modifications to commercial rheometers 
 

Despite the lack of equipment that enables samples on a rheometer to have controlled exposure 

to soluble crosslinkers or chelating agents there are many other modifications that have been 

developed for similar problems either from a fundamental characterisation perspective or to 

simulate an application/industrial process.  

 Molecular characterisation rheometer (add-ons)  

 

Understanding molecular changes during phase transitions is of interest to researchers as it can 

provide useful information on formation or dissociation of covalent bonds and therefore 

information on the progress of polymerisation reactions and sol-gel transitions.  

This has been achieved by coupling spectroscopic techniques to rheological equipment such as 

NMR (Callaghan et al., 2000; Nakatani et al., 1990) rheo-SAXS (Somani et al., 2002) Rheo-

FTIR (Boulet-Audet et al., 2014) Rheo-Raman (Chevrel et al., 2012) and recently a 3- in- one 

rheometer, Raman spectrometer and optical microscope (Kotula et al., 2016). These combined 

techniques have helped shed new light on molecular orientation and viscoelastic behaviour in 

a variety of polymers and highlights the potential of modified rheological equipment in 

furthering the understanding of polymer behaviour during physical changes in state.   
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 Application specific rheometer accessories 

 

In addition to coupling analytical equipment the major rheometer manufacturing companies 

have developed a range of add-ons to their rheology platforms that are designed for specific 

applications which otherwise cannot be replicated withy the standard geometries.  

 Light curing lower plate 

 

The light curing system has a lower glass plate fitted with a light source that can be applied 

during the rheological measurements. This system is designed to work with a Peltier system to 

control temperature and a facilitates the investigation of UV and visible light initiated curing 

reactions which are often applied in coatings (Lee et al., 2000) biomedical applications (Higham 

et al., 2014) and 3D Printing hydrogels (Mironi-Harpaz et al., 2015) 

 Electro-rheology accessory 

  

Some colloidal materials change material behaviour rapidly when subjected to electric fields. 

The interesting physical behaviour of electrorheological fluids has led to applications in shock 

absorbers (Stanway et al., 1996).  

This has prompted rheometer manufactures to develop the electrorheology accessory which can 

apply an external electric stimulus to a sample in situ whilst simultaneously measuring 

rheological changes. 

 Relative humidity accessory 

 

An accessary to control relative humidity is commercially available for measuring materials 

in controlled environmental conditions and preventing condensation. This system is often 

required where drying processes are strongly affected by humidity and temperature which 

ultimately impact on application such as in paints and coatings.   

 Immobilization cell 

 

Another accessory for controlling environmental conditions is the immobilisation cell which 

allows the characterisation of drying kinetics of paints coatings and slurries. This works by 
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loading the sample onto a piece of paper which sits upon a perforated lower plate through which 

a vacuum is applied. The vacuum generated by a pump, forces the solvent of the sample to 

penetrate into the paper, extracting the moisture from the sample. During this procedure, the 

rheometer can measure changes in viscosity and viscoelasticity. Changes in viscosity over time 

are used to characterize the sample on drying which is determined by the solvent retention 

properties of the sample.  

 Limitations 
 

The modifications to standard rheological equipment has provided a greater insight to both 

fundamental and applied research on gelling materials clearly highlighting the desire for 

systems that can realistically control the physical environments for testing specific applications. 

Controlling changes in the chemical environment of samples while undergoing rheological 

testing however, is much more challenging and there are no commercially available add-ons 

that suitably address this problem. In bioresponsive materials such as in situ gelling drug 

delivery systems the changes in physical behaviour is often due to changes in the chemical and 

physical environment. Moreover, the changes in mechanical behaviour often correspond with 

the controlled release of an active ingredient which also requires analysis. This thesis explores 

possible modifications to address such issues using in situ gelling polysaccharides as test 

materials. 
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CHAPTER THREE 

POLYSACCHARIDE GELS 

 Introduction to polysaccharides 
 

Polysaccharides are biological polymers composed from monosaccharides, which are linked to 

each other by glycosidic bonds. They occur throughout nature in plants, microorganisms and 

animals and play an important role in many biological functions. These include providing 

structural support, physical protection from the environment and predators, maintaining 

suitable hydration levels in tissues, as lubricants and as energy sources. There is also a wide 

range of industrial use of polysaccharides, some of which have taken inspiration form the 

biological functions. These include uses as a nutritional component of foods, controlling texture 

in foods, encapsulation of for protection of drugs, scaffolds that provide support for tissue 

engineering constructs, environmental protection as wound healing dressings, lubrication 

properties in cosmetics and personal care products.   

The ability of polysaccharides to perform so many functions is a result of the diverse chemical 

and structural compositions of polysaccharides that have their own unique physicochemical 

properties and therefore can have a versatile functionality.  Furthermore, polysaccharides are 

sourced from renewable resources which are relatively cheap compared with synthetic 

polymers, which make them particularly desirable for use in many industrial applications 

(Malafaya et al., 2007). This has led to many different types of polysaccharides being utilised 

in pharmaceutical and biomedical applications.  As polysaccharides are of biological origin, 

there is a susceptibility to biological variation. However, controlled cultivating and processing 

techniques minimise variations in batch-to-batch consistency. 

Controlled processing and commercialisation of these materials has allowed polysaccharides to 

become attractive products for use as pharmaceutical and biomedical materials as they are 

generally biocompatible and naturally degrade or are excreted from the body.  
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There are also potential for positive physiological interactions that can provide additional 

functionality. This behaviour is discussed in more detail in the section 3.10. 

 Polysaccharide structure  
 

There are many different monosaccharide units that can link together to form polysaccharides. 

The glycosidic bonding between the monosaccharide units is a condensation reaction between 

the hemiacetal OH group at C1 of one monosaccharide and another OH (at any position usually 

C4, C3 C6 or C2) group of the adjacent monosaccharide, with the release of water (Figure 3.1).  

 

Figure 3-1: Example of the condensation reaction that occurs during the formation of a 

glycosidic bond between monosaccharides. 

How polysaccharides behave and therefore their subsequent functionality is dictated by the 

chemistry of the monosaccharides that form the polysaccharide chains, the linkages between 

the monosaccharide units the degree of polymerisation and chain conformation. This leads to 

polysaccharides having a large number of reactive groups, a potential for a wide range of 

molecular weights and a chemical composition that varies, all of which contribute to their 

diversity in both property and structure.  

Polysaccharides do however, have only two major classifications. Homopolysaccharides are 

polysaccharides which contain the same type monosaccharide in their polymeric structure, 

(examples include starch, cellulose glycogen and dextran which are all polysaccharides built up 

from glucose monosaccharides) and heteropolysaccharides are polysaccharides that have more 

than one type of monosaccharide present in their structure (Arrigo et al., 2013).  
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Both polysaccharide types can exist as linear polymers or branched structures that have a 

backbone adjoining side chains (which can also be branched). 

Further classifications of polysaccharides are made according to the monosaccharides present 

in the polymer chain. For example, homopolysaccharides consisting of the monosaccharide 

glucose are termed glucans whereas fructose based homopolysaccharides are termed fructans 

and those consisting of only mannose would be termed mannans.  Heteropolysaccharides are 

more complex as they are composed of two or more different monosaccharide units and can 

often (but not always) have repeating sequences (Maio et al., 2014). This type of repeating 

sequence structure is found several polysaccharides sourced from seaweed. These include 

carrageenan and agarose, (both linear heteropolysaccharides consisting of a repeating 

disaccharide sequence) and alginate, which is a linear heteropolysaccharide (but it has both 

homopolymeric regions and heteropolymeric regions within a single polymer chain). In pectin, 

found in the cell walls of fruits and plants, there is a linear homopolymeric sequence which is 

occasionally and somewhat randomly interrupted by a different monosaccharide. This structural 

irregularity can have a distinct impact on physical behaviour.  Some bacterial polysaccharides 

have more complicated repeating structures for example gellan gum, which contains a repeating 

tetrasaccharide unit and xanthan gum, which has a five sugar residue repeating sequence. There 

are also polysaccharides with more random structures, with no obvious repeating units 

(Sutherland, 2001). 

 These can also be densely branched creating complex structures like those found in plant 

exudate gums such as gum Arabic. Some polysaccharides contain sugar acids (uronic acids) in 

their composition which can, depending on the pH of the solution, exist in the protonated acid 

form (COOH) at pH below the pKa or the deprotonated (COO-) form at pH above the pKa. 

Under most biological conditions (with exception of the gastric fluid) the pH is approximately 

neutral and therefore the ionized form is predominant and hence the polymer will have a 
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negative charge. This also can occur with amino sugars and can impart a positive charge at pH 

below the pKa of the amino group. This has led to further classifications of polysaccharides into 

polyelectrolytes and non-polyelectrolytes, with polyelectrolytes being further classified into 

positively charged polysaccharides such as chitosan and negatively charged polysaccharides 

such as heparin, hyaluronic acid, alginate, pectin and gellan gum (Arrigo et al., 2013).   

 

Figure 3-2: Structural differences between a neutral sugar and an uronic acid showing the 

presence of a negative charge using glucose and glucuronic acid as an example. 

 

The presence of charged moieties on a polysaccharide chain can cause individual chains of like 

charges to repel one another through electrostatic repulsion. Controlling this intermolecular 

repulsion can be easily achieved by the addition of salt to suppress the charge and in certain 

charged polysaccharides lead to gelation. Indeed, the presence of salts in physiological fluids 

is auxiliary for gelation in several in situ gelling pharmaceutical systems, which will be 

discussed later in the thesis. 

 Polysaccharide gelation 

Arguably, the most interesting feature of polysaccharides with regards to industrial and research 

interest is their ability to form gels. A gel as defined in chapter one is an intermediate state of 
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matter containing both solid and liquid components. The solid component comprises a three 

dimensional network of inter-connected molecules or aggregates which immobilise the liquid 

continuous phase. Gels have liquid aspect but due to three dimensional network crosslinking 

behave like a solid (Nerkar et al., 2013). Hydrophilic polymers such as polysaccharides that 

have capability to absorb and hold large amount of liquid such as water to form three 

dimensional network are often termed hydrogels (Peppas et al., 2000). Because of their ability 

to hold a significant amount of water, polysaccharide hydrogels are quite similar to natural 

living tissues, making them appropriate candidates for use in a wide variety of pharmaceutical 

and biomedical applications (Coviello et al., 2007). It should be highlighted that the use of the 

word ‘gel’ can often be interpreted differently in different industries. Indeed, Dorothy Jordon 

Lloyd (1926) defined ‘the colloidal condition of the gel is one that is easier to recognise than 

define’. The rheological definition of a gel is “a swollen polymeric system showing no steady-

state flow” however within the cosmetics industry products such as shower gel and in the 

pharmaceutical industry topical gels are used to describe gel based products.  

 

Figure 3-3: Representation of A) an entangled polymer solution and B) an ordered crosslinked 

gel. 

These systems, which do not conform to the rheological definition as they both can flow, are in 

fact highly viscous solutions formed by entanglement of polymer chains rather than a true gel 

network following the rheological definition.   
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True gel networks can be classified into two main categories according to the cross-linking 

among the macromolecules, whether it is chemically or physically based (Yu and Ding, 2008). 

In synthetic polymers gel networks are often held together by strong covalent chemical 

crosslinks and are termed chemical gels. Physical gels on the other hand, such as the majority 

of polysaccharide gels from associations between the polymer chains held together by physical 

interactions that are weaker than covalent bonds. These physical interactions occur along 

specific regions of the polysaccharide chains with the formation of ordered junction zones. 

Depending on the polysaccharide the physical forces that participate in junction zone formation 

include electrostatic interactions, hydrogen bonding, hydrophobic interactions and van der 

Waals forces (Clark and Ross-Murphy, 1987). In addition to the junction zones there are also 

connecting disordered regions of the polymer network which are soluble preventing 

precipitation. Gels that can be formed by physical crosslinking have great industrial importance, 

particularly because the gel formation can often be applied under mild conditions without 

organic solvents (Nishinari et al., 2000). These hydrogels have wide applications in different 

areas like encapsulation of living cells, biologically friendly scaffolds in tissue engineering and 

sustained release delivery systems (Rowley et al., 1999; Peppas et al., 2006). Environmentally 

sensitive hydrogels have the ability to sense changes in pH, temperature, or the concentration 

of metabolite and release their load as a result of such a change. Thus, hydrogels that undergo 

physicochemical changes in response to applied stimuli, such as biomolecular binding, are 

promising materials for drug delivery and tissue engineering (Yang et al., 2008). Moreover, the 

extent of intermolecular association affects the mechanical behaviour of gel networks.   
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Figure 3-4: Representation of development of an ordered polysaccharide network showing 

junction that occur through physical interactions and disordered connecting chains (adapted 

from Posocco et al., 2015). 

 

This is manifested in strong and brittle gels when the majority of the polymer chains participate 

in junction zones formation and weaker gels that are more elastic and occur when the networks 

are dominated by solubilising disordered regions. It is the variable nature of the physical 

interactions that allow polysaccharide solutions to form gels as a result of variations in local 

environmental conditions such as pH, temperature, or ionic strength. Furthermore, weak 

physical interactions that occur in polysaccharide gels also facilitate dissolution in response 

environmental changes. This creates opportunities to design gelled systems with behaviour that 

is physiologically responsive.  

 The wide range of polysaccharide materials from different origins, composed of different 

monosaccharides in their molecular chains delivers diverse functional and physicochemical 

properties and subsequently many potential uses. 
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 In situ sol-gel transitions 
 

An in situ gel refers to polymer solution which is administered as liquid and undergoes a sol-

gel phase transition to firm gel upon exposure to a physiological environment. This transition 

may be triggered by environmental conditions that include temperature, pH, chemical 

crosslinks or changes in the ionic environment (Figure 3.5) (Nerkar et al., 2013). 

 

 

Figure 3-5: Diagram highlighting sol-gel transitions for in situ gelling systems that can occur on 

exposure to changes in environmental conditions. 

 

Some polysaccharides have the ability to form firm gels at relatively low polymer 

concentrations due to being held together by long ordered junction zones, creating an expansive 

three-dimensional network. In some anionic polysaccharides, the polymer chains can be held 

together by addition of mono or divalent cations such as K+, Na+, Ca2+ and Mg2+ or H+, which 

suppress the repulsive charge on the polysaccharide resulting in an ordered structure (Phillips 

and Williams, 2009).  
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Indeed, several successful pharmaceutical products utilise this mechanism. Examples include 

the heartburn medication Gaviscon® which contains sodium alginate and relies on H+ ions in 

the stomach for its functionality. Another example is the eye drop formulation for treating 

glaucoma Timoptol-LA®. This formulation uses gellan gum and utilises the salts present in 

lacrimal fluid. Both examples will be discussed in more detail in the section 3.10.3. It is these 

anionic polysaccharides that are of particular interest in this thesis, therefore, a deeper 

understanding of their individual structure and gelation behaviour is required to explain their 

functional role in formulations and in designing apparatus that is suitable to measure in situ sol-

gel transitions of these materials.   

 Alginate  
 

Alginate is polysaccharide extracted from brown algae, and consists of (1→4) linked β-D-

mannuronic acid (M) and α-L-guluronic acid (G) residues varying in proportions (Figure 3.6 a, 

b). Alginates can be separated into three fractions of the widely differing composition by partial 

acidic hydrolysis and fractionation, two of these consist of almost homo-polymeric molecules 

of guluronic and mannuronic acid, respectively, whereas a third fraction contains nearly equal 

proportions of both monomers. On this basis of the structure, the physical properties are 

determined by the quantity of M-block, G-blocks and MG-blocks, (Donati and Paoletti, 2009) 

(Figure 3.6 c). 
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Figure 3-6: the monomers of alginate structure (a) M: β-D-mannuronate; G: α-L-guluronate. (b) 

The alginate chain, chair conformation, (c) alginate chain sequences. M: β-D-mannuronate; G: 

α-L-guluronate (adapted from Draget and Taylor, 2011). 

Alginate has many unique properties that facilitate multiple uses, however, low chemical 

stability is a major problem often encountered in alginate use.  Moreover, it has been shown 

that the physical properties of these polymers in an aqueous medium depend on the M/G ratio 

and the distribution of G and M units along the chains. The GG blocks that involve axial–axial 

linkages are more rigid than the di-equatorially links found in MM blocks; consequently, the 

composition (M/G ratio) and distribution of M and G units in the chains strongly affects the 

stiffness of the alginate chains and gel formation (Rinaudo, 2008).   

 Alginate gelation 
 

Gel formation of alginate depends on selective binding which occurs with the G block. Thus 

there is an association between content of L-guluronate residues in the chains and gel strength 

structural features in the G-blocks cause chelation of multivalent cations as described by the  
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‘‘egg-box’’ model (Figure 3.7). Furthermore, the strength selectivity of divalent cations varies 

from one to another, which takes this order: Pb2+>Cu2+>Ba2+>Sr2+>Ca2+>Mn2+>Mg2+ (Haug 

and Smidsrød, 1970).  

 

Figure 3-7: Mechanism of calcium ions binding to G-blocks, proposed by (Morris et al., 1978). 

 

The gelation of alginate can be achieved under relatively mild conditions with an ionic cross-

linking agent such as divalent cations (e.g., Ca2+). The cross-linking of alginate is mainly 

achieved by exchange of sodium ions from the guluronic residues with divalent cations, 

resulting in the formation of an egg-box structure (Figure 3.7). The divalent cations bind to the 

α-L-guluronate blocks in a highly cooperative manner (Smidsrød and Skják-Bræk, 1990) and 

each alginate chain forms junctions with other chains to generate cross-linked network 

structures (Dupuy et al., 1994). There are several methods to produce alginate gels most of them 

with calcium the favoured crosslinking ion due to its relative safety in pharmaceuticals and 

foods.  
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 Mechanism of internal and external gelation 

 

Calcium ions can be delivered to alginate to induce gelation in a variety of ways which can 

result in different types of gel produced. The most common technique in pharmaceutical use is 

external gelation whereby Ca2+ ions are supplied externally to the polymer from a solution of 

calcium chloride initiating localised gelation instantaneously as the Ca2+ ions diffuse into the 

alginate, ultimately resulting in a gel network that is heterogeneous with varying crosslinking 

density (Skjåk-Bræk et al., 1989). 

 

Figure 3-8: Mechanism of external gelation (adapted from Smith and Miri 2010). 

To produce gels that are homogeneous there are several methods have been developed to enable 

Ca2+ ions to be delivered internally.  In general, this method uses an inactive form of the cross-

linking ion, either bound by a chelating agent such as phosphate, citrate, or EDTA (Skjåk-Bræk 

et al., 1986) or is distributed throughout the alginate solution as an insoluble salt, for example, 

calcium sulphate or calcium carbonate (Skjåk-Bræk et al., 1989; Draget et al., 1990; Smidsrod 

and Draget, 1996).   In this technique, usually a solution of a slowly hydrolysing lactone, 

generally glucono  lactone (GDL) is added to the alginate solution containing the insoluble 

calcium source.  

Dailysis membrane 
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The addition of GDL slowly lowers the pH over a period of about 1 h, which then liberates the 

calcium ions within the alginate as the calcium carbonate dissociates at low pH (Figure 3.9).  

 

Figure 3-9: Mechanism of internal gelation (adapted from Smith and Miri, 2010). 

This process is governed by the acidic properties of the sequestering agent; in the case of the 

Ca–EDTA–GDL system, the final pH of the gels is around 4. When calcium carbonate is used 

instead of complexed calcium ions, the pH may be set to almost any predetermined value simply 

by adjusting the relative proportions of calcium salt and GDL (Draget et al., 1990).   The 

solubility of a calcium salt used determines the amount of Ca2+ ions available to react with the 

alginate and thus can influence the physical nature of an alginate gel. Calcium salts are either 

highly water soluble (e. g. CaCl2), moderately water soluble (e. g. calcium sulphate) or insoluble 

at neutral pH but fully soluble in acidic conditions (e. g. anhydrous dicalcium phosphate and 

calcium carbonate).  In the case of highly soluble salts, such as CaCl2, Ca2+ ions are readily 

available to react with sodium alginate, resulting in instant gel formation and the formation of 

an inwardly moving gelling zone as highlighted in Figure 3.8.  This type of gel formation is 

described as diffusion or dialysis setting. Gels formed in this way are characteristically strong 

but heterogeneous (Smidsrød and Draget, 1996). It is also particularly difficult to measure real 

time gelation kinetics when gelled in this manner.  
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This is not the case when poorly soluble salts such as calcium carbonate is used, as only a small 

amount of Ca2+ ions are readily available to react with the alginate. Consequently, the calcium 

salt may be mixed with a sodium alginate solution to produce a non-gelling homogenous 

suspension. The alginate gel forms when the solution is exposed to a trigger calcium salt to 

dissolve. Therefore, measurements of gelation kinetics can easily be monitored using a 

rheometer.  

Calcium crosslinked alginate gels are thermally stable and therefore cannot be made to melt at 

physiologically relevant temperatures. However, as alginate gels are, most of the time, 

crosslinked with calcium ions, substances with a high affinity for calcium (such as EDTA, 

phosphates or citrates) can sequester the Ca2+ ions, thus destabilising the gel. Calcium alginate 

gels can also be destabilised by high concentrations of non-gelling cations, such as Na+ due to 

an ion exchange reaction (Smidsrød and Skjåk-Bræk, 1990).  Therefore, once a calcium alginate 

gel is formed reverting it back to the solution state is easily achieved by addition of a calcium 

chelating agent or by ion exchange.  Using alginates with a higher G content can help to enhance 

the stability. Indeed, recently it was demonstrated that gel strength could be tuned by addition 

of oligoguluronates. In alginate gels where Ca2+ ions are limited in concentration addition of 

oligoguluronates sequesters the calcium causing reduced gel strength, however, when Ca2+ ions 

are abundant within the gel addition of oligoguluronates increases the gel strength (Jørgensen 

et al., 2007; Sletmoen et al., 2010). 

 Acid gelation 

 

Alginate will also form gels at low pH where the alginate becomes protonated and forms alginic 

acid (Draget et al., 1994). Guluronic acid and mannuronic acid are known to have a pKa of 3.65 

and 3.38 (Haug, 1961) therefore gradually reducing the pH of alginate to below the pKa of the 

alginate monomers results in alginic acid gel formation (Draget et al., 1994, 1996, 2003).  The 
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rheological behaviour of alginic acid gels are similar to calcium alginate gels varying in strength 

with molecular weight and guluronic acid to mannuronic acid ratio.   This is an important and 

useful property of alginates that has been exploited in the pharmaceutical and food industries. 

 Pectin 

  

Pectins are a complex group of structural heteropolysaccharides containing mostly galacturonic 

acid units. It is one of the negatively charged, hydrophilic polymers, which are extracted from 

middle lamella and primary cell walls of plant tissues (Rinaudo, 2008). The backbone of pectin 

is composed of (1→4) linked α-D-galacturonic acid units (GalpA) which comprises 

approximately 70% of pectin (‘‘smooth region’’), interrupted by single (1→ 2) linked α-L-

rhamnose residues (‘‘hairy region’’). Pectin segments are classified based on their molecular 

structure into four main types that include Homogalacturonan (HG), rhamnogalacturonan-

I(RG-I), rhamnogalacturonan II (RGII) and xylogalacturonan (XGA). These may be present in 

pectic polysaccharides that can be isolated from primary cell walls (Figure 3.9). The most 

abundant type of pectin is Homogalacturonan (HG) that comprises about 65% of pectin 

(Jackson et al., 2007). 

 

Figure 3-10: Schematic structure of pectin illustrates different domains regions of pectin, 

(Leclere et al., 2013). 
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The carboxyl groups of the galacturonic acid units are partly esterified by methanol, to an extent 

dependent on the pectin source and the extraction mode (Figure 3.10, c). The DE is defined by 

the ratio of methyl-esterified galacturonic acid residues to the total galacturonic acid units 

present in the pectin sample. (Nelson et al., 1977; Axelos et al., 1991).  Additionally, pectin can 

be amidated by treating pectin with ammonia during processing to convert some of the C-6 

methyl ester groups to amide groups (Figure 3.10, d). 

 

 

Figure 3-11: Structure of pectin (a) A repeating segment of pectin chains (b) carboxyl group (c) 

ester group  (d) amide group   (Sundar Raj et al., 2012). 

HG is a linear chain of (1→4) linked α-D-galactopyranosyluronic acid (GalpA) residues that 

are methyl esterified at C6 and can be acetylated on C2 or C3 of GalA residues, (Willats et al., 

2001). The esterification of galacturonic acid residues with methanol or acetic acid is a very 

important structural characteristic of pectic substances.  Pectin is classified into two types based 

on the degree of methyl esterification (DM): high methoxyl (HM) pectin, and low methoxyl 

(LM) pectin, the degree esterification for HM-pectins (DM > 50%) and LM-pectins (DM < 

50%) usually range from 60-75% and 20-40% respectively.  
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The number and distribution of the methyl-ester groups along the molecule play an important 

role in the solubility, thickening properties, gelation ability, and conditions required for 

gelation. Each of these pectins has a different gelation mechanism. The main type of binding 

between calcium ions and low methoxy pectin is similar to that of alginate with Ca2+ (egg box 

model) (see section 3.5.1). 

 Gelation of pectin  
 

The gelation mechanism of pectins mainly governed by their degree of esterification (DE). HM 

pectin requires a minimum amount of soluble solids (>55%) and a pH within a narrow range 

(~3.0) to form a gel which is thermally reversible (Oakenfull and Scott, 1984). The presence 

and the availability of a controlled quantity of calcium or other divalent cations for gelation are 

necessary for LM-pectins. LMPs can form gels in the presence of divalent cations (usually 

Ca2+), through associations between sequences of charged groups belonging to two different 

chains (Gilsenan et al., 2000) and non-ionic association under acidic condition (at pH below 3) 

in the absence of cations (Grant et al., 1973).   

LM pectins with divalent metal cations Ca2+ in particular, form electrostatically stabilised gel 

networks, which is called the “egg-box” model. The gelation results from specific non-covalent 

ionic interactions between blocks of galacturonic acid residues of the pectin backbone on the 

distribution of negative carboxylate groups and with calcium divalent ions (Morris et al., 1982; 

Oakenfull and Scott, 1998; Axelos and Thibault, 1991).  The affinity of pectin chains towards 

calcium increased as the degree of esterification or ionic strength decreased and with increasing 

of polymer concentration. Calcium-induced gelation is a predominance of low methoxyl pectin 

gels, when intermolecular junction zones are formed between the smooth HG regions of 

separate polymer chains which results in gelation, the distribution of the unesterified GalA 

moiety in the pectin macromolecule have a critical role in the calcium associations since it 
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affects the reactivity of pectin with cations.  The mechanism of LM pectin gelation depends on 

the chemical structure of the macromolecule (degree of esterification, molecular weight, 

distribution of rhamnose causing kinks in the chain of pectin) and the environment conditions 

(pH, ionic strength, concentration of cations, temperature) (Axelos and Thibault, 1991). The 

block wise distribution of free carboxylic groups supported the calcium binding much more 

than a random distribution (Ralet et al., 2001). The egg-box model which describes alginate 

gelation is also used to describe the gelation mechanism of LM pectin, in both biopolymers the 

“egg-box” is formed in a two-step process – dimerisation followed by aggregation (Figure 

3.11), so that on neighbouring polymer chains, a three dimensional network is formed by ionic 

bonding through calcium bridges (Thibault and Rinaudo, 1986).  

  

Figure 3-12: Shows Schematic representation of calcium binding to polygalacturonate sequences 

of LM Pectin, (a) Pectin Ca2+ complex (b) "Egg-box" dimer (c) aggregation of dimers. 
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 Gellan gum  
 

Gellan gum (gellan) is an anionic, high molecular weight extracellular deacetylated 

polysaccharide produced by bacteria called Pseudomonas elodea (Sphingomonas elodea) at the 

completion of the fermentation process. Kaneko and Kang discovered gellan in 1978 and the 

chemical structure consists of a tetrasaccharide repeating unit of β-D-glucose, β-D-glucuronic 

acid, β-D-glucose, and α-L-rhamnose in 2:1:1 ratio joined in a linear chain; there are one 

glycerate and half acetate per each repeat unit (Jay et al., 1998).  

Kelcogel, Gelrite, Phytagel and Gel-Gro are four different trade names of gellan manufactured 

currently by C. P. Kelco in Japan and USA. Many food industries use Kelcogel as a thickener 

and gelling agent, whereas the other three types used widely in microbiology and cell culture 

(Bajaj et al., 2007). Gellan is commercially available in two forms native and deacetylated. In 

its native form, acetyl groups and glyceryl groups are present as indicated in Figure 3.12a and 

are often referred to as high acyl gellan (HA gellan).  

These acyl groups can be removed by treatment with hot alkali to give deacetylated gellan also 

termed low acyl gellan (LA gellan) as shown in Figure 3.12b. Both HA and LA form of gellan 

are commercially available and have different properties.  One of the most useful properties of 

gellan is the ability to form hydrogels at low concentrations (Oliveira et al., 2010).  The physical 

characteristics of the gel are greatly affected by the acyl content. Gels that have a high content 

of acyl are very soft, elastic and not brittle, while gels with a low acyl content level are firm, 

brittle and inelastic.  Gellan gum has a wide range of applications in the food, pharmaceutical 

and biotechnology industries because of it is biocompatibility, versatile physical properties and 

the ability to form transparent hydrogels in physiological environments that are thermally stable 

at body temperature  and in acidic media (Matricardi, 2009) 
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Figure 3-13: The structure of gellan gum (a) is a native form and (b) is a low-acyl form 

(Osmalek, 2014). 

 Gelling characteristics of gellan gum 
 

The anionic nature of gellan gum is caused by the free carboxylate groups present on the 

glucuronic acid residue in the structure, which gives gellan gum negative charge that is crucial 

to the gelation mechanism (Sworn, 2009). Gelation occurs as a result of an ordering process 

that occurs at the molecular level where the polymer chains form a double helical conformation 

which then aggregate to form the gel network. This involves two stages in the aqueous 

environment, where the first stage is known as a coil-helix transition that occurs when cooling 

from ~85°C forming double helices from random coil chains. Following this coil helix 

transition on further cooling a hydrogel can be formed as a result of aggregation of pairs of 

double helices (Nitta and Nishinari, 2005).  This mechanism of gelation is described by the 

domain model (Robinson et al., 1991) whereby ordered helices aggregate in junction zones and 

are connected by disordered soluble chains (Figure 3.13).  Aggregation of gellan double helices 
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under normal circumstances however, is inhibited by electrostatic repulsion due to the presence 

of the carboxylate groups.  

This strength of the repulsive negative charge can be reduced by addition of metal cations or 

reducing the pH of the aqueous media which then promotes aggregation (Morris et al., 2012). 

Although there have been some reports for applications of HA gellan in pharmaceutical systems 

LA gellan is much more widely investigated due to its rapid gelation kinetics on contact with 

ionic crosslinking species.   LA gellan (from now on will be referred to as gellan) following 

aggregation of the double helices by gel promoting cations, form gels that are thermoreversible, 

optically transparent, hard and relatively brittle.  

 

Figure 3-14: Mechanism of gellan gum gelation. 
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 Acid gelation of gellan  
 

Reduction in pH also promotes gelation by decreasing the amount of negative charge on the 

polymer and therefore reducing electrostatic repulsion. This is due to the carboxyl group 

included within the gellan chain being a weak acid, and therefore, the degree of dissociation of 

the carboxyl groups is governed by the dissociation constant. Thus, the lower the pH value, the 

smaller the fraction of dissociated carboxyl groups, resulting in the gellan being less anionic. It 

is to be expected therefore, that the less charged chains are more likely to aggregate with one 

another due to lower electrostatic repulsion.  

Change in pH does not alter the setting point of the gel but affects melting temperature in some 

cases. For example, gels prepared with very low levels of monovalent ions melt at around 70°C, 

at neutral pH but at acidic pH, the melting temperature is increased (Sanderson and Clark, 

1984). Yamamoto and Cunha (2007) investigated using GDL to decrease the pH of gellan and 

they found that decreasing the pH supported easy aggregation, which explains the observed 

rapid gelation kinetics and the densely linked structure at equilibrium when compared with 

ironically gelled gellan.  

On direct addition of acid to gellan, ordering and aggregation between individual hydrocolloid 

chains occurs almost immediately upon acidification (Moritaka, et al 1995). This process of 

direct addition of HCl to gellan gum has been investigated for the production of self-structuring 

formulations that take advantage of natural digestive processes for applications in the food 

industry to increase satiety (Bradbeer et al 2014) and in the design of delayed release of 

pharmaceutical oral liquids (Miyazaki et al 1999; Mahdi et al 2014). 
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 Mechanism of in situ gelling in drug delivery system 
 

Rheological measurements allow for the understanding of the different gelation mechanisms, 

which can be used in the optimisation of the properties of the hydrogels for tissue reconstruction 

and drug delivery applications. In situ gelation is a process of gel formation at the site of 

application after the composition or formulation has been applied to the site.  As a drug delivery 

agent, the in situ gel has an advantage related to the gel or polymer network being formed in 

situ providing sustained release of the drug and permits the drug to be delivered in a liquid 

form. At the same time, such gels are convenient to be dropped into the site of action where the 

physiological environment causes gelation allowing any loaded drug to remain (Edsman et al., 

1998). This changing of physical structure leading to the production of a hydrogel in response 

to externally stimulating media in the surroundings can therefore, be used as a controlled release 

drug delivery system. Since the early 1950s, stimuli responsive hydrogels have been studied 

for drug release, and polymers that react to different stimuli have been developed.  These stimuli 

can be chemicals that change pH (Suedee et al., 2010; Du et al., 2005) or ionic strength (Tan et 

al., 2004). The presence of metabolic chemicals (e.g., enzymes or antigens) (Meyers et al., 

2008) or/and physical stimuli for instance temperature, electric fields, solvent composition, 

light, pressure, sound and magnetic fields (Bae, 1997; Hoffman, 1995; Park et al., 2011).  

 Application of in situ gelling techniques  
 

There are many applications of using in situ gelation in drug delivery systems which can result 

in advantages such as reduced frequency of administration and improved patient compliance 

by delivery of more accurate doses and prolonging residence time of the drug at the site of 

uptake. The mechanisms that may be involved in the in situ gel formation are classified based 

on the environmental stimuli which can include ionic crosslinking and environmental stimuli. 

(Bakliwal and Pawar, 2010). 
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 In situ gelation based on ionic crosslinking 
 

In such a situation where there are elevated concentrations of electrolytes, there is a possibility 

that the polymers can experience phase transition upon exposure. Monovalent and divalent 

cations found in physiological fluids, such as sodium and calcium, increase the ionic strength 

of the gel. The electrostatic repulsive forces between the molecules are subsequently reduced 

or neutralised, and gelation can occur (Banerjee and Bhattacharya, 2012). 

Various polysaccharides are included in the class of ion-sensitive gelling systems. For example, 

ionic-induced gelation occurs in, alginate, pectin, gellan gun and carrageenan. Gellan gum is 

perhaps the most sensitive of these materials to ionic gelation, experiencing in situ gelling 

behaviour on contact with both mono and divalent cations that include Ca2+, Mg2+, K+ and Na+.  

The most common example of a drug delivery system that uses gellan and this ion crosslinking 

technique to control drug release is timolol maleate ophthalmic solution. In this product gellan 

forms a clear gel when comes in contact with the monovalent or divalent cations present in the 

lacrimal fluid. This example will be discussed in more detail in section 3.10.3.  In pectin and 

alginate divalent cations such as Ca2+, for gels via the egg box mechanism (discussed in section 

3.5.1 and 3.6.1), owing to the interaction with galacturonic acid and a guluronic acid blocks in 

pectin and alginate respectively (Kubo et al., 2004).   

 In situ gelation based on pH triggered systems 
 

The development of a gel that is induced by pH changes is another method to achieve in situ 

gelation by physiological stimuli. Pendant acidic or basic groups are included in most pH-

sensitive polymers, and they accept or release protons as a reaction to the alteration in the 

environmental pH. Polyelectrolytes therefore, have a huge amount of ionisable groups 

(Balamuralidhara et al., 2011). Kubo et al have investigated gelation via this method using 

gellan gum (1.0% w/v) and 1.5% w/v sodium alginate on the subsequent release of para amino 
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phenol in the stomach of rabbits and rats after oral administration. Ca2+ was incorporated into 

the formulation in the complexed form using calcium carbonate (CaCO3).  The results indicated 

that calcium ions were gradually released in the acidic environment in situ due to dissociation 

of CaCO3 causing gelation, which subsequently prolonged the release of para amino phenol to 

period up to 6 hours (Kubo et al., 2003). 

 Thermally trigged systems 
 

Thermosensitive polymers can change from solution to a gel by changing the environmental 

temperature. Polymers that response to this type of stimuli are liquid at ambient temperature 

and undergo gelation upon contacts with body fluids due to an increase or decrease in 

temperature (Ruel-Gariepy and Leroux, 2004). Gellan, amylopectin, amylose and agarose are 

some biopolymers that exhibit temperature sensitivity. These polymers are sols at high 

temperatures and become gels at lower temperatures by formation and aggregation of double 

helices (Gutowska et al., 2001). Using these polymers in drug delivery can sustain the drug 

release for prolonged duration of time. Thermoresponsive sol-gel polymeric systems function 

through three fundamental methods, negatively thermosensitive, positively thermosensitive and 

thermally reversible gels (Peppas et al., 2000).   

 Applicability of in situ polymeric drug delivery systems 

 

The in situ gelling systems have been under research several decades.  It has been found that 

levels of pH, temperature or ion activation stimulate these systems. This system described as 

low viscosity solution that undergoes a phase transition in response to the physiological 

environment. The gel can prolong the drug contact at the site of administration due to its 

rheological and mucoadhesive properties as compared to an aqueous solution. The gels also 

possess a broad application spectrum and can be applied in almost every route of administration. 

Oral, ophthalmic, rectal, transdermal, subcutaneous and vaginal gels are available for different 
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pharmaceutical applications (He et al., 2008). In the discovery phase, the gel formulations can 

be used to enhance the local and systemic exposure of potential lead compounds, which is ideal 

to establish animal models for various conditions quickly and cost efficiently (Gupta et al., 

2002). It remains difficult however to suitably model rapid changes in rheology that occur in 

physiological conditions especially in ionic and pH driven gelation.  

 Oral delivery  
 

The most famous example of aqueous polysaccharide solution that undergoes gelation 

following oral ingestion is sodium alginate used in Gaviscon®.  Gaviscon® is a reflux 

suppressant, which is different from usual antacids regarding its functioning (Grover and Smith, 

2009). On contact with the gastric fluid the alginate in Gaviscon® rapidly gels forming a raft 

that floats on the surface of the gastric fluid preventing acid reflux. This is due to the low pH 

of the gastric fluid causing the formation of an acid gel which is further strengthened by release 

of Ca2+ from insoluble CaCO3 (which is also in the formulation) that dissociates. This also 

facilitates the floating gel raft as CO2
 is released and becomes entrapped in the gel. Alginate 

raft formation was imaged in situ recently by Kim (2016) who showed the development of the 

gel over a period of 130 s highlighting the rapid gelation (Figure 3.15). 

Several previous studies reported that gellan has the potential to be used for oral liquid in situ 

gelling systems containing complexed calcium ions. Once the formulation is administered, the 

calcium ions are released due to low pH of the stomach, resulting in crosslinking of the gellan 

in situ (Miyazaki et al., 1999; Miyazaki et al., 2001; Kubo et al., 2003) in a similar mechanism 

to what occurs with alginate in Gaviscon®.  
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Figure 3-15: Gel raft formation of alginate in the stomach, adapted from (Kim, 2014). 

Miyazaki et al. (1999) reported formulation of in situ gelling gellan as a vehicle for oral delivery 

of theophylline by addition of calcium chloride mixed with sodium citrate which acted as a Ca2+ 

sequestering agent to prevent gelation prior to administration. When the drug loaded gellan 

mixture was administered orally, calcium ions were slowly released in the acidic media of 

stomach leading to gelation of gellan in situ. This resulted in increased bioavailability with 

prolonged theophylline drug release in rats and rabbits compared with the commercially 

available theophylline liquid dosage form (Miyazaki et al., 1999).   

Low methoxy pectin solutions (1 and 2 % w/v) have also been used as an oral in situ gelling 

system. Kubo et al used these formulations for oral delivery of paracetamol by adding low 

methoxy pectin solutions (1 and 2 % w/v) with complexed calcium ions to examine the potential 

of sustained drug release. The calcium ions were released in the acidic environment of the 

stomach which caused gelation of the low methoxy pectin in situ leading to prolong paracetamol 

drug release over a period of 6 h (Kubo et al., 2004).  
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 Nasal delivery   
  

Due to the excellent ability to form a gels in situ on exposure to physiological concentrations 

of cations, gellan gum is a good candidate to use in nasal formulations. LA gellan gum has 

generated interest as a promising polymer for use in nasal formulations because of its ability to 

form strong, clear gels in situ. Researchers have experimented to use micro-particle and liquid 

nasal delivery systems, but there are issues such as erosion and quick clearance either by post 

nasal drip where by the formulation is rapidly moved to the nasopharynx and is ultimately 

swallowed. This is facilitated by the microvilli on the nasal mucosa. However, by using 

particulate gel formulations, these issues can be resolved (Mahajan and Gattani, 2009a).  Mahdi 

et al examined mixtures of low and high acyl gellan sheared gels to improve mucoadhesive 

properties in nasal drug delivery systems. The sheared gel systems contain gelled micro-

particles suspended in a dilute solution of un-crosslinked polymer Figure 3.16. Rheological 

behaviour and mucoadhesion of fluid gels were investigated for two types of gellan and their 

blends. The results revealed that the mucoadhesive properties were improved when using high 

acyl gellan compared with LA gellan, however, the rheological properties prevented suitable 

administration from the spray device when the HA gellan was in the solution form. By creating 

microparticles of high acyl gellan and also when blended with LA gellan reduced the viscosity 

of the formulation sufficient to spray through a standard nasal spray device while maintaining 

the improved adhesion time on mucosal membrane (Mahdi et al., 2015). 
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Figure 3-16: Shows using gellan gum fluid gel in a nasal drug delivery systems , adapted from 

(Mahdi, 2016). 

 Ocular delivery   
 

There are challenges to deliver drugs to the eye such as restricted precorneal permeability and 

rapid clearance of the dose by the action of both the lacrimal fluid and blinking, which results 

in a short precorneal contact time. Therefore, only a small amount of the medication is delivered 

and maintained in the place of action, (Gurtler et al., 1995). Subsequently, this leads to poor 

bioavailability (Osmelak et al., 2014). Due to these limitations, in situ gelling systems with the 

prolonged drug release are particularly useful as the elastic properties of gels can resist ocular 

drainage. The idea of naturally producing a gel on site (e.g. in the cul-de-sac of the eye) was 

first described in the early 1980s. It is known that owing to the lesser rates of drainage from the 

cornea, as a result of an increase the viscosity of a drug formulation in the precorneal region, 

facilitates bioavailability increase.  

The cations in lacrimal fluid in the eye can interact with polymer solutions to form weak gel 

before convert to strong gel with increase the amount of cations (Lang, 1995).  Middleton and 

Robinson have formulated sol-gel system having mucoadhesive property to deliver the steroid 

fluorometholone to the eye. The formulation was demonstrated on rabbits and showed sustained 
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release behaviour of the drug when compared with conventional eye drops (Middleton and 

Robinson, 1991). Natural polymers such as gellan gum, alginate and xyloglucan have been 

favoured for in situ gel based ocular delivery.  These materials have been investigated for the 

delivery of various compounds to the eye to treat a range of disorders. These include actives 

release intraocular pressure in glaucoma, such as antimicrobial agents, anti-inflammatory 

agents and autonomic drugs (Bakliwal and Pawar, 2010). Arguably the gentlest and most 

patient friendly approach to improve the delivery the drugs to the eye via in situ gelling systems 

is to use LA gellan, which utilises the ionic composition of lacrimal fluid to induce gelation. 

Indeed, ophthalmic formulations are the most frequently encountered examples of LA gellan in 

current commercial pharmaceutical use (Grover and Smith, 2009).  

Lacrimal fluid consists of a complex mixture of proteins, vitamins, sugars and lipids but 

importantly also contains a range of electrolytes that include Ca2+, Na+ and K+ at concentrations 

sufficient to crosslink gellan gum. In addition, the gels formed by LA gellan in particular are 

optically transparent which has obvious benefits for ocular application. It is well tolerated and 

can be used without the risk of any toxic effects (Rozier et al., 1989) increasing the ocular 

retention time and ocular availability of the drug to a greater extent (Cohen et al., 1997).  

Timoptol-LA® (timolol maleate) is one such eye drop formulation that is on the market, and 

uses gellan gum a gel forming excipient that sustains the release of the active ingredient timolol 

maleate. This ophthalmic formulation is applied as a liquid and upon contact with the lacrimal 

fluid undergo sol gel transition due to the cross-linking with mono and divalent ions (Shedden 

et al., 2001). This formulation is easily dispensed in the form of drops due to the relatively low 

viscosity of gellan gum in solution. On contact with the surface of the eye, the formulation 

induces lacrimal fluid secretion reflex that effectively deliverers more cross-linking ions to the 

gellan gum causing the gel to increase in strength.  The gel then controls the release by 

providing a diffusional barrier for the drug, which is subsequently released more gradually than 
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in immediate release formulations of timolol eye drops (Grover and Smith, 2009). This results 

in the patient only administering the drug once a day rather than twice a day with conventional 

drops, which subsequently improves patient compliance and therefore improved therapeutic 

outcomes. 

 Wound healing hydrogels  
 

In 1989, Rosiak et al. used hydrogels as the basic material used for manufacturing of wound 

dressings. Since then, many modifications have been undertaken to improve their physical and 

chemical properties. Hydrogels have attracted special attention among wound dressings design 

as they offer the ability to be used as moist wound dressing materials. In addition to keep the 

wound moist, hydrogels can also play an important role in stimulating the proliferation of 

fibroblasts to recover the defected area and they have been shown reduce the pain at the wound 

site as they are non-adherent and cool the surface of the wound (Choi et al., 2015). Unlike dry 

hydrocolloid dressings, hydrogels cannot absorb much exudate and are thus not suitable for 

wounds producing a high amount of exudates. The most extensively used polysaccharides for 

hydrogel preparation in wound healing are alginate, hyaluronic acid, and 

carboxymethylcellulose (CMC) (Lin et al., 2009).  

Alginate has shown to be particularly useful with a range of dressings that are commercially 

available in various forms for the treatment of both acute and chronic wounds (Lee and Mooney 

2012). It is often applied as calcium alginate fibres that can absorb significant volumes of fluid 

(up to 15-20 times their own weight (Jones, 1999). In addition, application of the dressing at 

the wound site also results in the exchange of ions from the calcium alginate fibres with 

monovalent ions of the exudate and blood causing swelling and solubilisation of the alginate, 

thus, forming a protective gel coat of which maintains an optimal healing temperature and 

moisture content.  



62 
 

The cross-linked alginate hydrogels can also be used in are available for use as sheet hydrogels 

that can be applied to dry wounds, however, a secondary dressing is usually required to cover 

the wound such as gauze when they applied as a gel (Debra and Cheri, 1998). The gentle 

formation of gels via cross-linking calcium ions have also resulted in alginate being investigated 

as cell scaffolds for tissue engineering (Corkhill et al., 1989; Kokabi et al., 2007) and further 

advances have resulted in dressings that contain drugs such as anti-microbials (Kim et al., 1999) 

and even protein based growth factors (Liao et al., 2005). Moreover, this route of drug delivery 

in wounds has advantages of continent method to administer locally acting drugs while avoiding 

first pass metabolism effects, gastrointestinal irritation, and metabolic degradation associated 

with oral administration (Prakash et al., 2010). 

What is apparent in all of these systems is that functionality and efficacy relies on changes in 

rheological behaviour on contact with physiological fluids which can be rapid or more 

prolonged depending on the in situ gelling/degrading polymer used and the composition of the 

physiological fluids which vary in different regions of the body. The following chapters explore 

potential ways to monitor this behaviour in real time in a selection of ionotropic in situ gelling 

polysaccharides (alginate pectin and gellan) and propose more realistic models that could be 

used when formulating novel in situ gelling drug delivery systems.     
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Chapter 4 In situ rheological measurements 

of the external gelation of alginate and 

pectin 
 

 

Aspects of the introduction and the results presented in this chapter are 

published in Food Hydrocolloids. 

 

Mahdi, M.H., Diryak, R., Kontogiorgos, V., Morris, G.A. and Smith, A.M., 

2016. In situ rheological measurements of the external gelation of alginate. Food 

Hydrocolloids, 55, pp.77-80. 
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 CHAPTER FOUR  

IN SITU RHEOLOGICAL MEASUREMENTS OF THE EXTERNAL 

GELATION OF ALGINATE AND PECTIN 
 

 Introduction  
 

Due to their unique physicochemical properties, alginates and pectins have many applications 

in the pharmaceutical and biomedical industries. Of particular interest to these industries is the 

ability for solutions of anionic polysaccharides such as alginate to undergo a temperature 

independent sol-gel transition in the presence of multivalent cations (e.g. Ca2+) (Smidsrød and 

Draget, 1996) and on exposure to acidic pH (generally < pH 3) (Draget et al., 1994, 1996, 2003, 

2006b). This behaviour makes alginate particularly suitable for 3D cell culture and 

bioresponsive drug delivery systems as these environmental conditions can be found in various 

physiological fluids and therefore have the potential to undergo a sol-gel transition in situ. In 

addition to alginate, the gelling properties of pectin have led to intensive use in the food 

industry.  

High methoxy pectin (HM) gels which formed at low pH (≈ 3) in the presence of high 

concentrations of sucrose and low methoxy pectin (LM) gels that are obtained from interacting 

pectin with calcium ions are the most common ways the produce pectin gels (May, 1990).  The 

factors that influence the properties of pectin gels are classified to intrinsic and extrinsic factors.   

Intrinsic factors include the degree of esterification (DE), molecular weight and distribution of 

the charged groups along the pectin chain which have great importance in the gelation 

properties, while the extrinsic variables are temperature, pH, ionic strength, and co-solute 

concentrations. Between these factors, the DE plays the most important role for pectin gelation. 

(Oakenfull, 1991; Axelos and Thibault, 1991).  
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The simplest and most widely used method to form gels of alginate and LM pectin is to drop a 

solution of either polymer via a syringe into a solution of calcium chloride where instantaneous 

gelation occurs via the external gelation method described in section 3.5.1.1 (Kierstan and 

Bucke, 1977; Hulst et al., 1985; Matsumoto et al., 1986; Sugiura et al., 2005; Clark et al., 2008). 

Although there have been lots of work performed that exploits this sol-gel transition the rapid 

gelation and heterogeneous nature of the gels formed from a direct mixture of crosslinking ions 

has made the measurement of the rheological behaviour particularly difficult to measure. 

Several methods have been developed to overcome and provide further understanding to the 

fundamental structural aspects of alginate gelation. These methods include the controlled 

release of divalent ions from an insoluble source (Draget et al., 1990; Draget, 2000; Draget et 

al., 2006a) or by use of a sequestering agent such as ethylene diamine tetraacetic acid (EDTA) 

(Toft et al., 1982) and using the slowly hydrolysing n-glucono delta lactone (GDL) to lower the 

pH and release the complexed calcium into the alginate solution. 

These methods can also be employed for gelling pectin.  The gels produced using these methods 

tend to be considerably more homogeneous than those produced by direct mixing of alginate or 

pectin to an external crosslinking source as occurs when making alginate beads for example. 

Moreover, slowly releasing crosslinking ions that are complexed and suspended within the 

alginate/pectin solution is a very different mechanism to which occurs when alginate or pectin 

comes into contact with crosslinking ions in physiological environments. The most frequently 

used method to replicate physiological exposure is to loading the polymer solutions into a 

dialysis tubing. The loaded sample is then immersed into a solution of containing the required 

crosslinking ions for various periods of time before removing and cutting the crosslinked gel to 

an appropriate size for mechanical testing by either a rheometer (Miyazaki et al., 2000; Kubo 

et al., 2003) or large deformation mechanical tester.  
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Another method that has been used is to pour sodium alginate or LM pectin into tissue culture 

plates containing filter paper impregnated with soluble crosslinking ions (one placed beneath 

the polymer solution and one on top). The polymer is then allowed to gel for a specific time 

before the mechanical properties are measured (Hunt et al., 2010, Jahromi et al., 2011).   Neither 

of these external gelation methods, however, offers an insight into the gelation of these 

polysaccharides polymers in real time. Another area of interest is the dissolution of the gel as 

dissolution rate of drug delivery vehicles is important factor in releasing entrapped drugs. 

Alginates and pectins can be dissolved in the presence of calcium chelating agents such as 

EDTA and sodium citrate (Smeds and Grinstaff, 2001) or monovalent cations and complex 

anions such as phosphate, citrate, and lactate, which have a high affinity for calcium ions 

(Smidsrød and Skjåk-Bræk, 1990).  The process induced using chelating agents shown in the 

Figure 4.1. Due to the removal of calcium ions from alginates, the cross-linking unravels which 

results in destabilisation of the matrix (Sutherland, 1991) and will result in release of any 

entrapped active ingredients. 

 

 

 

 

Figure 4-1: Crosslinking model of calcium alginate (egg box) and EDTA calcium chelating. 
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In this study, a novel rheological measurements method designed to investigate in situ gelation 

and gel dissolution of alginate and pectin when exposed to an external source of calcium ions 

(CaCl2) and calcium chelating agents (EDTA and Na citrate) were studied. In order to achieve 

this, a Malvern Gemini rheometer, with a modified lower plate was used to allow the exposure 

to an external source of crosslinking ions to facilitate the rheological measurement of alginate 

and pectin gelation and dissolution in situ. 

 Material and methods   
 

 Materials     
           

Dialysis tubing (14000 MWCO) was purchased from (Thermo Scientific Ltd, UK) the filter 

paper used was Whatman Grade 1 supplied by Fisher Scientific UK. Sodium alginate was 

purchased Sigma-Aldrich (UK) and was described as medium molecular weight (80,000–

120,000) with an M:G ratio of 0.39:0.61. Pectin was obtained from CP Kelco (Leatherhead, 

UK) and was reported to have an average degree of methyl esterification (DE) of 35.5 %. All 

the other chemicals were obtained from Sigma-Aldrich (UK) and were of analytical grade and 

were used without any further purification.  

 Solutions preparation 
 

 Preparation of alginate solutions 

 

Solutions of 4% w/w alginate were made by dispersing weighed amount of alginate in 100 ml 

distilled water and stirring at 60 °C for 30 min. Any evaporated water was replaced, and the 

sample was stored in a sealed vial before use. 
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 Preparation of pectin solutions 

  

Solutions of 4% w/v pectin were prepared by dispersing weighed amount of pectin in 100 ml 

distilled water at 60°C with a magnetic stirrer until completely dissolved any evaporated 

volumes were replaced. 

 Preparation of calcium chloride solution  

 

Three different concentrations of CaCl2 (50,100 and 200 mM) were prepared by dissolving the 

weighted amount of calcium chloride dihydrate in 100 ml deionized water. 

 Preparation of ethylene diamine tetraacetic acid (EDTA) solution 

 

The preparing of 500 mM of EDTA was carried out by dissolving the weighed amount of EDTA 

powder in 100 ml warm deionized water with continuous stirring for 30 min. The pH was then 

adjusted to pH 7.0 using 1 M NaOH.  

 Preparation of sodium citrate (Na citrate) solution 

 

Na citrate was prepared at a concentration of 500 mM in the same manner as the EDTA, by 

dissolving the correct amount Na citrate powder in 100 ml warm deionized water with 

continuous stirring for 30 min and the pH adjusted to pH to 7.0 using 1 M NaOH. 

 Rheological methods 
 

In this study, the in situ gelation test and the dissolution time of alginate and pectin were 

measured. The experimental setup used a Malvern Gemini Nano HR rheometer with a modified 

lower plate as shown in Figure 4.2. There is no standard technique for measuring the in situ 

gelation and gel dissolution on exposure to an external chemical stimulus. Therefore, to 

understand the in situ gelation of the polymers on controlled exposure to cations, minor 

modifications to the Bohlin Gemini Nano HR rheometer were made. 
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 In situ gelation 

 

Briefly, a petri dish containing a filter paper soaked with the CaCl2 solution was securely 

attached to the lower plate of the rheometer. The theoretical amount of total calcium added was 

estimated by weighing the filter paper before and after soaking.  

This was calculated as 2.5, 5 and 10 mg of calcium for 50, 100 and 200 mM CaCl2 solutions 

respectively.  A dialysis membrane (MWCO 14,000 Da) which had previously been hydrated 

in deionized water was placed on top of the filter paper to prevent the sample being imbibed by 

the filter paper. The gap was then zeroed, the samples of alginate were loaded onto the dialysis 

tubing, and light silicone oil was used around the periphery of the geometry to prevent 

evaporation. Small deformation oscillatory measurements of storage and loss moduli (G′ and 

Gʺ) were then performed as a function of time at 0.5% strain and a frequency of 10 rad s−1 using 

a 55 mm diameter parallel plate geometry with a 1 mm gap. All measurements were performed 

within the linear viscoelastic region previously determined using amplitude sweeps. Alginate 

and pectin solutions measured in the same way but using filter paper soaked with deionized 

water served as the control. 
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Figure 4-2: In situ gelling experiments using a commercial rheometer. 

 In situ gel dissolution (degradation) 

 

Following a 20 min exposure to the CaCl2 solution, the geometry was raised, and the filter paper 

was carefully removed from the petri dish and replaced with a filter paper impregnated with a 

calcium chelator (500 mM either EDTA or Na citrate). The rheological measurements of G′ 

and Gʺ as a function of time were then resumed using the same conditions as used in the gelation 

measurements.  During the procedure of changing the filter paper, the crosslinked gels remained 

adhered to the upper geometry which facilitated the change without significantly disturbing the 

gel. Moreover, no significant changes in normal force were apparent following the change of 

filter paper. 

 Results  

 Alginate in situ gelation results  

 

To evaluate the kinetics of the gelation process in situ, alginate 4% and three different 

concentrations of calcium chloride (CaCl2) were prepared at room temperature.  
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Variation of storage modulus G' and loss modulus G" were examined using the oscillation test 

described in section 4.2.3.1. Figure 4.3 A-C shows in situ gelation of alginate upon exposure to 

CaCl2. Over the first minute of the test, there is a clear sharp increase in both moduli as the 

onset of gelation occurs. Increasing the concentration of the CaCl2 caused an increase in the 

final gel strength (measured at 20 min) with Gʹ increasing from approximately 300 Pa at 50 

mM CaCl2 to 1500 Pa at 200 mM CaCl2 (Figure 4.3D).    

 

Figure 4-3: Rheological measurements for alginate 4% showing variation of G' (filled symbols), 

G'' (open symbols) vs. time on exposure to A) 50 mM B) 100 mM and C) 200 mM; D) shows 

comparative values of G' of 4% alginate after 20 min exposure to (50, 100 and 200 mM) of  

CaCl2. 
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 Alginate gel in situ dissolution results 
  

Alginate gels that are formed on exposure to ion crosslinking externally can be converted back 

from gel to the sol state using calcium chelating agents such as EDTA and Na citrate. To 

measure this process a 4 % w/w alginate gels crosslinked in situ with 200 mM CaCl2 (Figure 

4.4A) where exposed independently following 20 min gelation to 500 mM EDTA Figure 4.4B) 

and Na citrate (Figure 4.4C).   

The results indicate that EDTA was a much stronger calcium chelator than Na citrate causing 

G′ to return to a similar modulus to that of the original sodium alginate, prior to crosslinking, 

after only 35 min of exposure. In contrast, sodium citrate only reduced G′ by one order of 

magnitude in comparison with the two orders of magnitude achieved when using EDTA (Figure 

4.4D). 
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Figure 4-4: Rheological measurements of 4% alginate shows variation of G' moduli ; A) 4% 

alginate crosslinked with 200 mM CaCl2 in situ , B) Gel dissolution using 500 mM EDTA , C) 

Gel dissolution with 500 mM Na citrate and  D) comparative values of G' of 4% alginate after 

exposure to (500 mM) EDTA and Na citrate .  

 

 Pectin in situ gelation results  

 

 To examine any differences in the rheological behaviour when LM Pectin is gelled in situ a   

4% LM pectin solution and three different concentrations of calcium chloride (50, 100 and 200 

mM) were prepared at room temperature. Variation of storage modulus G' and loss modulus G" 

were examined in order to evaluate external gelation in situ.  
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Figures 4.5 A-C shows gelation of LM pectin upon exposure to CaCl2. Over the first minute of 

the test there is a clear sharp increase in both moduli as the onset of gelation occurs similar to 

what was observed with alginate in Figure 4.4 however there was not a clear difference between 

the G' and G" values. Although increasing the concentration of the CaCl2 caused an increase in 

the final moduli values (measured at 20 min) with Gʹ increasing from approximately ~300 Pa 

at 50 mM CaCl2 to ~900 Pa at 200 mM CaCl2 (Figure 4.5D). Values of G" were similar 

indicating a more fluid behaviour and a less firm gel when compared with the alginate. 

 

Figure 4-5: Rheological measurements for pectin 4%  showing variation of G' (filled symbols), 

G'' (open symbols) vs time on exposure to A) 50 mM  B) 100 mM and C) 200 mM; D) shows 

comparative values of G' after 20 min exposure to (50, 100 and 200 mM) of  CaCl2. 
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 Pectin in situ gel dissolution results  

 

 Similar to alginate, LM pectin formed on exposure to crosslinking ions externally, can also be 

converted back from gel to the sol state using the calcium chelating agents EDTA and Na citrate. 

To measure how the chelation progressed 4 % w/w LM pectin gels were crosslinked in situ with 

200 mM CaCl2 (Figure 4.6A) and then exposed independently following 20 min gelation to 500 

mM EDTA (Figure 4.6B) and Na citrate (Figure 4.6C).   

As in the alginate gels the EDTA was found to be a much stronger calcium chelator than Na 

citrate causing G′ to return to a similar modulus to that of the LM pectin prior to crosslinking, 

after only 29 min of exposure. In contrast, sodium citrate only reduced G′ by one order of 

magnitude in comparison with the two orders of magnitude achieved when using EDTA (Figure 

4.6D). 
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Figure 4-6: Rheological measurements of 4% pectin shows variation of G'; A) 4% alginate 

crosslinked with 200 mM CaCl2 in situ , B) Gel dissolution using 500 mM EDTA , C) Gel 

dissolution with 500 mM Na citrate and  D) comparative values of G' of 4% pectin after 

exposure to (500 mM) EDTA and Na citrate . 

 

 Comparing the in situ gelation (G') values and dissolution time between alginate 

and pectin. 

                 

Values of storage modulus G' for 4% of alginate and pectin upon exposure to three different 

concentrations of CaCl2 (50,100 and 200 mM) in situ were taken at the end of in situ gelation 

test (20 min) which appears the strength of gelation for both polymers. The results in the Figure 

4.7 shows high significant different of G' vales between alginate and pectin with G' ~ 1500 Pa 
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for alginate and 1000 Pa for pectin when exposed to high concentration of CaCl2 (200 mM). At 

exposure to the low concentrations of CaCl2 (50 and 100 mM) the G' values for pectin were 

slightly higher than alginate with G' (412, 392 Pa and 823, 726 Pa) respectively. The strong 

alginate gels that formed form polymer crosslinking with 200 mM of CaCl2 will take more time 

to degrade the gel by EDTA and Na citrate compared with weak pectin gels that formed with 

the same condition as shown in the Table 4.1.  

 

Figure 4-7: Values of G' of in situ gelation time results for 4% alginate and pectin exposed to 

three different concentrations of CaCl2 at 20 minutes. 
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Table 4-1: Alginate and pectin gels (gelled with 200mM CaCl2) dissolution time results using 

EDTA and Na citrate, (mean n=3 ± SD). 

Types of 

polymers 

Concentrations 

% (w/v) 

Time needed to degrade 

the gel using EDTA 

(min) 

Time needed to degrade 

the gel using Na citrate 

(min) 

 

Alginate  

4.0 % 

 

35 (2.5) 

 

73 (3.2) 

 

Pectin  

4.0 % 

 

29 (2.1) 

 

53 (1.8) 

  

 Mechanical spectra 
 

To determine the impact of in situ gelation on the gel strength frequency sweep measurements 

were taken after each in situ gelation test (20 min of exposure to CaCl2) for each of the samples 

to evaluate gels state. The strain was kept constant at 0.5%, whereas the angular frequency ω 

varied from 0.1 to 100 rad s-1. The parameters G′ and G" were calculated and plotted as a 

function of frequency to reveal the mechanical spectra.  

The frequency sweep measurements of 4% alginate exposure to 50, 100 and 200 mM of CaCl2 

revealed that a true gel was formed with G′ much greater than G" across the frequency range 

tested (Figure 4.8). Increasing concentration of CaCl2 caused the moduli values to increase, 

which indicated that the strength of the gel increased with soaking the filter paper in greater 

concentrations of CaCl2. The behaviour of alginate was in contrast to the same frequency sweep 

measurements taken for 4% LM pectin where G′ and G" were approximately the same values 

across the frequency range. Moduli did increase with increasing CaCl2 concentration however 

there was no significant difference between G′ and G" (Figure 4.9). 
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Figure 4-8: Mechanical spectra of alginate 4% exposure to A) 50 mM B) 100 mM and C) 200 

mM of CaCl2 D) Comparing exposure alginate 4% to (50 , 100 and 200 mM) of  CaCl2 . G' (filled 

symbols), G'' (open symbols). 
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Figure 4-9: Mechanical spectra of pectin 4% exposed to A) 50 mM B) 100 mM and C) 200 mM 

of CaCl2 ; D) Comparing exposed pectin 4% to (50 , 100 and 200 mM) of  CaCl2 . G' (filled 

symbols), G'' (open symbols). 
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 Discussion 
 

In order to deeply understand the influence of Ca2+ concentration on the gelling properties of 

alginate and pectin, elastic modulus G' and viscous modulus G" of both polysaccharide 

polymers were tested on exposure to three different concentrations of CaCl2 (50, 100 and 200 

mM) in situ. In addition to gelation gel dissolution was also examined when treated with 

calcium chelators (EDTA and Na citrate). The changes in G' and G" showed the gelation 

behaviour of alginate and pectin when exposed to an external source of calcium chloride. Both 

moduli were measured by using a modified Malvern Gemini rheometer. The concentration of 

the alginate and pectin polymers were chosen at 4% to ensure a good signal to noise ratio from 

the non-crosslinked sample and to facilitate a strong and rapid gelling reaction to emphasise the 

ability to measure the rapid changes in moduli. Figure. 4.3 A-C shows a rapid increase in G' 

and G" over the first 3 min of exposure with G' overtaking G" within 2 min in all the 

concentrations of CaCl2 tested. The gelation reaction was allowed to proceed for 20 min and 

the values for G' were recorded and showed an increase that was proportional to the 

concentration of CaCl2 (Figure. 4.3D). This proportional increase in G' has been shown 

previously with alginate crosslinked by internal gelation mechanisms (Draget et al., 2006a).  

Similar increases in moduli were obtained with 4% LM pectin on exposure to 50, 100 and 200 

mM of CaCl2, however the values of G' and G" where very close to one another (Figure 4.5 A-

D) indicating a weaker more fluid network when compared with the alginate. This is likely due 

to the difference in gelling capacity between the two polymers. Although moduli increased with 

increasing concentration of CaCl2 for both polymers it was interesting that at concentrations of 

50 and 100 mM of CaCl2 the pectin and the alginate had values of G' that were not significantly 

different. However, at 200 mM CaCl2 the alginate value of G' was much greater than that of the 

LM pectin (Figure 4.7). This can be explained by the pectin reaching a saturated state for 

calcium binding at high concentration of CaCl2, (Lips et al.,1991; Garnier et al.,1994).   
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The simplest method for converting calcium crosslinked alginate and pectin gels back to sol 

state is by immersing the gels in a solution of a calcium chelator such as EDTA or Na citrate. 

Once the calcium ions are removed from the gel, its structure is lost and it reverts back to the 

liquid state. This reversal of the gelation process is particularly important in systems where cells 

or bioactives are immobilised in the gels that require releasing from the gel matrix. To highlight 

the potential of this method to analyse changes in rheological properties of gels on exposure to 

external sources of salts, the effect of commonly used calcium chelators on 4% alginate and 

pectin crosslinked for 20 minutes by an external source of 200 mM CaCl2 were studied (Figure. 

4.4 and 4.6 respectively). From the results obtained EDTA was shown clearly to be a more 

potent calcium chelator than Na citrate, causing G' to return to a similar modulus to that of the 

original polymer solution, before crosslinking, after only 35 minutes of exposure for 4% 

alginate and 29 minutes for 4% pectin.  In contrast, Na citrate only reduced G' by one order of 

magnitude in comparison with the two orders of magnitude achieved when using EDTA. This 

can be explained by EDTA having a higher calcium ion binding constant than Na citrate as 

previously demonstrated by Keowmaneechai and McClements (2002).  Differences were also 

observed in the dissolution time of both alginate and pectin (Table 4.2) when treated with EDTA 

and Na citrate, with EDTA having a more rapid effect. Interestingly the time needed to degrade 

pectin gels were shorter than alginate gels with both EDTA and Na citrate. When EDTA was 

used the alginate samples took 35 min to degrade and 29 min in the pectin, whereas there was 

a much larger disparity when Na citrate was used with the alginate taking 73 min and the pectin 

only 53 min. This is thought to be a result of the differences in the availability of sites for egg 

box junctions to be formed. The high guluronate content of the alginate used provides many 

potential binding sites for the calcium ions which results in a strong gel formation. On the other 

hand, the binding sites on the LM pectin and subsequent gel strength will be strongly dependent 
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on the distribution of the rhamnose side chains and the distribution of the methyl groups which 

for the material used in this study is unknown (Powell et al.,1982).  

Further insight into the strength of the gels produced was achieved using frequency sweep tests 

to reveal the mechanical spectra of alginate and LM pectin after each gelation test. The 

mechanical spectra of 4% alginate after exposure to 50, 100 and 200 mM of CaCl2 showed G′ 

> G" (Figure.4.8 A-C) across the frequency range tested with only slight frequency dependence 

of the moduli. This indicates that the alginate had formed strong gels in all three concentrations 

of CaCl2 used, with an increase in gel strength as the concentration of CaCl2 increased (Figure 

4.8D). Indeed, all of the gels tested were strong enough to resist failure even at high a frequency 

of oscillation (100 rad s-1) The mechanical spectra of the 4% LM pectin however, when treated 

with the same concentrations of CaCl2, revealed a material with much weaker gel behaviour 

with G′ ≈ G" (Figure 4.9A-C). In addition, the at higher frequencies there was evidence of 

failure in the high frequency range especially in the 100mM and 200mM CaCl2 samples further 

supporting the hypothesis that the higher concentrations of calcium saturated the potential 

binding sites of the LM pectin. Therefore, when LM pectin gels where exposed to the calcium 

chelators less calcium is needed to be sequestered from the pectin to cause dissolution and 

consequently resulted in a more rapid dissolution time when compared with the alginate (Table 

4.1). Overall this method has shown enough sensitivity to discriminate the gelling 

characteristics of similar gel forming materials alginate and LM pectin and the effects of 

changes in concentrations of external crosslinkers and chelating agents.   

 Conclusion 

  

This study has demonstrated a novel method to measure the rapid changes in rheological 

properties of alginate and pectin during external gelation on exposure to CaCl2. Differences in 

gel strength could also be measured when changing the source concentrations of CaCl2. 
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Moreover, the dissolution of calcium crosslinked alginate and pectin gels can also be monitored 

in real time by replacing a crosslinking ion source for a calcium chelator. Indeed, results 

obtained using this method showed that EDTA was a more effective chelator than Na citrate.  

This method is not only suitable for measuring rapid gelation kinetics on exposure to cross-

linkers but has potential applications in modelling the in situ gelation behaviour in simulated 

physiological environments.  

 Limitations and future perspectives 
 

The limitations of using this Petri dish gelation method are identified as follows: Firstly, it is 

crucial to begin the measurements at a consistent time following loading of the sample as this 

is particularly important with rapid gelling systems such as alginate. Secondly, the 

quantification of ion concentrations diffused into the sample is unknown and could result in the 

possibility of an inhomogeneous gel with the sample being more crosslinked close to the filter 

paper.  This effect would have greater significance, however, on thicker gels, i.e., those 

measured with a larger gap size.  It is proposed that this technique could be applied to other 

biopolymers such as gellan, carrageenans and other materials that gel in the presence of metal 

ions, small molecule crosslinkers or by changes in pH.  The wider implication of this is an 

ability to choose isolated biopolymers for many different industry applications where there may 

be a need for rapid or slow gelation.  For example, this system could be used as a model for 

understanding changes in rheological behaviour when biopolymers are exposed to various 

physiological fluids.   

This could, therefore, have particular applications in designing bioresponsive delivery systems 

in the food, pharmaceutical and biomedical industries. This aspect of potential application is 

investigated in Chapter 5. 
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Chapter 5 Experimental simulation of the 

gelation behaviour of in situ cross-linked 

gels on contact with physiological fluids 
 

Aspects of this chapter have been published in Macromolecular Chemistry and 

Physics. 

Diryak, R., Kontogiorgos, V., Ghori, M.U., Bills, P., Tawfik, A., Morris, G.A. 

and Smith, A.M., 2018. Behavior of in situ cross‐linked hydrogels with rapid 

gelation kinetics on contact with physiological fluids. Macromolecular Chemistry 

and Physics. 1700584. 
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CHAPTER FIVE 

EXPERIMENTAL SIMULATION OF THE GELATION BEHAVIOUR 

OF IN SITU CROSS-LINKED GELS ON CONTACT WITH 

PHYSIOLOGICAL FLUIDS 
 

 Introduction  
 

Among many polymeric drug delivery/cell delivery systems in situ gelling polymers have 

shown particular promise.  In situ gelling systems are polymeric formulations that are in the 

liquid state prior to administration and then undergo rapid gelation under physiological 

conditions with the gel strength and rate of gelation often critical to their function. The sol-gel 

transition of in situ gelling polymers depends on one or a combination of different 

environmental triggers such as pH changes, temperature modulation, solvent exchange, and the 

presence of ions (Madan et al., 2009). The development of in situ gel systems has received 

considerable attention over the past 25 years (Peppas and Langer, 1994), sparked by the 

numerous advantages of such delivery systems. These include, ease of administration and 

reduced frequency of administration, and improved patient compliance (Bakliwal and Pawar, 

2010). There are many polymers natural and synthetic (gellan gum, alginate acid, xyloglucan, 

pectin, chitosan, poly (DL-lactic acid), poly (DL-lactide-co-glycolide) and poly-caprolactone) 

that can undergo physiological in situ gelation and therefore could potentially be used for drug 

delivery or cell delivery via multiple administration routes (Madan et al., 2009). Xyloglucan 

for example, forms thermally reversible gels on warming to body temperature (Miyazaki et al., 

2001). Some other polysaccharides are pH depended such as carbopol (polyacrylic acid based) 

which undergo sol-gel transition at alkaline pH (~pH 7) while other polymers such as gellan 

gum, alginate and pectin undergo sol-gel transitions at acidic pH (~pH 3.5) (Madan et al., 2009).  

Gellan gum can also undergo sol-gel transition in presence of physiological concentrations of 

cations (Sworn, et al., 1995; Morris et al., 2012). 
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 Physiological fluids 
 

 Wound fluid (Exudate) 

 

Wound fluid is mostly made up from a heterogeneous mix of endogenous and exogenous 

sources, comprising a provisional matrix of exudates or transudates originating from the blood 

(Loffler, 2011). Exudate is derived from fluid leaking out of blood vessels, closely resembling 

blood plasma. The fluid leaks into body tissues determined by the permeability of the capillaries 

and the hydrostatic and osmotic pressure across the capillary walls. Most of the leaked fluid is 

usually reabsorbed into capillaries, and the small amount that is not reabsorbed returns to the 

central circulation through the lymphatic system. Wound exudate contains a variety of 

substances including water, nutrients, electrolytes, inflammatory mediators, white blood cells, 

protein-digesting enzymes and growth factors. Electrolytes species that are present include 

sodium, potassium, calcium and magnesium. The values of these electrolytes in wound exudate 

are similar to the values found in plasma, (Table 5.1) (Cutting, 2003). 

 Saliva 

 

The human saliva is a complex mixture of different fluids; secreted by a set of major and minor 

salivary glands. Salivary fluid is an exocrine secretion consisting of approximately 99% water, 

containing a variety of electrolytes (sodium, potassium, calcium, chloride, magnesium, 

bicarbonate, phosphate) and proteins, represented by enzymes, immunoglobulins and other 

antimicrobial factors, mucosal glycoproteins, traces of albumin and some polypeptides and 

oligopeptides of importance to oral health (Denny et al.,2008).   There are three major salivary 

glands, which are parotid, sublingual and submandibular glands (Figure 5.1). All these glands 

are under the control of autonomic nervous system. A human has salivary secretion of 1.5 litters 

per day. It has slightly alkaline pH which is 7.4. 
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It contains mucins along with some enzymatic proteins like lipase and salivary amylase. Some 

other compounds like lactoferrins, cystatin, histatins and some thiocyanate ions are also present 

(Silbernagl, 2009). 

 

Figure 5-1: Salivary gland types adapted from (Graney et al., 2009). 

 Lacrimal fluid  

 

A smooth ocular surface is responsible for good visual activity. This property is provided to 

eye by lacrimal fluid (LF) which covers the whole ocular surface. It serves as a barrier, 

lubricant, nutrient, and as anti-microbial protectant. It improves the optical properties of eye 

and the maintenance of a normal lacrimal fluid is thus important for a smooth ocular surface. 

Three different types of responses cause the LF production: basal response, emotional and 

reflex response (Figure 5.2).  The lacrimal gland produces 2-3 ml of LF daily due to the basal 

response of the eye. It is calculated from dye dilution tests from corneal epithelial cells 

desquamation (Ehlers et al., 1972).  The thickness of lacrimal fluid reported by investigative 

methods was 3-45µm but results from the newer measurement methods like interferometry and 

optical coherence tomography showed that values around 3-4 µm are more accurate (Bron et 

al., 2004). 
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 LF lipids and proteins provide a high surface pressure and thus help stabilise the fluid. Na+, 

K+, Cl-, HCO3- and low levels of Mg2+ and Ca2+ are the principal electrolytes in the basal 

lacrimal fluid. The LF is usually isotonic with serum but it has a higher concentration of K+ 

ions compared to serum (Gilbard, 1994). These electrolytes in the LF can promote the phase 

transition of in situ gelling systems. Consequently, using polymers in ophthalmic formulations 

that gel in the presence of certain electrolytes promotes the increased ocular bioavailability of 

ophthalmic drugs by prolonging the contact time in the corneal and conjunctival epithelium 

(Nanjawade et al., 2007; Rajoria and Gupta, 2012).   

 

 

Figure 5-2: Eye anatomy diagram shows lacrimal gland and lacrimal sac adapted from   

(Sultana et al., 2006). 
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 Gastric fluid 

 

Gastric fluid is produced in the stomach from the mucosal membrane cells (Figure 5.3) which 

comprises of: 

• Mucus component 

• Enzyme component 

• Acidic and Ionic components 

 

 

Figure 5-3: Anatomy of the stomach mucosa and the cells that produce the gastric fluid 

(Silbernagl, 2009). 

Normally, 2-3 L of gastric juice are produced in the stomach of an adult human per day.  The 

secretions have variable acidic and ionic compositions which depend upon the rate of volume 

flow or rate of secretion of the gastric juice H+ and Na+ concentrations significantly depend 

upon the rate of secretion. Correspondingly, the concentrations of Cl- and K+ increase with the 

increase in rate of volume flow of gastric juice (Quigley and Turnberg, 1987).  
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The pH of stomach is 0.8 when HCl concentration is at its maximum. When ingested food 

enters the stomach it balances the pH level and raises it to between 1.8 and 4, which is when 

the enzymatic action of pepsin and gastric lipase initiates. Whereas lower pH provides a 

bactericidal effect (Silbernagl, 2009).  

 Gelation in physiological fluids 

 

In the present study the impact of different physiological fluids on the rheological properties of 

gellan gum were investigated using the same method that was used to measure the external 

gelation of alginate and pectin in chapter four. Changes in rheological behaviour of gellan were 

measured in situ at different simulated application sites (oral, ocular and topical). Four different 

types of physiological fluids which have different ion concentrations were prepared as shown 

in the Table 5.1 (simulated wound fluid, artificial saliva, artificial lacrimal fluid and simulated 

gastric fluid) and used in the study. Following the measurements of gelation, the gelation 

kinetics were modelled and the gelled samples were recovered and the resulting microstructure 

was analysed. These experiments were designed to provide an insight into predicting the 

material behaviour of gellan when it comes into contact with commonly encountered delivery 

sites.  

Table 5-1: Concentrations of mono and divalent cations in different types of physiological fluids 

saliva, lacrimal and wound fluids (Whelton, 1996; Levin et al., 2011; Cutting, 2003).  

Types of 

cations 

Concentration in 

saliva  

(mM) 

Concentration in 

lacrimal fluid  

(mM) 

Concentration in 

wound fluid 

 (mM) 

 

Na+ 

 

5.8 

 

145 

 

135-145 

 

K+ 

 

19.5 

 

20 

 

3.5-5.0 

 

Ca 2+ 

 

0.88 

 

0.6 

 

2.2-2.6 
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 Materials and methods  
 

 Materials   
                      

Low acyl gellan gum (kelcogel) was from cp Kelco (Leatherhead, UK). Fetal Bovine Serum 

(FBS), Maximum Diluent Recovery (MDR), Dialysis tubing (14000 MWCO) and all chemicals 

were from Sigma Aldrich (UK). The filter paper used was Whatman Grade 1 purchased from 

Fisher Scientific (UK). 

 Methods  
 

 Preparation of gellan solution 

 

Gellan solutions were prepared by dissolving low acyl gellan gum in deionised water at 85 °C 

(to produce solutions 0.25%, 0.5%, 0.75% and 1% w/w final polymer concentration). The 

samples where then allowed to quiescently cool to room temperature prior to use.  

 Preparation of physiological fluids 

 

Artificial physiological fluids were prepared according to formulations outlined in published 

literature. All physiological fluids were prepared without addition of enzymes. 

 Preparation of stimulated gastric fluid 

 

Artificial gastric fluid was prepared by prepared from a 1M HCl stock solution (Sigma Aldrich) 

which was diluted 10 fold with deionised water and then the pH of the resulting 0.1M HCl 

solution was adjusted to pH 2 by dropwise addition of 0.1 M NaOH.  
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 Preparation of stimulated saliva fluid  

 

Artificial saliva was prepared following the formulation reported by Parker et al (1999) using 

the chemical components given in Table 5.2. All of the salts were dissolved in 1 L of deionised 

water and then the pH of solution was adjusted accordingly to pH 6.7 by dropwise addition of 

0.1 M NaOH or 0.1M HCl.  

Table 5-2: Preparation of artificial saliva adapted from (Parker et al., 1999). 

Component Quantity (g/ L) 

KH2PO4 0.34 

Na2PHO4 0.43 

KHCO3 1.5 

NaCl 0.58 

MgCl2 0.14 

CaCl2 0.22 

Citric acid  0.03 

 

 Preparation of stimulated lacrimal fluid 

 

The composition of simulated lacrimal fluid was adopted from a lacrimal fluid analysis 

(Stjernschantz and Astin, 1993). This was prepared using 6.8 g NaCl, 2.2 g NaHCO3, 0.084 g 

CaCl2 and 1.4 g KCl dissolved in 1 L deionized water and the pH adjusted to pH 7.4. 
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 Preparation of stimulated wound fluid 

 

 Simulated wound fluid was prepared according to the formulation described by Bowler et al., 

2012. Briefly, foetal bovine serum (FBS) was mixed in a 50:50 v/v ratio with maximum diluent 

recovery media (peptone saline diluent) that contained 8.5 g/L NaCl. The pH of the formulated 

simulated wound fluid was adjusted accordingly to pH 7.4. 

 Experimental of in situ gelation 

  

The experimental setup used a Malvern Gemini Nano HR rheometer with a modified lower 

plate (Figure 5.4) similar to apparatus described in Chapter 4. Briefly, a petri dish containing a 

filter paper was securely attached to the lower plate of the rheometer. A semi permeable 

membrane (MWCO 14,000 Da) which had previously been hydrated in deionised water was 

placed on top of the filter paper to prevent the sample being imbibed by the filter paper. The 

gap was zeroed and gellan the samples were then loaded onto the semi permeable membrane.  

Once loaded a light silicone oil was carefully applied around the periphery of the geometry to 

prevent evaporation. Small deformation oscillatory measurements of storage modulus (G′) were 

then performed as a function of time at 0.5% strain and a frequency of 10 rad s−1 using a 55 mm 

diameter parallel plate geometry with a 1 mm gap.   

Measurements were performed at 32 °C for gellan with SWF to represent skin temperature and 

37 °C for the other types of physiological fluids. Following 5 minutes of measurements being 

taken 10 mL of physiological fluid was added to the filter paper on the lower plate to trigger 

gelation. Control samples of gellan were measured in the same way with deionized water added 

to the filter paper in place of the physiological fluids. All measurements were performed within 

the linear viscoelastic region previously determined from amplitude sweeps. Frequency sweeps 

were performed after each gelation test at 0.5 % strain and frequency range (ω) 0.1–100 rad s−1. 

All measurements were performed in triplicate and average data plotted ± standard deviation. 
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Figure 5-4: Diagram of in situ gelling experiment using a commercial rheometer. 

 

 Kinetic modelling 

 

The evolution of storage modulus with time can be described by the Gompertz double 

exponential growth model:  

                              log 𝐺ʹ(𝑡) = log 𝐺ʹ∞  𝑒−𝑒(𝑏−𝑐𝑡)
  Eq. 5.1 

Where log Gʹ (t) is storage modulus as a function of time and log Gʹ∞ is the value of log Gʹ at 

the plateau region of the curve. In this model the maximum growth rate is given by  
𝑐 log 𝐺ʹ∞

𝑒
 and 

constant c represents the scaling of storage modulus along the y-axis (rate constant).  

The growth rate values were estimated and plotted vs concentration for all samples. Non-linear 

regression fitting was performed using GraphPad Prism v.6 (GraphPad software, San Diego, 

USA).  
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 Microstructure analysis 

 

To assess how the different fluids impacted on the microstructure of the gels, samples were 

removed from the rheometer following gelation, lyophilized and the microstructure analysed 

using surface texture analysis and micro computed x ray tomography.  

 Freeze drying protocol 

 

Freeze-drying, also known as lyophilisation, a drying process often used to eliminate the water 

from materials. Freeze-drying techniques are suitable for a wide range of hydrogel materials, 

including natural and synthetic hydrophilic polymers to produce solid porous structures. This 

method uses rapid cooling to produce thermodynamic instability within a system and cause 

phase separation. The solvent is then removed by sublimation under the vacuum. This technique 

was applied to produce porous gellan gum hydrogels that formed upon crosslinked to the 

physiological fluids in situ.   At the end of each in situ gelation test gellan gum hydrogel samples 

removed carefully and each sample was stored in a separate petri dish. The samples were kept 

in a fridge at 4°C for 24 hours’ prior the freeze-drying.  Freeze-drying of the samples were 

carried out by quenching in liquid nitrogen, followed by sublimation of the solvent. The samples 

were freeze dried overnight in Christ Alpha 2-4 plus at the temperature - 80°C and the vacuum 

was at - 60 °C. In order to avoid any influence of moisture, the samples were kept in a vacuum 

desiccator in presence of silica gel for a few days before the tests (microstructure analysis).         

 Polymer network and surface texture analysis 

 

Polymer network and surface texture of freeze dried gels were examined using Talysurf CCI 

3000 optical 3D surface profiler which have the capability of measuring over one million data 

points in less than 10 seconds with a resolution of 0.01nm. Briefly, a sample of freeze dried gel 

(1 × 1 cm) was fixed on a stainless steel wafer (3 × 3 cm) using the double sided transparent 
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tape (Scotch™ Brand, UK). The uniform gel fixation process was confirmed using an optical 

microscope equipped with 5.0MP camera (Supereyes®, UK).   

The sample was then carefully placed under the microscopic arm of the profiler in a cleanroom 

environment and 800 × 800 μm regions were scanned to obtain reliable statistics. The height 

variation in the resulting topography maps is represented by a colour scheme and the 

topographical information can be reliably inferred from the given colour scheme. Various 3D 

surface texture parameters were determined using Surfstand® Software (University of 

Huddersfield) (Blunt and Jiang, 2003; Ghori et al., 2017). Moreover, using ImageJ version 1.47i 

the images were binaries using Sauvola method (Sauvola and Pietikäinen, 2000) and porosity 

of freeze dried gels was determined using BoneJ particle analyser plug-in (Doube et al., 2010). 

 Micro computed tomography (Micro CT) 

 

Prior to imaging the samples were fixed in pipette tubes and allowed to stabilise at room 

temperature for a period of 24 hours. Samples were imaged using a Nikon XTH 225 micro-

computed tomography system (Nikon Metrology, Tring, UK) with a tungsten reflection X-ray 

target. Datasets were acquired at 80 kV, 3.5W with a resulting voxel size of 9 microns.  Each 

dataset consisted of 1583 individual X-ray projections which were then reconstructed using CT 

Pro (Nikon Metrology, Tring, UK), standard algorithms were used for noise reduction and beam 

hardening compensation.  Compensation was carried out using two horizontal slices at opposite 

extremities of each dataset to take into account any shading gradient across the image. Image 

exposure was set at 500 ms and a 0.5 mm Cu filter was used to remove low energy X-rays from 

reaching the sample.  The acquired data processing, surface determination process and defect 

analysis was carried out using the VGStudio Max (Volume Graphics GmbH, Heidelberg, 

Germany) software package.  
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Data relating to the plastic pipette and surrounding air was removed from the analysis by 

demarcation of the dataset shading histogram repeatably between datasets.  Cross-sections were 

then taken at pre-determined points through each sample such that qualitative comparison could 

be performed. 

 Results   
 

 In situ gelation of gellan gum using artificial saliva (AS)  
 

Artificial saliva was prepared and used as cross-linker media for gellan to measure the in vitro 

in situ gelation of four different gellan concentrations (0.25 %, 0.5 %, 0.75 % and 1 % w/w). 

Gelation of the gellan occurred as soon as the was added saliva indicated by an increase in Gʹ 

which continued to develop over the following 20 min of the test however the modulus did not 

reach a true plateau in this time frame. Increasing the concentration of gellan gave an increase 

in modulus, as would be expected gel with a relatively low gel stiffness ~ 10 Pa at 0.25 % w/w 

compared to ~ 100 Pa at 1 % w/w gellan. (Figure 5.5). 
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Figure 5-5: Rheological measurements of gellan gum (0.25, 0.5, 0.75 and 1%) in situ gelation 

with artificial saliva showing variation of G' (filled symbols) vs time on exposure to cations 

present in AS. 

 

 In situ gelation of gellan gum with simulated wound fluid (SWF) 
 

To mimic topical wound conditions, simulated wound fluid (SWF) was prepared and used as 

crosslinking media.  The in situ gelation of four different concentrations of gellan (0.25 %, 0.5 

%, 0.75 % and 1 % w/w) were measured as shown in (Figure 5.6).  The gelation of gellan in 

SWF appears more rapid than in AS and Gʹ reaches a plateau region with 5 min of exposure to 

the SWF for 0.25 % and 0.5% w/w gellan concentrations indicating the maximum gelation 

strength was achieved in this short time frame. At 0.5% and 1 % w/w gellan the plateau region 

tool significantly longer to reach taking ~15 min. Increasing the concentration also increased 

the final modulus values (although 0.5% and 0.75% were similar the rate at which each sample 

achieved their maximum value was quicker in 0.5% compared with 0.75%). 
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Figure 5-6: Rheological measurements of gellan gum (0.25, 0.5, 0.75 and 1%) in situ gelation 

with simulated wound fluid showing variation of G' (filled symbols) vs time on exposure to 

cations. 

 In situ gelation test of gellan with simulated lacrimal fluid (LF)  
 

To study the gelation behaviour of gellan in situ, artificial lacrimal fluid (LF) was prepared and 

used as crosslinking media for four different gellan concentration (0.25 %, 0.5 %, 0.75 % and 

1 % w/w). The gelation behaviour on exposure to crosslinking cations in the LF gave similar 

profiles (Figure 5.7) to that of the SWF (Figure 5.6). This is due to the similar electrolyte 

composition of the lacrimal fluid and wound fluid with wound fluid having slightly more 

calcium ions than lacrimal fluid but much less potassium content as shown in Table 5.1. 

Interestingly the onset and development of structure indicated by the increase in modulus is 

much smoother reaching plateau sooner in the LF as compared with the SWF. This is likely due 
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to the SWF having a high protein content, which may slow down and interfere with the 

development of the gellan network. 

 

Figure 5-7: Rheological measurements of gellan gum (0.25, 0.5, 0.75 and 1%) in situ gelation 

with LF showing variation of G' (filled symbols) vs time on exposure to cations present in LF. 

 In situ gelation of gellan gum using gastric fluid (GF) 
 

Simulated gastric fluid was prepared and used as crosslinking media for gellan to measure the 

in situ gelation of four different gellan concentrations (0.25 %, 0.5 %, 0.75 % and 1 % w/w). 

The onset of gelation on exposure to GF was extremely rapid reaching the plateau region within 

a couple of minutes for all concentrations (Figure 5.8). The final modulus values were also very 

high when compared with the other types of simulated physiological fluids tested (Figure 5.9).  
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Figure 5-8: Rheological measurements of gellan gum (0.25, 0.5, 0.75 and 1%) in situ gelation 

with GF showing variation of G' (filled symbols) vs time. 

 

 Frequency dependence  
 

Frequency sweep tests were applied after each in situ gelation experiment to examine the gel 

state created by exposure gellan solution to crosslinking media; the shear stress was kept 

constant, whereas the angular frequency ω varied from 0.1 to 100 rad s-1.  Figure 5.9 shows 

mechanical spectra for gellan (0.25, 0.5, 0.75 and 1%) after gelation by cations that present in 

AS and the results shows increasing G' and G" proportional to the increase in the gellan 

concentration across the frequency range. There is some frequency dependence of shown at 

high frequencies indicating some flexibility on the network.  This can be explained by the low 

concentrations of ions in the AS fluid leading to a shorter and fewer junction zones and therefore 

a more fluid network. 
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Figure 5-9: Mechanical spectra measurements of gellan gum exposure to ions crosslinked 

present in AS. G' (filled symbols) & G" (open symbols), frequency sweep test in a range of 

frequency between (0.1 -100) rad/s-1. 

 

Figure 5.10 shows Gʹ and G" as a function of frequency for different types of gellan gels formed 

after 20 minutes’ exposure to cations that present in SWF and the results reveal increasing the 

G' and G" values as concentration increased with only slight frequency dependence as the 

frequency approached 100 rad s-1. 
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Figure 5-10: Mechanical spectra measurements of gellan gum exposure to ions crosslinked 

present in SWF. G' (filled symbols) & G" (open symbols), frequency sweep test in a range of 

frequency between (0.1 -100) rad/s-1. 

 

Figure 5.11 shows mechanical spectra for of gellan gels that formed after 20 minutes’ exposure 

to cations that present in LF and the results similar to results that obtained with SWF, which 

might be expected due to the similar electrolyte content in the two fluids. 
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Figure 5-11: Mechanical spectra measurements of gellan gum exposure to ions crosslinked 

present in LF. G' (filled symbols) & G" (open symbols), frequency sweep test in a range of 

frequency between (0.1 -100) rad/s-1. 

 

Figure 5.12 shows mechanical spectra for different types of gellan gels that formed after 20 

minutes’ exposure to acidic media (GF) and the results shows strong gels formation compared 

with the other types of fluids. The gels were also showed evidence of failure at high frequencies 

indicating a strong but brittle network.  
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Figure 5-12: Mechanical spectra measurements of gellan gum exposure to ions crosslinked 

present in GF. G' (filled symbols) & G" (open symbols), frequency sweep test in a range of 

frequency between (0.1 -100) rad/s-1. 

 Comparison of in situ gelation of gellan gum (0.25, 0.5, 0.75 and 1%) with four 

different types of physiological fluids 

 

When comparing the in situ gelation of gellan (0.25, 0.5, 0.75 and 1%) upon exposure to 

different types of artificial physiological fluids it was evident that gelation occurs with all four 

different types of physiological fluids even when the concentration of gellan was as low as 

0.25% w/w (Figure 5.13). Addition of artificial saliva gave the lowest gel strength with the 

gastric fluid producing the strongest gels which was evident across all the concentrations tested. 

Furthermore, stiffness of the gels formed following 20 min exposure were shown to be 

concentration dependent for all the fluids tested with the gastric fluid forming the stiffest gels 

and the saliva the least stiff with the lacrimal and wound fluid producing gels that were not 

significantly different from each other (P <0.05) (Figure 5.14) 
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Figure 5-13: Rheological measurements of elastic modulus values (G') of in situ gelation time for 

different concentrations of gellan exposure to four types of physiological fluids. 
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Figure 5-14: Rheological measurements of elastic modulus values (G') at 20 minutes of in situ 

gelation time for different concentrations of gellan exposure to four types of physiological fluids. 

 Gelation kinetics 

 

To investigate the kinetics of the in situ sol-gel transitions of gellan in the different 

physiological fluids the gelation curves were fitted to the Gompertz model (Eq. 5.1) (Winsor 

1933 PNAS) and the rate constant and maximum growth rate were calculated. Rate constants 

were found to follow zero order kinetics (Figure 5.15A) in each of the physiological fluids 

revealing concentration independent gelling behaviour. This means that storage modulus 

reaches its pseudo-plateau value at the same time, irrespectively of concentration. Therefore, to 

achieve maximum rigidity requires appreciably different maximum growth rates as final gel 

strength varies with concentration. The maximum growth rate gives insights into addressing 

this complication. For that reason, growth kinetics, at the inflection point of the gelation curves, 

were plotted confirming concentration dependent maximum growth rates (Figure 5.15B).  
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This is important as rate of gel network growth can provide an insight into microstructure 

development.  

  

 

Figure 5-15: Gelation kinetics for different concentrations of gellan exposure to 4 types of 

physiological fluids fitted to the Gompertz model showing A) rate constant vs concentration and 

B) maximum growth rate vs concentration. 

 Microstructure growth  

 

It was observed that the stiffness of the 1 % w/w gellan in AS and the 0.75 % w/w gellan in LF 

or SWF produced gels that had the same stiffness as a 0.25 % w/w gel exposed to GF (Figure 

5.16).  Although the stiffness of these gels (1% in saliva, 0.75% lacrimal and wound and 0.25% 

gastric) are essentially the same following 20 min exposure, the microstructure of these gels are 

likely to be different as microstructure development is dependent on polymer concentration and 

gelation kinetics (Hoare and Kohane, 2008; de Luna, et al 2017). Indeed, the modulus at time 

zero are vastly different (orders of magnitude) between the samples due to the differences in 

concentration (table 5.4). In addition, the gelation kinetics for each of these samples are also 

different with the rate constants ranging from 2.2 min-1 in the GF compared to 0.1 mim-1 in the 

AS (Table 5.4), therefore the structuring that occurs during the gelation is likely to produce 
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significantly different microstructure in terms of overall porosity, pore size and size of junction 

zones between the polymer chains. To investigate this further the samples were freeze dried 

and then analysed using surface profilometry and micro CT.     

 

Figure 5-16: Comparison of Gʹ during in situ gelation at time zero and at 25 min in samples that 

has the same final modulus. 
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Table 5-3: Comparison of Gʹ at time zero and at 25 min in samples that has the same final 

modulus (p<0.05). Showing mean values ± sd (n=3). 

 

 

 

 

 

 

 

 

 

 

 Polymer network and surface texture analysis results 

 

The 3D surface profiler was employed to study the polymer network and surface texture of 

freeze dried gels. Noteworthy, all freeze dried network structures of the samples that had the 

same stiffness at the end of the in situ gelation tests revealed noticeable differences in 

microstructure. It is evident form the results that all the gels have successfully established 

polymeric skeleton.  Qualitatively it was inferred from the results that the fibres of polymeric 

skeleton were most uniform in 1% w/w gelled in saliva and more heterogeneous in the 0.25% 

w/w gelled in gastric fluid. The 0.75% w/w gelled in lacrimal and simulated wound fluid 

showed the fibres that were similar to one another and intermediate between the saliva and the 

gastric fluid gels (Fig. 5.17. a-d). In order to quantitatively understand the gelled microstructure, 

the acquired images were subjected to binarisation process. The Sauvola method, which is a 

variation of Niblack’s method (Sauvola and Pietikäinen, 2000), was successfully used for local 

binarisation and it was implemented with tiling, which was used to enhance the efficiency. 

Additionally, the binarisation constants k and r values were 0.5 and 23128, respectively. It was 

noticed that the Sauvola has given a flexible binarisation option as if there the local contrast of 

SPF and 

Concentration of 

gellan (% w/w) 

 

G′ (Pa) at t = 0 

min 

 

G′(Pa) at t = 25 

min 

 

rate constant 

(min-1) 

Gastric 0.25% 0.05 ± 0.006 154.5 ± 24.7 2.2 

Lacrimal 0.75% 2.54 ± 0.15 167.7 ± 17.5 0.5 

Wound 0.75% 2.59 ± 0.24 178.6 ± 30.0 0.2 

Saliva 1.0% 6.21 ± 1.2 163.0 ± 13.1 0.1 
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noticeable magnitude, the threshold can be selected close to mean value. Where, if there is 

negligible contrast the threshold can be selected below the overall mean value, by an amount 

proportional to the normalised local standard deviation. In our case, all the images have shown 

noticeable contrast magnitude, hence, threshold was selected close to the overall mean values 

and the processed images are depicted in Fig. 5.17 e-h. Moreover, the overall porosity (ɛ) was 

quantitatively determined using BoneJ particle analyser plug-in and depicted in Fig. 5.18. The 

1% w/w gelled in saliva had the densest structure (ɛ = 18.07 ± 3.02 %) with small void regions 

this was in contrast to the 0.25% w/w gelled in gastric fluid (ɛ = 64.44 ±5.37 %) which had a 

highly porous network. The 0.75% gelled in lacrimal fluid (ɛ = 39.48 ± 2.68 %) and in SWF (ɛ 

= 38.34 ± 7.36 %) had similar levels of voids that were intermediate to the gastric fluid and 

saliva.  

  

Figure 5-17: Profilometry images of the freeze dried samples of 0.25% gellan in GF, 0.75% 

gellan in LF and in SWF, 1% gellan in AS (a-d) and processed images after binarisation process 

(e-h). 
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Figure 5-18: Numerical values of overall porosity of freeze dried gels. 

To better understand the morphology and impact of various artificial biological liquids on 

morphology and microstructure of freeze dried gels, various 3D surface texture parameters were 

used. To illustrate this 2D images were converted into 3D isometric images (Fig 5.19) and 

various surface texture parameters, listed in Table 5.4, were quantitatively determined using 

Surfstand® software (Blunt and Jiang, 2003). The peak heights and depths of valleys can be 

qualitatively understood following the colour scheme where red and dark blue shows the 

highest and lowest point in the region of interest, respectively. It is evident from the images that 

the 0.25% w/w gelled in gastric fluid had shown noticeable blue areas whereas just few in the 

case of 1% w/w gelled in saliva. Moreover, the overall z-axis values also provide a qualitative 

view of the texture of the sample being extremely rough (0.25% w/w gelled in gastric fluid) to 

relatively smooth (1% w/w gelled in saliva). Whereas 0.75% gelled in lacrimal fluid and in 

SWF were of intermediate to GF and AS. Detailed measurements of quantitatively evaluated 

3D surface texture parameters are presented in Fig. 5.20 a-d. It is evident that the Sa of 0.25 % 

w/w in GF was three folds higher is magnitude (167.8 ± 4.0 nm) in comparison to 1% AS (58.6 

± 1.2 nm) where as 0.75% in LF (89.0 ± 4.2 nm) and SWF (72.0 ± 1.8 nm) were in transitional 

range in comparison to two extremes. Interestingly the same trend was followed in Sp, Sv and 
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Ssk. Prominently, the Ssk value was greater than zero so the roughness asperities were not 

symmetrical, hence, below the mean plane of the height distribution.  

 

 

Figure 5-19: 3D isometric surface images of the freeze dried samples of 0.25% gellan in GF, 

0.75% gellan in LF and in SWF, 1% gellan in AS showing valleys and peaks on the surface with 

the deepest pores represented in blue. 
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Figure 5-20: 3D surface texture parameters determined using Surfstand® software (a) 

arithmetical average of surface roughness, (b) highest peak of the surface, (c) lowest valley of the 

surface and (d) skewness of the surface. 

 Micro CT imaging 
 

To gain an insight into the internal structure micro CT was used as a non-destructive imaging 

technique. Images shown in Figure 5.21 show the internal network structure of the freeze dried 

gels as slices for 0.25% gellan gelled in gastric fluid, 0.75% gellan gelled in lacrimal fluid, 

0.75% gellan gelled in wound fluid and 1% gellan gelled in saliva. The images reveal that the 

packing of the gellan appears to be denser when gelled in the gastric fluid when compared to 

the other samples. The lacrimal fluid and wound fluid gels having a structure similar to one 

another with the gellan in saliva showing the least dense.  
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This was an unexpected finding as the gellan gelled in the artificial saliva was the most 

concentrated (1 %) and the gellan gelled with the gastric fluid contained the lowest polymer 

concentration (0.25 %). 

 

 

 

Figure 5-21: Micro CT images of 0.25% Gellan gelled in gastric fluid, 0.75% gellan gelled in 

lacrimal fluid, 0.75% gellan gelled in wound fluid and 1% gellan gelled in saliva. 
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 Discussion 
 

In situ gelation of gellan was measured upon exposure to different types of artificial 

physiological fluids using dynamic oscillation measurements as a function of time. The 

concentration of gellan was varied (0.25, 0.5, 0.75 and 1%), while the proportions of the 

different cations in four types of artificial physiological fluids were kept constant. Gellan gum 

solutions without cations served as a control. When blank samples (control) were measured the 

Gʹ value remained unchanged throughout the duration of the test. At this stage, the only cations 

present in the resulting solution are those present as counter ions to the charged groups of the 

polymer chains. These low concentrations of cations are not sufficient to facilitate aggregation 

and subsequent gel formation as they become diluted in bulk of the solution. Therefore, gellan 

gum can undergo coil - helix transition but not sol-gel transition (Morris et al., 2012). When 

ions concentrations exposed to the gellan samples are increased by addition of extraneous salt 

such as that is present in physiological fluid, the gellan can undergo sol-gel transition, therefore 

causing Gʹ to sharply increase. Increasing gellan concentration means more COO- available to 

bind with ions (as long as the ions are present in sufficient concentration), and then stronger gel 

will form (Morris et al., 2012). 

In the present study, samples of gellan gum were prepared at concentrations of 0.25%, 0.5% 

0.75% and 1% w/w then loaded onto a modified rheometer and small deformation oscillatory 

measurements of storage modulus (G′) were taken as a function of time. After 5 minutes the 

samples were exposed to a range of simulated physiological fluids in situ and measurements 

were continued for a further 20 minutes.  A rapid growth in G′ occurred almost instantaneously 

as the physiological fluids were added corresponding to the onset of gelation due to the ions 

present in the physiological fluids (Figures 5.5, 5.6, 5.7 and 5.8). Addition of artificial saliva 

gave the lowest gel strength (Figure 5.5) with the gastric fluid producing the strongest gels 

(Figure 5.8).  
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This can be attributed to H+ having a much greater affinity to the uronic acid on the gellan than 

that of the group 1 and group 2 metal ions in the other fluids. Indeed, when studying of the 

effect of monovalent and divalent cations Grasdalen and Smidsrød (1987) described HCl as the 

most potent gel-former for gellan. This was evident across all the concentrations tested (Figure 

5.13). Furthermore, stiffness of the gels formed following 20 min exposure were shown to be 

concentration dependent for all the fluids tested with the gastric fluid forming the stiffest gels 

and the saliva the least stiff with the lacrimal and wound fluid producing gels that were not 

significantly different from each other (P <0.05) (Figure 5.14). This was further supported by 

the mechanical spectra of the gels formed in the different fluids (Figures 5.9, 5.10, 5.11, and 

5.12) with the modulus values and difference between Gʹ and Gʺ greatest in the gastric gels and 

lowest in the saliva gels. This indicated that a stronger more brittle gel was formed in the 

presence of the gastric fluid and a softer more elastic gels were formed with the other fluids.  

It was noticed the gelation process appeared to proceed very differently when gelled in the 

different fluids (Figure 5.13). To investigate this observation further, the kinetics of the in situ 

gelation curves of gellan in the different physiological fluids the were fitted to the Gompertz 

model (Eq. 5.1) and the rate constant and maximum growth rate were calculated. Gelation in 

each of the physiological fluids revealed concentration independent gelling behaviour however 

the calculated gelation rate constants where dramatically different when gelation occurred in 

the different fluids ~2.2, 0.5, 0.2, 0.1 s-1 in gastric, lacrimal wound and saliva respectively 

(Figure 5.15A). It was anticipated, that as a result of the large variation in gelation rate constants 

between the gels formed in the different fluids (Figure 5.15A) and maximum growth rate being 

concentration dependant (Figure 5.15B), that microstructure development of these gels may 

also vary. Indeed, the modulus values of the 1% gellan in saliva and the 0.75% gellan in lacrimal 

fluid or wound fluid produced gels that had very similar moduli as a 0.25% gel exposed to 

gastric fluid.  
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Despite this apparent similarity the microstructure of these gels are likely to be very different 

as microstructure development is dependent on polymer concentration and gelation kinetics.  

To investigate in more detail if this was the case the gels were recovered from the rheometer 

and freeze dried prior to investigation of the polymer network by surface texture analysis and 

micro CT. The surface texture profiles revealed a more porous network with larger surface 

peaks and valleys in the gastric fluid gels (Figure 5.17, 5.18) which also had a significantly 

rougher surface (Figure 5.19, 5.20) when compared with the other freeze dried gels. This is 

thought to be a result of the concentration difference between the samples (0.25 % GF, 0.75 % 

LF, 0.75 % SWF and 1 % AS). When the same samples were imaged using micro CT it was 

observed that the internal microstructure of the freeze dried gel was the most densely packed 

(Figure 5.21) and in particular contrast with the gel that was formed in the saliva which appeared 

much more loosely packed. This seemed to contradict what was found in the surface texture 

analysis where the gastric fluid gels were highly porous and the saliva gel relatively 

homogeneous. This contradiction however, can be explained. Firstly, the densely packed 

structure observed in the gastric gel was formed at the greatest gelation rate (rate constant = 2.2 

s-1) this is due to the mechanism of gelation of gellan when exposed to low pH whereby the 

negative charges on the gellan chain are rapidly removed leading to formation of strong 

aggregated bundles of the polymer. Indeed, Yamamoto and Cunha reported that local 

aggregation of the molecules in acid gelled gellan also resulted in a structure with larger pores 

(Yamamoto and Cunha 2007). Moreover, Bradbeer et al (2014) suggests that the rate of 

aggregation using direct HCl addition is expected to be much higher than the rate achieved by 

slower more controlled gelation process resulting in altered elasticity and strength of the overall 

gellan structure. This can be observed in the mechanical spectra of the different gels Figure 5.9 

– 5.12 where the gastric gels appear stronger (higher modulus values) but more brittle (failure 

at high frequencies) than the gels formed in the other fluids. 
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It is likely that the more densely aggregated bundles of the gastric gels would lead to a more 

heterogeneous bulk structure with more surface undulations as observed in the surface profiles 

(Figure 5.19, 5.20) with the saliva gels having a smother surface texture due to a higher polymer 

concentration and network relatively heterogeneous structure that is slowly developed (rate 

constant = 0.1 s-1).  The lower porosity measured in the saliva gels however, are not evident in 

the micro CT images with relatively few areas of densely packed polymer chains and large 

areas that appear as voids. It is believed that this is down to the resolution of the micro CT 

imaging unable to detect the fine mesh of the gel network and only showing areas of densely 

packed polymer (Figure 5.21). The relative low concentration of crosslinking ions in the saliva 

would lead to a less aggregated system. This has been shown previously by Milas and Rinaudo 

(1996) who reported a threshold in concentrations required for the association of gellan helices 

into aggregates as 20 mM for K+ and 45 mM for Na+, which is consistent with the order of 

effectiveness reported by Grasdalen and Smidsrød (1987) for gelation of gellan with Group I 

cations. Taking this into account, the concentration of these species in the AS used to make the 

gels were 19 mM and 5.8 mM for K+ and Na+ respectively. Therefore, any strong bundles of 

aggregates would be minimal as was observed in the micro CT images of the saliva gel. The 

microstructure of the gels formed in the wound fluid and the lacrimal fluid appeared to be 

similar with some areas of dense aggregation of the gellan chains. This is a result of the content 

of ions in both fluids being similar and in concentrations (145mM Na+ and 20 mM K+) above 

the thresholds for aggregation of gellan helices.  It should be mentioned that freeze dried gel 

structures can be affected by the ice crystal nucleation and growth during the freezing step. 

Therefore, the freezing of the gels was performed in liquid nitrogen to minimise ice crystal 

growth.  
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It is however a possibility that the microstructure could have been effected by ice crystals as 

softer gels may be more likely to accommodate the ice crystals as the gel network is able to 

support more stretch, resulting in larger pores after freeze-drying (Scherer, 1990). However, as 

the gels produced from 1% gellan in saliva, the 0.75% gellan in lacrimal fluid or wound fluid 

and 0.25% gel exposed to gastric fluid produced gels that had very similar moduli. It is proposed 

that this is due to the strength of the junctions being greater (but in fewer number) in the large 

dense bundles of gellan chains formed in the gastric fluid in contrast to more numerous, loosely 

associated junctions in the saliva which ultimately result in similar modulus values. 

 

 

 

Figure 5-22: Schematic diagram of a proposed mechanism for achieving similar modulus values 

in different gellan concentrations. 

What is apparent however is that there is a complex interplay between polymer concentration 

gel forming ion species and subsequent gelation kinetics that result in very different 

microstructures which will ultimately impact on functionality. Understanding these processes 

can lead to having a more informed approach when designing in situ gelling delivery systems 

for different target sites in the body.  
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 Conclusion 
 

This study highlights the potential applicability of the modified rheometer to measure in situ 

gel forming polymers on exposure to an external source of cross-linkers.  Gellan gum formed 

gels with several different compositions of physiological fluid (AS, SWF, LF and GF). The 

method showed sensitivity for small variations in ions content and polymer concentration which 

resulted in different microstructures. Optimum gelation strength and kinetics on external 

contact with physiological fluid can be easily detected by using this method.  This may be an 

effective method in the design of in situ gelling drug delivery systems with tuned gel strength, 

gelation kinetics and microstructure all of which will subsequently influence functionality and 

industrial application. 
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CHAPTER SIX 

NOVEL MODEL FOR SIMULTANEOUS MEASUREMENT OF 

RHEOLOGY AND DRUG RELEASE 

 

 Introduction 
  

The mechanism of in situ gelation of different types of biopolymers namely alginate, pectin 

and gellan that induced by using external source of ion crosslinker and physiological fluid has 

been discussed in chapters 4 and 5 respectively. The method was adapted by introducing a 

modification to the lower plate of the rheometer to enable the investigation of the 

aforementioned polymers rheological behaviour as well as gel dissolution characteristics. The 

results have shown rapid gelation upon the exposure to crosslinking cations and acidic media 

in-situ. Polymers in the presence of mono and divalent cations and acid media undergo sol-gel 

transition, which allows using these types of polymers in the drug delivery system as drug 

carriers (Lin and Ayres, 1992; Azarmi et al., 2003). The release of drug into the external 

medium can be achieved by using different mechanisms including diffusion, matrix swelling, 

and chemical degradation in response to external stimuli (Huang et al., 2007). Ion crosslinking 

is one the main methods of inducing polymers to produce hydrogels for prolonging drug 

release. This chapter provides development to the previous method that was used in chapters 4 

and 5 by the addition of a new modification to the lower plate of a rheometer, which allows 

investigation of the rheological behaviour with the potential for analysing release of a drug 

simultaneously. Several modifications have been applied to rheometers recently that have been 

developed for similar problems either from a fundamental characterisation perspective or to 

simulate an application/industrial process. Section 2.4 in the chapter two of this thesis provide 

a detailed explanation regarding the adaptations of specialised modifications to commercial 

rheometers, these adaptations includes using spectroscopic techniques to rheological 
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equipment such as NMR (Callaghan et al., 2000; Nakatani et al., 1990) rheo-SAXS (Somani et 

al., 2002) Rheo-FTIR (Boulet-Audet et al., 2014) Rheo-Raman (Chevrel et al., 2012). 

These methods also include a light curing lower plate (Lee et al., 2000), electro-rheology 

accessory (Stanway et al., 1996), relative humidity accessory and immobilization cell. 

However, none of these methods allows the study of the gelation/dissolution of polymer gels 

while simultaneously measuring the release of molecules loaded into the polymer gels as what 

occurs when using in situ gelling drug delivery systems. To overcome these problems, a new 

rheometer add-on was designed which was named the Rheo-dissolution cell that can be 

attached to a rheometer and enables the examination of the rheological behaviour with the 

potential for analysing dissolution of a drug simultaneously. This was designed with a mesh 

that performs the function of the lower plate of the rheometer beneath which is a reservoir 

which can hold crosslinking solutions or release media such as simulated body fluids. Figure 

6.1 shows an illustration of the Rheo-dissolution cell and represents the first prototype which 

was used throughout the study.  

The aim of the work in this chapter therefore, was to validate the potential of the rheo-

dissolution cell. This was investigated with the following objectives: 

 Measure the changes in rheological behaviour of alginate by measuring in situ gelation 

and gel dissolution using ion crosslinking and chelating agents respectively.  

 Investigate the impact of mesh opening size on gelation and dissolution. 

 Analyse the release of a model drug loaded into an alginate solution during gelation 

and dissolution of the gel 
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Figure 6-1: Schematic diagram of a Rheo-Dissolution cell. 

 

 Rheo-dissolution cell device 
 

The rheo-dissolution cell was 3D printed using acrylonitrile butadiene styrene polymers (ABS). 

The cell was designed as a circle reservoir with an opening on the top that is covered with 

stainless steel mesh during the experiments. The cell was designed with two places for 

sampling using an inlet pipe and outlet pipe. The inlet is used to load solutions or buffers such 

as the ionic solution contained within the reservoir whereas the outlet allows withdrawal of the 

sample for analysis.  The cell can be attached to the lower plate of a commercial rheometer that 

allows examination the rheological behaviour with the potential for analysing dissolution of a 

drug simultaneously, as shown in Figure 6.3. The reservoir of the rheo-dissolution cell is 

capable of holding a volume of 55 ml. The mesh which is placed on the top of the reservoir 

(where samples are loaded) is removable, therefore can be interchanged with different mesh 

sizes.    

 Mesh  
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Figure 6-2: A) Rheo-dissolution cell B) Stainless steel mesh. 

 

 Material and methods 

 Material   
 

 All chemicals used in the experiment were purchased from (Sigma-Aldrich Ltd, UK), (Thermo 

Scientific Ltd, UK) and (Fisher Scientific Ltd, UK): Ethylene diamine tetraacetic acid disodium 

salt dihydrate (EDTA) [Sigma Aldrich Ltd, UK]. Sodium dihydrogen citrate and Sodium 

alginate, medium molecular weight (80,000–120,000) with an M:G ratio of 0.39:0.61 [Sigma 

Aldrich Ltd, UK] Dialysis tubing (14000 MWCO) [Thermo Scientific Ltd, UK] Whatman 

Grade 1 filter paper [Fisher Scientific Ltd, UK]. 

 

 

 

A B 
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 Samples and reagents preparation  
 

 Preparation of 1% alginate labelled solution for rheology measurements 

 

The model drug loaded alginate solution was prepared by dissolving 1 g of alginate powder 

and 50 mg of methylene blue in 100 ml of warm deionized water (60°C). The mixture was 

stirred using a magnetic stir bar until completely dissolved. Any evaporated solution was 

replaced with warm deionized water.           

 Preparation calcium chloride solution (200 mM) 

 

The solution of CaCl2 was prepared by dissolving the correct weight of calcium chloride 

dihydrate powder in 100 ml deionized water. 

 Preparation of EDTA solution and sodium dihydrogen citrate 

 

500 mM of EDTA and Na citrate where prepared as described in Chapter Four, section 4.2.2.4 

and 4.2.2.5 respectively). 

 Rheological measurements  
 

The rheological measurements were conducted by using Kinexus rotational rheometer 

(Malvern, UK) with the rheo-dissolution cell replacing the lower plate rheometer. The 

temperature of the rheo-dissolution fluid in the reservoir was maintained at 25°C throughout 

the tests. The cells cylindrical reservoir, contained 55 ml of the test solutions, which included 

200 mM CaCl2 for the in situ gelation test and 500 mM EDTA or Na citrate for gel degradation 

test. The stainless steel mesh was then placed onto the surface of the cell and a dialysis 

membrane (MWCO 14000 Da) was placed on top of mesh (to prevent the sample gelling within 

the mesh) before the rheometer geometry gap was zeroed. The fluid was then topped up to 

ensure the mesh and the dialysis membrane was fully wetted before the sample of alginate was 
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loaded onto the surface of the dialysis membrane. Small deformation oscillatory measurements 

of storage and loss moduli (G′ and Gʺ) were then performed as a function of time at 0.5% strain 

and a frequency of 10 rad s-1 using 50 mm diameter parallel plate geometry with a 0.7 mm gap. 

Rheological evaluations of 1% alginate loaded with 50 mg methylene blue were performed 

with 200 mM CaCl2 in the reservoir. Following a 30 min exposure to CaCl2 solution, the 

solution was carefully removed from the cell and replaced with 500mM EDTA or Na citrate 

buffer. The rheological measurements of G′ and Gʺ as a function of time was resumed using 

the same conditions as used in the in situ gelation measurements.  The study performed in this 

chapter used three different mesh sizes, as shown in Table 6.1. This was to investigate how the 

size of the mesh might affect release of the drug into the surrounding medium; therefore, three 

mesh sizes 10, 40, and 60 mesh counts where used. 

Table 6-1: Shows size and count number of three different types of mesh.  

Mesh count Nominal Aperture Wire Diameter Opening Area 

10 1980 µm 560 µm 61% 

40 411 µm 280 µm 42% 

60 263 µm 160 µm 39% 
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Figure 6-3: Experimental set-up of Rheo-dissolution device attached to a Rheometer. 

 

 Release study  

 

In vitro release of methylene blue from alginate gelled in situ using 200 mM CaCl2 was 

evaluated by UV spectrophotometry. Methylene blue stock solution was prepared by dissolving 

10.0 ± 0.1 mg of methylene blue crystal in deionised water, and then the filling the volumetric 

flask volume to 100 ml using the same solvent. A sample of the stock was scanned using a UV-

Vis spectrophotometer to identify the maximum absorbance band of methylene blue (λ max), 

which was determined to be 665 nm. The release studies were divided into two parts. The first 

part of the study-evaluated release during the in situ gelation process and the second part 

investigated the effect of gel degradation by chelating agents (EDTA and sodium dihydrogen 

citrate) on the release behaviour. At suitable time intervals, samples of the fluids in the reservoir 

were collected and the absorbance was measured using UV-Vis spectrophotometer at 665 nm. 



131 
 

 Statistical Analysis 
Statistical significance (p < 0.05) between test groups was determined by one-way analysis of 

variance (ANOVA) in order to determinate any statistically significant differences between 

the test groups.  

 

 Results  

 Rheology results  

 

 In situ gelation results for alginate 1% using three different types of mesh 

 

In situ gelation occurred in all the different mesh sizes used. However, the final gel strength 

was affected by mesh size. The largest % mesh opening area (61%) gave the greatest modulus 

values after 30 min gelation with Gʹ ~7000 Pa and Gʺ ~2000 Pa (Figure 6.4A). The smaller 

mesh opening areas 42% (Figure 6.4B) and 39% (Figure 6.4C) gave final moduli values of Gʹ 

~ 4000 Pa Gʺ ~1000 Pa and Gʹ ~ 2000 Pa Gʺ ~900 Pa respectively. Comparisons of the values 

of Gʹ for all mesh sizes are shown in Figure 6.4D. 
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Figure 6-4: Rheological measurements for 1% alginate methylene blue solution showing a 

variation of G' (black symbols), G'' (red symbols) vs. time upon exposure to 200 mM CaCl2 for 

in situ gelation. A) Mesh opening area 61%. B) Mesh opening area 42%. C) Mesh opening area 

39%. D) G' values of in-situ gelation test using three different mesh sizes. 
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 In situ gel dissolution results for alginate 1% using mesh size 10 (opening area 

61%) 

 

Alginate gels that are formed on exposure to ion crosslinking externally can be degraded using 

calcium chelating agents such as EDTA and Na citrate. To measure this process a 1 % w/w 

alginate labelled with 50 mg of methylene blue crosslinked in situ with 200 mM CaCl2 that 

filled in the Rheo-dissolution cell (Figure 6.5A) where exposed independently following 30 

min gelation to 500 mM EDTA Figure 6.5B) and Na citrate (Figure 6.5C).  The results indicate 

that EDTA was a much stronger calcium chelator than Na citrate causing G′ to return to a 

similar modulus to that of the original sodium alginate, prior to crosslinking, after only 35 min 

of exposure when using mesh with large opening area (61%).  Na citrate took longer time than 

EDTA to degrade the gels 45 min (Figure 6.4D). The opening area of the mesh plays a critical 

role in the dissolution time of gels.  
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Figure 6-5: Rheological measurements for 1% alginate methylene blue solution showing a 

variation of G' (black symbols), G'' (red and blue symbols) vs. time upon exposure to 200 mM 

CaCl2 for in situ gelation and for EDTA and sodium dihydrogen citrate gel degradation for 

mesh opening area 61%. A) In situ gelation. B) In situ gelation and gel degradation by EDTA. 

C) In situ and gel degradation by sodium dihydrogen citrate. D) Comparison of in situ gel 

degradation between EDTA and sodium dihydrogen citrate. 
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 In situ gel dissolution results for alginate 1% using mesh size 40 (opening area 

42%)  

 

To measure the in situ gel dissolution process of 1% alginate methylene blue gels crosslinking 

cations replaced by EDTA and Na citrate after in situ gelation test.   The strength of alginate 

gel that formed using small opening area mesh (42%) at the same condition used with large 

opening area mesh has been decreased as results to reach less amount of Ca2+ compared to 

large mesh (Figure 6.6A). The opening area of mesh effect on the dissolution time also because 

with small opening area limited amount of EDTA can be interact with gel sample to remove 

the Ca2+ from the gel leading gel degradation and the time was 49 min compared with large 

area mesh which take only 35 min (Figure 6.6B) while using Na citrate needed 64 min to 

degrade gels (Figure 6.6C). The EDTA was shown to have more potential to degrade the gel 

than Na citrate (Figure 6.6D).   



136 
 

 

Figure 6-6: Rheological measurements for 1% alginate methylene blue solution showing a 

variation of G' (Black symbols), G'' (Red and blue symbols) vs. time on exposure to 200 mM of 

CaCl2 for in situ gelation and for EDTA and sodium dihydrogen citrate gel degradation for 

mesh opening area 61%. A) In situ gelation. B) In situ gelation and gel degradation by EDTA. 

C) In situ and gel degrade by sodium dihydrogen citrate. D) Comparison of in situ gel 

degradation between EDTA and sodium dihydrogen citrate. 
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 In situ gel dissolution results for alginate 1% using mesh size 60 (opening area 

39%) 

 

To measure the in situ gel dissolution of alginate using smallest opening area mesh the same 

set up of measuring in situ gelation and gel dissolution with large and medium area mesh was 

applied. The smallest mesh opening area (39%) made the weakest gels compared with the other 

two types of area mesh large and medium (Figure 6.7A). Dissolution time using EDTA was 60 

min, which was longer than medium and large area meshes (Figure 6.7B) while with Na citrate 

dissolution the dissolution time was 77 min (Figure 6.7C). Figure 6.7 D shows comparison of 

dissolution time between EDTA and Na citrate and the results shows rapid dissolution by 

EDTA than Na citrate.  
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Figure 6-7: Rheological measurements for 1% alginate methylene blue solution showing a 

variation of G' (Black symbols), G'' (Red and blue symbols) vs. time on exposure to 200 mM 

CaCl2 for in situ gelation and for EDTA and sodium dihydrogen citrate gel degradation for 

mesh opening area 61%. A) In situ gelation. B) In situ gelation and gel degradation by EDTA. 

C) In situ and gel degradation by sodium dihydrogen citrate. D) Comparison of in situ gel 

degradation between EDTA and sodium dihydrogen citrate. 
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 In situ gel dissolution results for alginate 1% using three different types of mesh  

 

The alginate methylene blue gels that formed on exposure to 200 mM of CaCl2 through three 

types of mesh (10,40 and 60) that have opening area (61,42 and 39%) respectively, can be 

degraded by removing Ca2+ ions using calcium chelating agents EDTA and Na citrate as shown 

in the figure 6.8. The results indicate that the EDTA have more power to chelate calcium faster 

than Na citrate in all cases with three different types of mesh.    

 

 

Figure 6-8: Rheological measurements for 1% alginate methylene blue solution showing a 

variation of G' (black, red and blue symbols) vs. time on exposure to 200 mM CaCl2 for in situ 

gelation and EDTA and Na citrate for gel dissolution. 
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 Release time results  
 

 Calibration curve of methylene blue 

 

The calibration curve of methylene blue was prepared over the range (2.5, 5, 10, 20, 30, 40, 50 

or 100 ml). Serial dilution was performed using the stock solution of methylene blue to prepare 

the corresponding calibration points as shown in Figure 6.9. 

 

Figure 6-9: Calibration curve of absorbance against concentration of methylene blue (MB). 

 

The calibration curve was linear over the range used with correlation coefficient (r2= 0.999). 

Limit of detection (LOD) and limit of quantification (LOQ) are important parameters that are 

used to describe the smallest concentrations of a sample that can be reliably measured by an 

analytical procedure. 
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LOD is defined as minimal concentration of analyte that can detected with a certain degree of 

confidence and LOQ is defined as the minimal concentration that can be measured with 

acceptable accuracy. LOD and LOQ are quantified by using equations 6.1 and 6.2 respectively.  

 

                                  LOD=3.3 σ/S                          Eq. 6.1 

 

 

                                       LOQ=10 σ/S                            Eq. 6.2  

 

 
Where σ is the standard deviation of Y-intercept and S is the slope of the calibration curve. The 

LOD and LOQ were 1.2 and 3.6 µg/mL respectively. The concentration of methylene blue 

released from the sample was determined from the corresponding calibration curves. All 

experiments were carried out in triplicate.  

 Release time  

 

To measure the concentration of methylene blue that was released from the gel during gelation 

and gel degradation the absorbance of the CaCl2 solution and EDTA and sodium dihydrogen 

citrate solutions were measured at 665 nm and the concentrations calculated using the 

following methylene calibration curve equation:   y = 0.0171x + 0.0254                                   

To calculate % release, a total of 2 ml of alginate which contained 1 mg of methylene blue 

(taken as 100%) was loaded onto the rheometer. The samples of fluid in the reservoir were 

measured for absorbance at 665 nm and the concentration values calculated from the calibration 

curve were multiplied by the dilution factor of 55 corresponding to the volume of the reservoir 

(55ml) then converted to percentage. The concentration of methylene blue that released in the 

CaCl2 during the gelation time (30 min) using three different size of mesh was increased as the 

opening area of mesh decreased and the results were 6.8, 9.2 and 14,1 µg/mL with mesh 

opening area 61%, 42% and 39% respectively.  
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The rate of methylene blue released shown an increase during the dissolution time with EDTA 

and Na citrate as results of gels degradation with three different size of mesh. The amounts that 

released in EDTA with three size of mesh 61%, 42% and 39% were 9.5, 15.6 and 18.2 µg/mL 

and in Na citrate 11, 17.1 and 19 µg/mL respectively (Figure 6.10). 

 

Figure 6-10: Impact of ion crosslinking (CaCl2) and chelating agents (EDTA and sodium 

dihydrogen citrate) on methylene blue release from alginate gel. Single factor Anova test used in 

order to determinate statistically significant differences between EDTA and Na citrate and the 

results were as the following :  (*** P˂ 0.001 , ** P˂ 0.01 , * P˂ 0.05 and NS = non-significant).  
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 Simultaneous measurements of gelation, gel dissolution using EDTA and release 

of methylene blue  

 

To study the effect of gelation and gel dissolution on the release of a model drug loaded in the 

alginate using the rheo-dissolution cell, rheological data and the absorbance of methylene blue 

that was released during the gelation and gel dissolution time were recorded. The rheology test 

applied by measured G' of loaded alginate during the gelation and gel dissolution with three 

different mesh sizes (61, 42 and 39 %). The results show an increase in the G' with the large 

opening area mesh, 61 % (Figure 6.11A) and the values decreased as the area of mesh decreased 

with medium opening area mesh 42 % (Figure 6.11B) and small area mesh 39 % as shown in 

the Figure 6.11C. The values of G' return to the original values prior the gelation using 

chelating agents EDTA and Na citrate in the gel dissolution test. Methylene blue release was 

measured by absorbance at 665 nm using UV-Vis spectrophotometer and calculating the 

concentration of methylene blue that had diffused through the mesh into the reservoir fluids 

during the gelation and gel dissolution process. The results showed an increase the 

concentration of methylene blue release as the opening area of mesh decreased and as the 

strength of gels decreased (Figure 6.11 A, B and C).   Figure 6.11 D shows comparison of the 

percentage of methylene blue between gelation by CaCl2 and gel dissolution by EDTA and the 

results shows   that the (%) of methylene blue that released in CaCl2 during the gelation process 

made up the largest percentage of the total release recorded following dissolution in EDTA in 

the three different sizes of mesh. The results of total methylene blue released % using three 

sizes of mesh opening area (61 %, 42 % and 39 %) in EDTA were 52.2 %, 85.8 % and 100.1 

% whereby 37.3%, 50.7 % and 77.3 % of which was released in the CaCl2 during gelation.  
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Figure 6-11. Rheological measurements of 1% alginate and release time of methylene blue from 

alginate gel, showing variation of G' (filled black symbols), concentration of MB (filled blue 

symbols) for A) mesh count 10, B) mesh 40, and C) mesh 60. D) Comparison of release time of 

methylene blue in EDTA using three different count numbers of mesh. Single factor Anova test 

used in order to determinate statistically significant differences between EDTA and CaCl2 and 

the results were as the following:  (*** P˂ 0.001, ** P˂ 0.01, * P˂ 0.05 and NS = non-

significant). 
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 Simultaneous measurements of gelation, gel dissolution using Na citrate and 

release of methylene blue  

 

To measure the gelation and gel dissolution using Na citrate and release of methylene blue 

simultaneously the same set up that used with EDTA were applied.  The results showed 

increase in the G' with large opening area mesh, 61 % (Figure 6.12A), which than decreased 

when opening area of mesh reduced to 42 % (Figure 6.12B) and 39 % mesh opening area as 

shown in the Figure 6.12C. The values of G' return to the original values prior the gelation 

using the chelating agent Na citrate in the gel dissolution test. Methylene blue release results 

showed an increase the concentration of methylene blue release as the opening area of mesh 

decreased and as the strength of gels decreased (Figure 6.12 A, B and C). Figure 6.12 D shows 

comparison of the percentage of methylene blue between gelation by CaCl2 and gel dissolution 

by Na citrate and the results shows   that the (%) of methylene blue that released in CaCl2 

during the gelation process made up the largest percentage of the total release recorded 

following dissolution in Na citrate in the three different sizes of mesh in a similar manner to 

what occurred when treated with EDTA.  The results of total methylene blue released % using 

three sizes of mesh opening area (61 %, 42 % and 39 %) in Na citrate were 60.5 %, 94.1 % and 

104.5 % whereby 37.3%, 50.7 % and 77.3 % of which was released in the CaCl2 during 

gelation. The time that needed to dissolve the gel using EDTA was shorter than Na citrate. In 

contrast, the percentage of methylene blue released in Na citrate was more than the percentage 

that released in EDTA for all the three size area mesh as shown in Table 6.2.  
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Figure 6-12. Rheological measurements of 1% alginate and release time of methylene blue from 

alginate gel, showing variation of G' (filled black symbols), concentration of MB (filled blue 

symbols) for A) mesh count 10, B) mesh 40, and C) mesh 60. D) Comparison of release time of 

methylene blue in Na citrate using three different count numbers of mesh. Single factor Anova 

test used in order to determinate statistically significant differences between Na citrate and 

CaCl2 and the results were as the following:  (*** P˂ 0.001, ** P˂ 0.01, * P˂ 0.05 and NS = non-

significant). 
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 Comparison of dissolution time and % release of methylene blue from 1% 

alginate using three different mesh sizes 

 

The release of methylene blue into all the fluids the alginate was exposed to during gelation 

and dissolution on the rheo-dissolution cell, are given for each of the mesh sizes in Table 6.2. 

Release in the CaCl2 during gelation (t30) increased with a reduction in the mesh size from 

37.3% in the largest mesh size up to 77.3% in the smallest mesh.  The release of methylene 

blue at tend (time taken for complete dissolution of the gel) also increased with increasing mesh 

size in both EDTA and Na citrate. The difference between t30 and tend, which is effectively the 

total release into the chelation media during gel dissolution, was greater in Na citrate than 

EDTA in all mesh sizes; however, it is important to point out that the time at tend was also 

greater in the Na citrate which may account for the increased release. These data have clearly 

shown that the majority of the release of methylene blue occurred during the gelation period in 

all samples however it appeared that increased gel strength produced when using a larger mesh 

opening, reduced the release.       

Table 6-2: Dissolution time and release percentage of methylene blue from alginate gel into 

CaCl2 (t30 ), EDTA (tend) and Na citrate (tend) using three different mesh types . 

                             EDTA                               Na citrate Difference 

Mesh 

(% 

opening) 

% released 

in CaCl2 at 

30 min (t30) 

tend 

(min) 

% release at 

tend 

% 

difference 

between t30 

and tend 

Tend 

(min) 

% release at 

tend 

% 

difference 

between t30 

and tend 

10  

(61%) 
37.3 (± 0.3) 35 52.3(± 0.6) 15.0 45 60.5(± 0.7) 23.2 

40 

(42%) 
50.6 (± 0.5) 49 85.8(± 0.8) 35.2 64 94.1(± 0.9) 43.5 

60 

(39%) 
77.3 (± 0.4) 60 100.1(± 0.6) 22.8   77 104.5(± 0.8) 27.2 
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 Discussion 
 

Changes in elastic modulus G' and viscous modulus G" were measured for a 1% alginate 

methylene blue solution upon exposure to 200 mM CaCl2 for in situ gelation test and 500 mM 

calcium chelator (EDTA or Na citrate) to measure in situ gel dissolution time using the rheo-

dissolution cell attached to the lower plate of a Malvern Kinexus rheometer as described in 

section 6.2. This technique allowed for the simultaneous measurement of gelation of the 

alginate and gel dissolution and release of methylene blue. The concentration of the alginate 

was chosen at 1% to ensure gelation that was suitable to facilitate diffusion of methylene blue 

from the gel.  In Figure 6.4 (A-C), a rapid increase in G' and G", was observed over the first 

few minutes of exposure, with G' overtaking G" within 5 minutes upon contact with 200 mM 

CaCl2. The tests were performed using three different mesh sizes as the lower plate. It was 

found that the opening area of mesh played an important role in the gelation process and release 

time. Onset of gelation (indicated by rapid increases in G' and G") occurred over the first few 

minutes of contact with the CaCl2, with G' overtaking G" within 5 minutes for all of the mesh 

sizes used (Figure 6.4). The resultant gel stiffness however, following 30 min exposure to 

CaCl2, was dependent on % mesh opening with gels on the largest mesh (61% opening) having 

a significantly greater G' value than that of the medium (42% opening) and smallest mesh (39% 

opening) G' = (7046 ± 95), (4217 ± 123), and (2151 ± 87) Pa, respectively (Figure 6.4D). This 

is likely due to the increased availability of calcium ions that can come into contact with the 

gel for the duration the gelation test in the larger mesh opening.  

At 30 min the 200 mM CaCl2 in the reservoir was replaced by a solution of calcium chelator 

(500 mM EDTA or 500 mM Na citrate) which resulted in the alginate returning to the original 

liquid state indicated by a rapid drop in moduli values (Figures 6.5, 6.6 and 6.7). The obtained 

results, generally followed a similar pattern to the results that were reported in Chapter 4 using 
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the petri dish method, showing that EDTA was a more potent calcium chelator than Na citrate 

(Figure 6.8). This was the case in all mesh sizes used (Figures 6.5, 6.6 and 6.7). The opening 

area of mesh however, did have an impact on the gel dissolution time for each chelator. When 

the opening area of mesh was large, it allowed the calcium crosslinked alginate polymers 

greater surface contact with the chelating agent, and subsequently, a shorter time for the 

breakdown of the gel structure than when the mesh with small opening areas were used (Figure 

6.8).  

As proof of concept and to highlight the potential of this method to analyse release of molecules 

from the polymer sample during the gelation and gel dissolution, the alginate samples were 

prepared containing methylene blue. Samples of the fluids housed in the reservoir of the rheo-

dissolution cell were taken and analysed for methylene blue release during the process at 

selected time points (t0 as soon as the sample was loaded, t30 following 30 min exposure to 

CaCl2 and tend following complete degradation of the gel). The release end point time was 

adjusted according to the point at which the gels had degraded determined when both G' and 

G" returned to a similar modulus to that of the original alginate samples prior to crosslinking, 

which was within 120 min for all samples. This experiment proved a success with methyl blue 

being detected in both the CaCl2 during gelation and in the calcium chelating fluids. Mesh 

opening size however, appeared to influence the quantities released. 

Between t0 and t30 (during the gelation period) 37.3 %, 50.6 %, 77.3 % of the total methylene 

blue was detected when using the large mesh, medium mesh, and small mesh respectively. 

Initially, this appears counter intuitive as one might expect the larger opening to facilitate 

diffusion of the methylene blue. However, as the larger mesh size gives a much stiffer gel (Gʹ 

~7000) in comparison with the small mesh size (Gʹ ~2000) (Figure 6.4). This increased level 

of crosslinking in the alginate matrix may have reduced the extent of methylene blue release 
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keeping it entrapped in the gel more efficiently. This has been reported by other researchers 

when entrapping drugs in alginate beads where by entrapment efficiency is improved by 

increasing the CaCl2 concentration during gelation (Mandel et al., 2010; Manjanna et al., 2013). 

Indeed, Manjanna et al (2013) reported a 20% increase in the retention of aceclofenac sodium 

in alginate beads when the concentration of CaCl2 was increased from 1% to 5% resulting a 

much stronger gel. At high concentrations of CaCl2, a strong and rigid gel is formed, and this 

gel does not allow the rapid release time at high speed. Similar results were reported by Azarmi 

et al. (2003) using sodium alginate to sustain drug release of acetazolamide tablets and 

Nokhodchi and Tailor (2004) studying sustained release of theophylline from polymeric 

matrices using in situ crosslinking of sodium alginate with calcium and aluminium ions. Both 

of these studies observed slower drug release at high calcium salt concentrations and rapid 

release at low calcium salt concentrations that was attributed to insufficient crosslinking 

required to produce an insoluble barrier (Azarmi et al., 2003; Nokhodchi and Tailor, 2004). 

This behaviour has also been reported in gellan gum (Mahdi et al. 2014), where the stiffness 

of gels reduced the rate of ibuprofen release.  

During gel dissolution the methylene blue continued to be released as the gel was returned to 

the solution state using chelating agents EDTA and Na citrate but in lower quantities than that 

what was released into the CaCl2. The experiment was stopped when both G' and G" returned 

to a similar modulus to that of the original alginate samples prior to crosslinking.  Table 6.2 

shows the release time of methylene blue from alginate gels during both gelation in CaCl2 and 

dissolution of the gel in solutions of EDTA and Na citrate using the three different mesh sizes. 

The results revealed that the quantity of methylene blue released appeared to be influenced by 

gel strength and the dissolution time as the quantity of release decreased in the stiffer gels, but 

as the dissolution time (tend) was also shorter as result of greater extent of chelation in the large 

mesh size. Therefore, the quantity released at tend was also reduced.  A likely explanation of 
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this behaviour is, as the gel is degrading the release is governed by diffusion of the soluble 

methylene blue through the polymer chains as which was more rapid in the EDTA as the 

viscoelasticity is reduced more quickly than in the Na citrate. However as release through 

hydrated polymer networks tends to be via first order release kinetics the drug release rate 

depends on its concentration. The results indicate that this is also the case here in the small 

mesh/ weakest gels 77% of the methylene blue has already been released from the alginate so 

therefore has a lower concentration.  

In the case of the strongest gel, containing the highest concentration of methylene blue (at the 

point when the CaCl2 was transferred to the chelating fluid) release is retarded. Previous work 

by Mahdi et al reported that release of ibuprofen from gellan gum gels required G' values below 

~4000 Pa before a rapid onset of release was observed. This could be the case here with the 

strongest gels which have values of G' in excess of 7000 Pa whereas the medium mesh and the 

small mesh gels were ~4000 and 2000Pa respectively. Interestingly the release from the 

weakest gel (small mesh) appeared lower than the medium gel however the starting 

concentration was much less as 77% had already been lost in the CaCl2 leaving only 23% to be 

released compared with 50% in the medium gel, and as release through entangled polymeric 

networks usually. These results highlight the complex interplay between viscoelasticity of the 

substrate and molecular diffusion of the solute in polymeric drug delivery systems.  Ideally, 

the release studies would have had more sampling time points that continued until all of the 

methylene blue was released, as this would have provided a greater understanding of the release 

kinetics in each sample for a better comparison. However, as these studies where performed on 

a bespoke system the sampling method in place was relatively crude and caused vibrations 

impacting on the sensitive oscillatory measurements performed by the rheometer. Therefor 

sampling of the fluid was kept to a minimum. In addition, as the overall aim of the study was 

to design and evaluate the potential of the system. Whereby rheological measurements of 
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rapidly gelling or dissolving hydrogels on contact with external crosslinkers or chelators could 

be performed while simultaneously measuring release of an entrapped substance. Proving this 

was possible has since led to an improved design of the rheo-dissolution cell that incorporates 

a pump to allow flow through the reservoir and a sampling port that minimises vibrations 

during sampling and is currently being explored using in situ gelling ophthalmic eye drops 

containing pharmaceutical actives. 

 Conclusion  
 

The rheological study of alginate solutions demonstrated that in situ gelation occurred upon 

exposure to CaCl2 and that these gels were degraded by EDTA and Na citrate using the rheo-

dissolution cell technique. The release study using the rheo-dissolution cell investigated release 

of methylene blue from the gels while simultaneously measuring rheology of alginate during 

gelation and dissolution. The release behaviour of methylene blue from alginate gels in CaCl2, 

EDTA, and Na citrate solutions were dependent on the stiffness of the gels. The stiffness, and 

hence drug release, could be controlled with concentration and exposure time to cross-linked 

ions which in the rheo-dissolution system could be controlled by the mesh size used as the 

lower plate. It is believed that this is the first report of such simultaneous measurements and 

presents a new system whereby the physical response of biopolymers to changing 

environments can be modelled (for example changes in pH, ionic strength or additional 

additives i.e. crosslinkers/chelators). Therefore, having the potential to be used as a model for 

measuring the changes in rheological behaviour and drug release simultaneously when liquid 

or gel formulations are exposed to various physiological fluids The wider application of this 

system is the ability to use any polymer for many different industrial applications where there 

may be a need for rapid or slow gelation while monitoring molecules that are released from the 

sample in real time. 
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CHAPTER SEVEN 

GENERAL CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

The main purpose of this research was to develop a model for rheological measurements of in 

situ gelation of bioresponsive polymers on contact with externally delivered chemical stimulus 

using a commercially available rheometer. Two new methods were designed to evaluate 

rheological behaviour in preparations of three types of biopolymers alginate, LM pectin and 

gellan gum. In particular, the alginate and pectin were investigated for in situ gel production 

on external exposure to three different concentrations of CaCl2 (50, 100 and 200 mM). The 

degradation/dissolution of the gels were also investigated using chelating agents rather than 

crosslinking agents. Gellan gum in situ gelation was evaluated on exposure to a range of 

physiological fluids that had various ionic compositions. In addition, a new device called a 

“Rheo-dissolution cell” was developed that contained a fluid reservoir and a stainless steel 

mesh plate and was used to measure the in situ gelation of alginate (containing methylene blue 

as a model drug) on exposure to Ca2+ while simultaneously measuring the release of methylene 

blue.  

Therefore, different types of gels were produced through various external gelation mechanisms 

using two new techniques that involved minor modifications of a rheometer, one by attaching 

a petri dish to the lower plate of rheometer and the other by replacing the lower plate with a 

Rheo-dissolution cell. The following sections summarise the main conclusions made for each 

of the experimental results chapters. 
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 Evaluation of external gelation of alginate and pectin by rheological 

measurements  
 

Chapter 4 highlighted a potential new application method for monitoring external gelation of 

alginate and pectin gels. Rheological properties of both biopolymers were measured by using 

a modification to the lower plate of Malvern Gemini rheometer. This was achieved by attaching 

a petri dish containing a filter paper and dialysis membrane soaked in CaCl2 to the lower plate. 

Once the samples were loaded changes in rheological behaviour was measured in situ for 

gelation. The following gelation the filter paper was replaced with one that was soaked in a 

calcium chelator (EDTA or Na citrate) and gel dissolution was then measured. Small 

deformation oscillatory measurements of storage and loss moduli (G′ and Gʺ) were measured 

for both gelation and dissolution, and plotted as a function of time.  

The changes in G' and G" revealed that rapid gelation behaviour of alginate and pectin occurred 

when exposed to an external source of CaCl2 with increase in both moduli. Moreover, stronger 

gels were formed when the concentration of CaCl2 increased. The gel degradation results 

demonstrated that EDTA was clearly a more potent calcium chelator than Na citrate, causing 

G' to return to a similar modulus to that of the original alginate and pectin prior to crosslinking 

more quickly. From a technical perspective, it was identified that the measurements were 

required to begin at a consistent time following loading of the sample as this is particularly 

crucial in rapid gelling systems such as alginate. Also, quantity of the samples loaded was also 

important for accurate comparisons. In addition to measuring alginate and LM pectin, it was 

proposed that this technique could be applied to studying gelation of gellan, carrageenans and 

other biopolymers that gel in the presence of metal ions, small molecule crosslinkers or by 

changes in pH. In particular, using artificial physiological fluids to investigate changes in the 

rheological behaviour of gellan gum on exposure to mono and divalent ions (or by changing in 

the pH) that are present in the body fluids.  
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Gellan is particularly responsive to small changes in pH, ionic strength and ionic species and 

could therefore, provide useful information in developing in situ gelling pharmaceutical 

delivery systems. 

 Effect of physiological body fluids on the rheological behaviour of 

gellan gum  
 

Chapter 5 highlighted the potential to adapt the system developed in chapter 4 to measure gellan 

gum gel formation on contact with several different artificial physiological fluids (Saliva, 

wound fluid, Lacrimal fluid and Gastric fluid) which contain different ionic (and acidic) 

compositions. The results of in situ gelation of tests with different types of physiological fluids 

revealed that gellan made the stiffest gels with artificial gastric fluid (GF) followed by lacrimal 

fluid (LF) and simulated wound fluid (SWF) which were similar to each other and the weakest 

gel formed was with artificial saliva (AS). This was explained by the concentrations of gel 

forming ions available in the different fluids and the selectivity of the gellan to form gels with 

H+ < Ca2+ < Mg2+ < K+ < Na+.  There were also large differences in the gelation kinetics between 

the gels formed in the different fluids giving vastly different gelation rate constants ~2.2 s-1 for 

the gastric fluid and 0.1 s-1 for the saliva. It was also found that gelation kinetics and polymer 

concentration had a dramatic effect on microstructure. Despite similar modulus values of the 

gels prepared with 0.25% w/w gellan in GF, 0.75% w/w in LF and SWF, and 1% w/w in AS, 

the microstructure appeared vastly different. The rapidly produced GF crosslinked gels formed 

dense aggregates with a rougher surface texture when compared with the AS crosslinked gels, 

that formed at a much slower rate, which had a much smoother less porous structure.              

The ion dependency of gellan gum therefore the presence of varying concentrations and species 

of ions in different physiological fluids resulted in not only gels with different mechanical 

properties but also impacts on gelation kinetics and the subsequent microstructure. This simple 

modification to a commercially available rheometer can facilitate in the understanding of the 
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gelation process of rapidly gelling materials, which could be an important tool when 

developing such drug delivery systems. The success of these in situ gelation experiments and 

potential application to designing drug delivery systems led to ideas for the development of a 

modified rheometer plate which can be used to simultaneously measure rheological properties 

and drug release from in situ gelling systems.   

 Novel model for simultaneous measurement of rheology and drug 

release (the Rheo-dissolution cell) 
 

Chapter 6 focussed on designing a new device to overcome the limitations of the petri dish 

method that was applied in chapter four and five.  The device that was developed was called a 

rheo-dissolution cell that can be attached to a rheometer and allows the examination of the 

rheological behaviour with the potential for analysing dissolution of a drug simultaneously. 

The rheo-dissolution cell was a novel device made from acrylonitrile butadiene styrene 

polymers (ABS) and was 3D printed using additive layer manufacturing. The device was 

designed as a circle reservoir (capable of holding 55 ml of solution) with an opening on the top 

that is covered with stainless steel mesh on to which the gel forming samples are loaded during 

the experiments allowing contact with the fluid in the reservoir. Alginate (1% w/w) was 

prepared containing methylene blue solution as a model drug and gelation experiments were 

performed in presence of CaCl2 added to the reservoir and the changes in rheological 

measurements of G′ and Gʺ were taken as a function of time. Following gelation, the CaCl2 

was replaced with a calcium chelator (EDTA or Na citrate) and gel dissolution was then 

measured. At three time points t0 (prior to gelation) t30 (30min gelation) and tend (following gel 

dissolution) samples of the reservoir fluid were taken and analysed for methylene blue. Three 

different mesh sizes were used for validation purposes.  

Rapid increase in G' and G" was demonstrated over the first few minutes of exposure to CaCl2, 

with G' overtaking G" within 5 minutes upon contact time. It was found that the value of G' at 
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the end of the gelation period increased as the size of mesh opening area increased from which 

it was concluded that this occurred because of an increased surface exposure to Ca2+ producing 

a stronger gel. The dissolution of the gels on exposure to the calcium chelators were similar to 

what was observed in chapter 4, indicating that EDTA is a more potent calcium chelator than 

Na citrate.  

The release of methylene blue in the gelation period and in the dissolution period showed that 

release was dependent on the stiffness of the gels, which in turn, is controlled by the 

concentration and exposure time of the cross-linking ions used. The results obtained suggest 

that the rheo-dissolution cell has the potential to be used as rheological add-on for measuring 

drug release from gel bases formulations. When using the rheo-dissolution cell however, was 

found that the mesh size used as the lower plate also affected the gel stiffness and gel 

dissolution, and consequently, release of methylene blue, therefore mesh sizes should be 

chosen to adequately represent the application environment. This highlights flexibility in the 

system that could deliver wider applications of the rheo-dissolution cell. These findings are 

believed to be the first to utilise and successfully to examine rheological properties for in situ 

gelling formulations while at the same time measuring release of an entrapped solute. Overall, 

highlighting the complex molecular interplay that occurs between the gelling/dissolving 

polymers and the release of an entrapped drug, opening up potential for further investigation.    

The work presented in this thesis has led to further projects using and further developing the 

rheo-dissolution cell. This has included the addition of a pump system through the inlet and 

outlet pipes. This allows for a constant flow through which is more representative of the 

dynamic environment of physiological systems. In addition to this, a sampling port has been 

since installed into the inlet and outlet pipes of the flow through system, which allows 

withdrawal and addition of the sample without disturbing the rheometer facilitating a greater 

number of sampling time points.  
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Future work it is anticipated that a stainless steel rheo-dissolution cell will be engineered rather 

than using ABS polymer which will allow for incorporation of more accurate temperature 

control which can be crucial when measuring thermally sensitive materials.  

Ultimately, the work presented in this thesis has introduced new methods to monitor the in situ 

ionotropic gelation and dissolution of polymers by providing a mechanism to deliver solutions 

of chemical crosslinkers or chelating agents. In addition to gelation and dissolution the work 

provides a proof of concept of a rheo-dissolution cell for the simultaneous measurement of 

rheology and drug release in the presence of gelling or dissolution media offering new methods 

to explore in situ gelling systems. It is anticipated that the ease of manufacture and application 

of these methods, will prompt further research on a variety of polymers that are responsive to 

external contact with crosslinking solutions or dissolution media, and for the rheo-dissolution 

cell, release of entrapped solutes. Furthermore, the wide varieties of materials that could be 

applied to these systems go beyond just pharmaceutical applications and have the potential to 

be applied in several other industrial disciplines. 
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