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Abstract 

In situ gel forming drug delivery systems utilize the concept of undergoing sol-gel 

transitions on exposure to physiological fluids in response to changes in temperature, pH 

and/or ionic environment. Gelation in response to the changes in pH/ionic contents are 

particularly difficult to measure in a biorelevant manner as gelation is often too rapid for 

adequate mixing of physiological fluids with the polysaccharides prior to loading on to a 

rheometer. Although, several modifications have been applied to conventional rheometers 

to facilitate changing environmental conditions, modifications that can change the chemical 

environment of a sample and simultaneously measure release of active ingredients from in 

situ gelling formulations has yet to be developed. To address this problem a novel method 

has been demonstrated using a 3D printed rheo-dissolution cell to simultaneously measure 

the rheological behaviour and dissolution of drug from the in situ gelling systems on 

exposure to physiological fluids. The technique was validated and then used to understand 

the behaviour of a range of in situ gelling formulations.  

An in situ gel forming ophthalmic formulation of low acyl gellan gum (gellan) (0.4%) and 

timolol maleate (TM) (6.8 mg/ml) was prepared based on commercial Timoptol LA®. 

Rheological evaluation and a drug release study were performed separately using the rheo-

dissolution device. This study also highlighted the importance of drug-polymer interaction 

by indicating electrostatic interactions between the positively charged TM and negatively 

charged gellan. The concept of rheo-dissolution was further explored with the full 

experimental set up of the rheo-dissolution cell integrated with a rheometer. An in situ 

gelling ophthalmic (gellan-TM) and an oral formulation (alginate- metronidazole) were 

prepared to evaluate the novel technique. The ophthalmic formulations of gellan-TM 
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 Rheometer 

An oscillatory controlled stress rheometer is used for rheological analysis. The essential 

features of this type of rheometer consists of a vertically mounted motor, geometry and 

Peltier plate (Figure 2.2). The motor is usually attached to the upper fixture. A top surface 

is attached to the motor which is called the geometry. The geometry can be of several types 

depending on the type of samples; for example, parallel plate, cone/plate and serrated plate 

geometry. 

 

Figure 1.2: Schematic diagram of a typical controlled stress rheometer  

In the controlled stress rheometer, the lower surface is fixed and is capable of controlling 

the temperature. The test material is placed between the upper and lower surface. A 

computer-generated voltage is applied to the motor to produce stress. The induced strain can 

be measured using an optical encoder or radial positions transducers which are connected to 

a control computer. 

The chosen geometry directly impacts upon the rheological analysis because stress is 

transmitted to the sample in different way through different geometries. Parallel plate 

(Figure 2.3A) and cone-plate (Figure 2.3B) are the most common types of geometries. 
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provides an insight to the interaction between the molecular weight of the polymeric 

molecule and the solution (Lee and Tripathi, 2005; Lu et al., 2013). Because molecular 

weight has a direct impact on molecular entanglement, viscosity and degree of crosslinking 

between polymer molecules. 

 Rheological Measurements of Biopolymer Gels 

The conventional industry approach for characterising the rheological properties of liquid 

products is mainly through the use of destructive rheological techniques using viscometer 

or a rheometer. Using this technique can irreversibly alter the flow behaviour and structure 

of the sample, which may not represent the actual quality of the product (Seman et al., 2009). 

Using destructive rheological techniques, the system is under the shear stress until the 

elasticity (G') breaks which is inappropriate for biopolymer gel samples. However, non-

destructive rheological techniques allow assessment of the processes that take place at the 

molecular level of the sample, which is necessary to understand for developing polymeric 

gelling formulations. In these tests, the elasticity (G') is independent of shear stress and 

measurements are performed using fixed or increased oscillatory frequency (Mendoza, 

1998). The non-destructive technique is also called an oscillatory dynamic test (Ozer et al., 

1997) and it does not irreversibly deform or alter the structure of the sample. Therefore, 

viscoelastic behaviours of biopolymer gels are widely performed using non-destructive 

rheological techniques. All rheological measurements in this work have been conducted 

using non-destructive techniques. 
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to a Raman spectrophotometer. In situ monitoring of free-radical polymerization of acrylic 

acid has been reported using the rheo-Raman (Chevrel et al., 2012). Somani et al., (2002) 

investigated the nature of shear induced precursor structures of isotactic polypropylene by 

using the in situ rheo- small angle X-ray scattering or rheo-SAXS. During the experiment, 

isotactic polypropylene was melted at 165°C by rheo-SAXS and SAXS pattern showed the 

oriented structures upon the termination of shear. Recently, a new technique has been 

reported which couples an optical microscope and Raman spectrometer to a rotational 

rheometer (Kotula et al., 2016). This combined technique is advantageous where the 

rheological behaviour is influenced by conformational or chemical changes in molecular 

structure, such as gelation, crystallization or melting. A light curing lower plate is another 

adaptation where the lower glass plate is fitted with UV and visible light source and are 

particularly useful for studying light curable polymers. The gelation of chemically modified 

polysaccharides upon UV irradiation can also be analysed using this type of adapted 

rheometer (Higham et al., 2014).  Some fluids change their rheological properties upon 

application of magnetic fields which are known as magneto rheological fluids (MRF), such 

as magnetisable particles (cobalt or iron) dispersed in silicone or mineral oils (Hao, 2005). 

To apply magnetic fields on MRF and analyse the influence of the magnetic fields, a 

Magneto-Rheological Device (MRD) has been developed where more than 1 Tesla of 

magnetic field strengths can be applied to observe the rheological changes. Electro-

rheological Devices (ERD) have also been developed which allow the application of 

electrical fields to measure the rheological changes of materials when subjected to electric 

fields (Läuger, 2009).  Immobilization cell is another accessory which can be coupled to a 

controlled stress rheometer to analyse the rheological changes of some materials (such as 

paints, sludge) during the process of dewatering (Ayol et al., 2010). 

Although some of these modifications can measure rheological changes in situ (i.e light 
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curing cell, ERD and MRD), none of these however, can monitor changes when crosslinking 

is initiated by changes in pH or ionic concentration, as occurs when an in situ gelling drug 

delivery system is administered. Moreover, release of active ingredients from gel forming 

drug delivery systems can be influenced by rheological changes, which need to be analysed 

for successful formulation development. It would therefore, be a great advantage to the 

pharmaceutical industry and formulation scientists if the release of drugs could also be 

monitored during the process.  Here, a novel method has been demonstrated which could 

address these current limitations by replacing the lower plate of the conventional rheometer 

with a 3D printed cell capable of measuring the rheological changes and drug release 

simultaneously.  

This thesis consists of two further introductory chapters before proceeding to the result 

chapters. Chapter 2 demonstrates the basic concepts of in situ gel forming drug delivery 

systems. Besides showing the general mechanisms of in situ gelation, this chapter presents 

a few examples of reported in situ gelling systems. Current techniques used to investigate in 

situ gelation are also discussed in this chapter. 

Chapter 3 provides the general background of the gel forming polysaccharides along with 

structure and conformation. It presents the in depth concepts of gelation of polysaccharides 

and different stimuli to induce gelation. Profiles of the polysaccharides used in the 

experiments presented in this thesis are described in detail.  
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2 Chapter 2: General Introduction of In Situ Gel 
Forming Drug Delivery Systems 

 Introduction to In Situ Gel Forming Drug Delivery Systems 

Controlled drug delivery systems are one of the most progressing areas of drug delivery 

technology with numerous advantages compared to the conventional drug delivery systems. 

They can offer improved efficacy of drugs by controlling the release over an extended 

duration (Uhrich et al., 1999). Reduced toxicity, improved patient compliance and 

convenience are other advantages of these delivery systems. In particular, these systems are 

beneficial for the drugs that are rapidly metabolized and have a tendency to eliminate from 

the body after administration (Uhrich et al., 1999). Polymers have played an essential role 

in the advancement of controlled drug delivery technology by providing controlled release 

of both hydrophilic and hydrophobic drugs in consistent doses over a long period (Liechty 

et al., 2010). Polymeric controlled drug delivery systems can effectively be delivered to a 

target site which enhance the therapeutic effects of the drugs (Soppimath et al., 2001). 

Among several polymeric drug delivery platforms, in situ gel forming drug delivery systems 

are particularly attractive and they can be formulated to be administered via oral, ocular, 

nasal, vaginal and rectal routes (Madan et al., 2009).These systems are formulated as liquid 

and convert to gel upon exposure to the physiological environment of the body.  
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formulations are based on poly(acrylic acid) (carbomer, Carbopol®) or its derivatives 

(Nirmal et al., 2010).  

Srividya et al. (2001) developed a pH triggered in situ gelling ophthalmic formulation of 

fluoroquinolone, which is used in the external infections of the eye, such as 

keratoconjunctivitis and bacterial keratitis. Carbopol® was used as an in situ gelling polymer 

and hydroxypropylmethylcellulose (HPMC) was used as viscosity enhancing agent in the 

formulation. The formulation was in the liquid state at formulated pH (6.0) and underwent 

sol-gel transition at physiological pH (7.4). The formulation was able to provide sustained 

release of drug over an 8-hour period.  

Thermoreversible polymers undergo sol-gel transition in response to the changes in 

temperature and the formed gel can change back to the solution state if the temperature 

change is reversed (Borchard, 1998). Pluronics®, Tetronics® (Qiu and Park, 2001), 

poloxomer (Nirmal et al., 2010) are the most commonly used thermoreversible polymers.  

Qian et al. (2010) developed thermosensitive in situ gelling ophthalmic drug delivery system 

of methazolamide to minimize intra ocular pressure using poloxamers (P407 and P188). The 

formulation was in free flowing liquid state at 25 ± 0.1°C and underwent sol-gel transition 

in the cul-de-sac in response to the physiological temperature (35 ± 0.1°C) upon 

administration into the eye. Methazolamide was then released in a controlled manner   for 

over 10 hours from the in situ gel of poloxomer formulation. 

Besides synthetic/semi-synthetic polymers, polysaccharides have been extensively used to 

formulate the in situ gelling systems. They are widely used to formulate ion induced in situ 

gelling formulations because of their ability to form gels in response to the physiological ion 

concentrations. Also, they have the ability to undergo sol-gel transition in response to the 
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changes in pH and/or temperature. Physical crosslinking methods and nontoxic nature are 

other advantages of using polysaccharides to formulate such delivery systems (Bae and Park, 

2016). Gellan gum (Rajinikanth and Mishra, 2008; Diryak et al., 2018), pectin (Kubo et al., 

2004), carrageenan (Endo et al., 2000) and alginate (Flink and Johansen, 1985) are all 

examples of polysaccharides that can undergo gelation by ionic crosslinking and/or change 

in pH and therefore of have been of interest to researchers as in situ gelling materials for use 

at various physiological target sites.  

Cao et al., (2009) developed an in situ gel forming nasal formation of mometasone furoate 

which is used for the treatment of allergic rhinitis. Gellan gum was used as an in situ gelling 

polymer in the formulation. The formulation was sprayed as liquid and underwent rapid sol-

gel transition on exposure to the ions (Na+. K+. Ca2+) of artificial nasal fluid (gelation 

mechanisms of in situ gelling polysaccharides will be discussed in greater detail in chapter 

3). When tested in vivo, this formulation was shown to be more effective in the treatment 

allergic rhinitis compared with a nasal suspension. However, gellan gum can also undergo 

gelation in response to changes in pH and/or temperature. Miyazaki et al., (1999) reported 

development of gellan gum based in situ gelling oral formulation of theophylline. The 

formulation turned into gel in acidic environment of the stomach (pH 1.2) and in vitro release 

of theophylline from the gel occurred over a 6-hour period.  

Alginate is another example of polysaccharide which turns into a gel in response to the 

change in pH and has been used in pH induced in situ gelling drug delivery systems 

(Miyazaki et al., 2000; Kubo et al., 2003). Also, it crosslinks with Ca2+ to form gel. Liu et 

al., (2006) developed an in situ gelling ophthalmic formulation of gatifloxacin which is a 

broad spectrum antibacterial agent and used in the treatment of ocular infections. Alginate 

was used as an ion inducing in situ gelling polymer in this formulation. The liquid 



47 

 

formulation underwent gelation in response to the Ca2+ ions of lacrimal fluid upon 

instillation. The release of drug was sustained for a period of 8-hours. Gellan gum and 

alginate along with other polysaccharides have also been used in commercialized in situ 

gelling products (Table 2.2).  

Table 2.2: Examples of commercialised in situ gelling formulations (Jain et al., 2016; 
Wu et al., 2018)  

Name of the 
Product 

Active Ingredient Polymer Route of 
Administration 

Type of In 
Situ Gelling 

System 
Timpotol LA® 

(Merck Sharp & 
Dohme, USA) 

Timolol maleate Gellan 
gum 

Ocular Ion induced 

AzaSite® (inSite 
Vision, USA) 

Azithromycin Poloxamer Ocular Temperature 
triggered 

Pecfent® 
(Archimedes 
Pharma, UK) 

Fentanyl Pectin Nasal Ion induced 

Gaviscon® (Reckitt 
Benckiser, UK) 

Sodium alginate Sodium 
alginate 

Oral pH triggered 

Virgan® 
(Laboratoires Théa, 

France) 

Ganciclovir Carbopol Ocular pH triggered 

 

Mucin, which is responsible for gel-like properties and viscosity of mucus, plays a 

significant role in in situ gelation. Mucin is a large, extracellular glycoprotein and has 

tendency to form gel depending on concentrations, temperature and pH. For example, human 

tracheobronchial mucin undergoes gelation at temperatures below 30ºC and at a 

concentration above 14 mg/ml (Bromberg and Barr, 2000; Taylor et al., 2003). However, in 

developing in situ gelling formulations, mucoadhesive polymers are often used which 

interact with mucin and improve the residence time as well as bioavailability of the drugs 

by facilitating the dosage forms to adhere to the mucosal tissues. The non-covalent 

interactions that are formed between the polymer and the glycoprotein components of mucin 
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are mainly chain entanglements, hydrogen bonding and electrostatic interactions (Bansil and 

Turner, 2006). Gellan gum (Shastri et al., 2010), chitosan, guar gum, sodium alginate, 

xanthan gum,  poly (acrylic acid), poly (vinyl pyrrolidone) are widely used as mucoadhesive 

polymers (Mythri et al., 2011) in different formulations.  

In situ gel forming drug delivery systems offer numerous advantages such as ease and 

convenience of administration, improved patient compliance, deliverance of accurate dose, 

reduced frequency of administration, prolonged residence time in contact with mucosa 

(Nirmal et al., 2010) and improved bioavailability (Almeida et al., 2014). Despite having 

several advantages, formulating the in situ gelling systems with poorly soluble drugs is 

challenging. The salt forms of poorly soluble drugs can be used to increase the solubility, 

but may result in gelation of the formulation before administration when formulated with a 

gelling agent that has the tendency to crosslink with salts, such as gellan gum. To overcome 

this challenge, poorly soluble drugs can be added to a formulation as an inclusion complex, 

which will be discussed in detail in chapter 6.  

 Current Techniques to Investigate In situ Gelation  

Evaluating the in situ gelation of an in situ gelling formulation is an important consideration 

to design a successful system. The simplest method is to shake a test tube or vial containing 

the in situ gelling formulation and observe the flow of the system. If the formulation turns 

into a gel, it will not flow and remain in place when inverted.  This method however, does 

not provide any meaningful quantitative data. The most useful technique of measuring 

gelation properties in response to a changing environment such as a change in temperature, 

is to use a rheometer which consists of an upper and lower plate which can be temperature 

controlled. The sample is placed between the upper and lower plates and the upper plate is 

rotated at a controlled rate applying a shear force to the sample (Figure 2.2) allowing 
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viscosity and viscoelasticity to be measured.  

 

Figure 2.2: Conventional rheometer showing the sample between upper and lower 
geometry 

By using a temperature controlled rheometer, thermal transitions of in situ gelling systems 

can be accurately measured, but when the sol-gel transitions are the result of a change in pH 

or ionic strength/species, measurements are considerably more challenging. When the sol-

gel transition is induced by a change in pH change or ionic strength, the systems can undergo 

rapid gelation reactions. This is a problem, because if the pH or ionic strength of the sample 

is changed before loading onto a rheometer, the sol-gel transition may well have occurred 

(within 2/3 minutes (Mahdi et al., 2016)) before the sample can be loaded and therefore 

cannot be measured. Moreover, there is currently no mechanism on commercially available 

rheometers that can induce change of pH or ionic strength in situ despite many other 

modifications that have been applied to the conventional rheometers which have been 

discussed in previous chapter (chapter 01). 
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There are bespoke methods reported in the literature that investigate the gelation of in situ 

gelling polymers. These include loading the gelling material into dialysis tubing and then 

immersing it into a solution containing the required crosslinking ions/pH for various periods 

of time before removing and cutting the gel to an appropriate size for mechanical testing 

using a rheometer (Figure 2.3).  

 

Figure 2.3: Gelation of sodium alginate in the dialysis tubing by immersing into the 
crosslinking ion solution  (Bajpai et al., 2016) 

Another method has been used where two filter papers are impregnated with soluble 

crosslinking ions. The in situ gelling polymer is poured into tissue culture plates and the 

filter papers are placed above and below the polymer (Figure 2.4). Then the polymer is 

allowed to gel for a specific time before the mechanical properties are measured (Mahdi et 

al., 2016). 
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Figure 2.4: Schematic representation of the method of investigating gelation by using 
filter papers 

To explore the real time gelation of such materials, Mahdi et al., (2016) proposed a method 

of using a rheometer where petri dish containing a filter paper soaked with CaCl2 solution 

was securely attached to the lower plate of the rheometer (Figure 2.5). A hydrated dialysis 

membrane was placed on top of the filter paper to prevent the imbibition of the sample by 

the filter paper and samples of the gelling biopolymer (alginate) were loaded on the surface 

of the dialysis membrane. This investigation showed gel formation in alginate occurred over 

the first 3 min of exposure to CaCl2. The increase of gel strength was proportional to the 

concentration of CaCl2. 
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Figure 2.5: In situ rheological measurement of external gelation of alginate (Mahdi et 
al., 2016b) 

Although this method showed that it was possible to monitor the rapid gelation of alginate 

on contact with Ca2+, it does not allow ionic strength or pH to be easily changed, as a fixed 

filter paper is used as the crosslinking reservoir. Also, release of drugs from such systems 

cannot be performed during the rheological analysis. Drug release from such systems is 

usually measured separately following gelation using a Franz diffusion cell which does not 

realistically represent the real life scenario.   

None of the modifications to rheometers or the external gelation methods allow the 

monitoring of gelation and drug release in situ, which is scientifically important, as the 

molecular interplay between the polymer molecules during gelation and the impact that has 

on drug diffusion and subsequent bioavailability are poorly understood. Developing an in 

vitro model (on which the thesis is based) can provide real time correlation between the 

rheological behaviour and drug release following administration which would facilitate 

designing reliable formulations of these innovative dosage forms during the early 

development process.   
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3 Chapter 3: Polysaccharides 

 Introduction to Polysaccharides 

Biopolymers are polymers that are produced by nature. They are composed of repeating 

units of nucleic acids, saccharides or amino acids derived directly from living organisms. 

Also, they can be chemically synthesized from biological materials or engineered from 

microbial sources (Beneke et al., 2009). Because of having numerous functional and 

physicochemical properties, biopolymers are particularly useful in the development of 

pharmaceutical products. Besides, biopolymers exhibit several functional, economic and 

environmental benefits; for example; availability, low cost, ease of fabrication, relatively 

low toxicity, biocompatibility and biodegradability. This versatility has made biopolymers 

suitable for designing conventional and modified release drug delivery systems. They are 

included as excipients in drug formulations to fulfil multifunctional roles to ensure quality, 

safety and efficacy of pharmaceutical formulations (Beneke et al., 2009; Koo, 2011). They 

are frequently used to formulate nanoparticles, microparticles, matrix systems, films, 

implants, inhalable systems and injectables (Beneke et al., 2009; Builders and Attama, 

2011). Biopolymers can be classified into polysaccharides, proteins or peptides and 

polynucleotides (Builders and Attama, 2011). Polysaccharides are the most abundant and 

diverse family of biopolymers (Perez and Kouwijzer, 1999). They are widely used as 

excipients to formulate pharmaceutical dosage forms.  

Polysaccharides are polymeric carbohydrate composed of monosaccharides which are 

covalently linked to each other by a glycosidic linkage. In living organisms, polysaccharides 

exist as a source of energy such as starch and glycogen, and as structural polysaccharides 

that provide support such as cellulose and chitin (Builders and Attama, 2011). Agar, 
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carrageenan, alginate play key role in maintaining the plasticity of the cell wall in marine 

species. In animals, glycosaminoglycans play significant role in building extracellular 

matrix and also maintain the solution properties of physiological fluids. The examples of 

glycosaminoglycans are chondroitin sulphate, hyaluronate, and dermatan sulphate (Perez 

and Kouwijzer, 1999). Table 3.1 shows some common examples of polysaccharides from 

different origins.  

Table 3.1: Examples of polysaccharides from different origin (Ross-murphy et al., 
1998; Aravamudhan et al., 2014) 

Sources of Polysaccharides Examples 

Plant polysaccharides starch, cellulose, pectin, guar 

Marine polysaccharides carrageenan, agarose, alginate 

Animal polysaccharides hyaluronic acid, glycosaminoglycans, 

chitin, chitosan 

Microbial polysaccharides gellan gum, xanthan gum, bacterial 

cellulose 

 

The different properties of polysaccharides allow a wide variety of uses in the food industry, 

tissue engineering and pharmaceutical manufacturing. In food industry, polysaccharides are 

frequently used as thickeners or stabilizers. They are included in a product to create 

reproducible flow properties during manufacturing and throughout the shelf life 

(Kontogiorgos, 2014; Mahdi, 2016). Native polysaccharides and their semi synthetic 

derivatives are widely used in drug delivery applications to regulate the drug release or as a 

carrier in controlled release devices (Jain et al., 2007; Builders and Attama, 2011). Tissue 

engineering and cell delivery are other promising fields where polysaccharides are used to 

make scaffolds and matrices whose structural integrity and mechanical stability closely 

resembles that of tissues and organs (Malafaya et al., 2007).  
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based on the number of sugar units on the backbone of polysaccharides. Polysaccharides 

that consist of single monosaccharide unit are called homopolysaccharides. 

Homopolysaccharides can be distinguished according to the constituent monosaccharide in 

the backbone. For example, homopolysaccharides that are derived from glucose are 

classified as glucans; such as, amylopectin, cellulose, amylose, glycogen and dextran. 

Polysaccharides consisting of more than one sugar units are called heteropolysaccharides. 

They are abundant in both animals and plants. Heteropolysaccharides usually contain a 

regular repeating sequence and these can be linear or branched. The examples of repeating 

pattern of polysaccharides that are commercially used are carrageenan, gellan, alginate, 

agarose (Voet et al., 2006; Mcnaught, 2008; Kontogiorgos, 2014). In both classes of 

polysaccharides, the monosaccharide units can be linear or branched out into complex 

formation (Figure 3.2) (Xie et al., 2016).  

 

Figure 3.2: Classification of polysaccharides into homopolysaccharides and 
heteropolysaccharides; different colour indicates different monosaccharide units ( 
adopted from Xie et al., 2016)  

 



57 

 

 The Conformation of Polysaccharides 

The sequence of monosaccharide units in a polysaccharide chain form a primary structure 

which is a prerequisite for further structural diversion. The conformation of an individual 

sugar unit is relatively fixed in a polysaccharide backbone. The monosaccharides linked 

through the glyosidic linkage have the ability to rotate around the bond with two or three 

torsion angels. As a result, geometrical shapes are formed which are classified as secondary 

structures; such as, ribbon-like, crumbled hollow-helix and loosely jointed. Ribbon-like and 

hollow helix types are most common types of conformation (Figure 3.3). 

Ordered structure and disordered structures are two classes of conformation of 

polysaccharides. The values of torsion angles between the monosaccharides are fixed in 

ordered conformation. The disordered conformation is characterized by continuous 

fluctuation of local and overall chain conformation.  

 

Figure 3.3: Secondary structures of polysaccharides (a) ribbon-like (b) hollow helix 
(Wang and Cui, 2005) 

The interactions between the polysaccharide chains with well-defined secondary structures 

cause the formation of ordered organizations which are classified as tertiary structures. The 
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quaternary structures are another higher level of organizations which involve associations 

of ordered entities (Perez and Kouwijzer, 1999; Cui, 2005). 

 Application of Polysaccharides in Drug Delivery 

Polysaccharides have been widely used for the development of drug delivery systems 

because of their functional versatility. Due to the biochemical similarity with human 

extracellular matrix components, polysaccharides are readily accepted by the body (Shelke 

et al., 2014). The non-toxic, biocompatible nature and physicochemical properties of 

polysaccharides have made them suitable for applications in drug delivery systems (Coviello 

et al., 2007). Many polysaccharides are used in the development of conventional and 

modified release drug delivery systems. Polysaccharides are generally used in immediate 

release formulations as binders, diluents, disintegrants and compaction enhancers. For 

example, starch derivatives (sodium starch glycolate) are used as disintegrants, diluents and 

binders; cellulose derivatives (ethyl cellulose, microcrystalline cellulose, 

hydroxymethylpropyl cellulose) are used as binders in rapid release tablets (Builders and 

Attama, 2011); guar gum is used as thickener, emulsion stabiliser and tablet binder (Beneke 

et al., 2009). 

Polysaccharides are used in modified release drug delivery systems because of their ability 

to improve drug bioavailability by regulating the release of the drugs in the body. 

Polysaccharides have also shown superiority in terms of reducing dosing frequency, 

minimizing the side effects, maintaining continuous therapeutic levels of drug at specific 

target site or in the systemic circulation while used in modified release systems (Tao and 

Desai, 2003). Modified release drug delivery systems can be classified into four categories 

which are delayed release, sustained release, site specific targeting and receptor targeting.  

Delayed release drug delivery systems are designed to delay the release of the drugs at a 
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time other than promptly after administration. Delaying the release of a drug can be 

controlled by time or in vivo environmental conditions such as pH. In oral drug delivery, 

this system is used to release the drugs to the specific sites within the gastrointestinal tract 

(GIT), for example, targeting of drug to the colon. Delayed release of drugs followed by 

immediate release or extended release may be beneficial to delivery of drugs to the target 

sites. The examples of polysaccharides that are widely used in the formulation of delayed 

release delivery systems are chitosan, carrageenan, dextrin, karaya gum, gellan gum, and 

locust bean gum (Builders and Attama, 2011).  

Sustained release drug delivery systems are designed to release the drugs for extended period 

of time after administration. There are several advantages of this system including reducing 

side effects, better patient compliance, improved efficacy, and reduced dosing. Also, there 

is less fluctuation of plasma drug levels in sustained release delivery systems due to reduced 

dosing frequency. Because of having versatile functional and physiochemical properties, 

polysaccharides are extensively used in design and development of sustained release drug 

delivery systems to act locally or systemically for extended period of time (Builders and 

Attama, 2011). For example, cellulose derivatives have been used to formulate monothilic 

matrix systems, pectin has been used in matrix type transdermal patch, alginate has been 

used in preparation of matrices, microparticles, pellets, beads, films, nanoparticles (Beneke 

et al., 2009); gellan gum and alginate have been used to formulate in situ gelling sustained 

release systems because of their physical crosslinking mechanism (Nirmal et al., 2010).  

Site specific targeting systems provide improved overall drug delivery to the target sites. 

These systems offer reduced accumulation of drugs at the non-target sites which causes less 

toxicity. Other advantages include increased efficacy and optimal bioavailability. Site 

specific drug targeting systems are used in cancer chemo-therapy. Polysaccharides are 
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 Gelation of Gellan Gum 

Gelation of gellan gum involves conversion of random coil to double helix state. Gellan gum 

exists as disordered coils at elevated temperature (above 80°C) and converts to helical 

structures upon cooling. The formation of these helical structures exhibit weak gel 

characteristics because of tenuous association of ridged order structure (Robinson et al., 

1991). Helical structures need to be associated into stable aggregates to form true gel. 

Aggregation is formed by suppression of electrostatic repulsion between the gellan helices. 

Suppression can be initiated by either reducing the pH or adding salt to the aqueous media.  

By reducing the pH, glucoronate carboxyl groups lose their charges and negatively charged 

COO¯ converts to uncharged COOH resulting in a gel (Morris et al., 2012). Direct addition 

of acid to gellan gum solutions results immediate ordering and aggregation of the gellan 

helices. This phenomena has been utilized to produce self-structuring formulations such as, 

delayed release oral formulation which takes the advantage of natural digestive process 

(Miyazaki et al., 1999; Bradbeer et al., 2014; Mahdi et al., 2014).  

Introduction of cations in the solution of gellan gum causes further suppression of the 

repulsion between the helices (Figure 3.8). Monovalent cations reduce the effective negative 

charges of the helices by clustering around the negatively charged carboxylates of the 

glucuronic acid residues.  The electrostatic interaction between cations and the carboxylate 

groups act as a trigger for the clustering. The affinity of different monovalent ions to promote 

aggregation and gel formation lies in order of Li+ < Na+ < K+ < Cs+ < H+ (Grasdalen and 

Smidsrød, 1987). The mechanism of gelation is different for divalent cations such as Ca2+ 

and Mg2+, which suppress the repulsion by forming direct bridges between the carboxylate 

groups on adjacent pairs of helices. 
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up potential for different materials to be used depending on their pH sensitivity.  

Several research investigations on pH triggered in situ gelation have been reported. For 

example, an in situ gelling system consisting of gellan gum and clarithromycin has been 

investigated to treat stomach ulcer which is caused by Helicobacter pylori (H. Pylori). Upon 

contact with simulated stomach acid, the formulation formed strong gel and increased the 

residence time by becoming buoyant in gastric fluid. The release of drug was sustained for 

over the period of 8 hours. The in situ gelling formulation showed better effect than 

conventional formulations along with reduced dosing frequency (Rajinikanth and Mishra, 

2008). Patel et al., (2011) also developed oral in situ gelling formulation based on floating, 

formulated with amoxicillin and sodium alginate to treat H. pylori. The aqueous formulation 

underwent gelation in presence of simulated gastric fluid (pH 1.2) and started to float within 

30 seconds. The release of drug was sustained for 10 to 12 hours. Nief et al., (2019) 

developed a pH triggered oral in situ gelling formulation of itraconazole with carbopol 934 

in combination with HPMC, hyaluronic acid and xyloglucan. The formulation was in the 

liquid state at pH range 4.2-5.1 and converted to the gel state at the pH  of the oral cavity 

(pH 6.2-7.6). It showed prolonged residence time in the oral cavity compared with the 

conventional oral gel and provided 80% release of drug over 8 hour period.  

  Ion Induced In situ Gelation 

Charged polysaccharides may undergo in situ gelation in presence of ions. This phenomenon 

has been utilized in designing ion induced in situ gel forming formulations. Monovalent and 

divalent ionic species, such as; H+, Ca2+, K+, Na+, Mg2+ are abundant in physiological fluids 

which attract the oppositely charged polymer molecules. Addition of oppositely charged 

ions suppress the repulsive charges of the polysaccharides resulting in three dimensional 

structure by formation of conformationally ordered junction zones. Thus, the solution turns 
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 Thesis Structure  

This thesis consists of three results chapter and a concluding chapter. 

Chapter 4 is the first of the results chapters which describes the development and rheological 

evaluation of an in situ gel forming ophthalmic formulation. The chapter begins with the 

background of in situ gel forming ophthalmic formulations and the anatomy of the ocular 

system. It demonstrates the methodology of formulating in situ gelling formulations based 

on a commercial product and performing oscillatory rheological analysis to evaluate the 

formulations. Furthermore, interactions between the anionic polysaccharide gellan gum and 

the positively charged drug timolol maleate are investigated and the importance of 

considering drug-polymer interactions when designing drug delivery systems with two 

oppositely charged molecules are discussed. In addition, the design, development and 

validation of the 3D printed rheo-dissolution cell is described in this chapter. 

Chapter 5 builds on the development of the rheo-dissolution cell to simultaneously measure 

rheological changes and drug release of in situ gelling systems on exposure to the 

physiological fluids. The experimental set up of the rheo-dissolution technique is described 

in depth along with the methodology of simultaneous measurement of rheological changes 

and drug release of in situ gelling systems on contact with simulated lacrimal fluid and 

simulated gastric fluid. It also highlights the ability of the rheo-dissolution cell to change the 

chemical environment (pH change) while the experiment is in progress.  

As the formulations in chapter 5 use water soluble drugs, in Chapter 6 a poorly soluble drug 

(flurbiprofen) was investigated. Here, an in situ gelling ophthalmic formulation using 

flurbiprofen-cyclodextrin inclusion complex was developed. This chapter begins with 

addressing the problem of formulating an in situ gelling system of poorly soluble drug as a 
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salt form and offers a method to overcome the problem by formulating as drug-cyclodextrin 

inclusion complex. This chapter presents a background to cyclodextrin and discusses the 

detailed methodology used in developing the formulation. Besides rheo-dissolution studies, 

ex-vivo permeation studies of the formulation using porcine cornea are also discussed.  

Chapter 7 provides a final conclusion with summary based on chapter 4 to 6. It also 

highlights the recommendations for future work.  
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4 Chapter 4: Development and Rheological Evaluation 
of an In Situ Gel Forming Ophthalmic Formulation 

 Introduction 

Ophthalmic drug delivery is one of the most challenging areas to develop drug delivery 

systems because of the unique anatomy and physiology of eye (Lang, 1995). Most ocular 

diseases are treated with topical eye drop formulations which are convenient and relatively 

easy to self-administer for the patient. But the precorneal, dynamic and static barriers restrict 

the delivery of drugs to the targeted ocular tissues. Nasolacrimal drainage, tear turnover and 

reflex blinking also significantly restricts drug permeation (Bourlais et al., 1998; Patel et al., 

2013). Therefore, less than 5% of the applied drug reaches the target sites (Gaudana et al., 

2010). Also, the therapeutic drug levels are not maintained in the target sites for a prolonged 

duration (Patel et al., 2013; Wu et al., 2018). Different approaches have been investigated 

during the past decades to improve bioavailability at the target sites without increasing the 

risk of systemic side effects or damaging the ocular tissues (Gaudana et al., 2010; Rupenthal 

et al., 2011). Polymers have played a vital role in the advancement of ophthalmic drug 

delivery technology by providing controlled release of therapeutic agents in consistent doses 

over prolonged periods for both hydrophilic and hydrophobic drugs (Liechty et al., 2010). 

Poor bioavailability of ophthalmic solutions caused by dilution and drainage from the eye 

can be overcome by using in situ gel forming ophthalmic drug delivery systems prepared 

from polymers that exhibit reversible liquid-gel phase transition (Cohen et al., 1997).  

In situ gel forming ophthalmic systems are formulated as liquid dosage forms (2.5 to 10 ml 

in volume) which can conveniently instil as a solution into the eye. Upon administration, the 

liquid dosage form undergoes transition into a gel phase due to changes in temperature, pH 
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microorganisms and also plays a role in lubricating the eyes. Systemic circulation of the 

drugs used in ophthalmic formulations are inhibited because of conjunctival blood 

capillaries and lymphatics. As a result, ocular bioavailability of the drug is decreased. (Addo 

et al., 2016; Huang et al., 2017).   

The crystalline lens together with cornea, is responsible for the creation of image on the 

retina. Suspensory ligaments attached to the ciliary muscle hold the crystalline lens in place. 

The anterior chamber between the cornea and iris and the posterior chamber between iris 

and crystalline lens, are filled with aqueous humour. The vitreous humour is loose gel like 

substance and fills the cavity between crystalline lens and retina. Both aqueous and vitreous 

humour maintains the intraocular pressure and helps the eyeball to maintain its shape. The 

aqueous humour provides nutrients to the cornea. It also removes the waste from the non-

vascular tissues and nourishes the lens and the cornea (Born et al., 1997; Achouri et al., 

2013). 

 

Figure 4.2: Schematic representation of the corneal barriers to the diffusion of the 
drugs  

The retina is the multi-layered sensory tissue of the posterior segment and consists of 
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vascular, glial cells and nerve fibres. When light enters into the eye, it is focused onto retina 

to form reversed and inverted image. The retina is the major barrier of high molecular weight 

drug molecules (e.g. peptides, oligonucleotides). The external layer of the retina is the 

choroid which consists of a dense capillary plexus, small arteries, veins and blood vessels. 

Nutrients and necessary oxygen is supplied by the choroid to the posterior part of the eye. 

The sclera is the protective outer layer of the eye which is visible. It acts as the attachment 

part for the extraocular muscle and also maintains the intraocular pressure (Warwick and 

Williams, 1973; Almeida et al., 2014; Malavade, 2016; Huang et al., 2017). 

 Lacrimal Fluid 

Lacrimal fluid is an aqueous solution and exists as a film on the surface of the eye. It plays 

a significant role to maintain a healthy eye environment by providing nutrients, removing 

waste and particulates, keeping the eye lubricated and protecting the eye from infection and 

injury. It also creates a smooth and transparent surface on the eye for light to pass through. 

It contains proteins, metabolites, electrolytes and lipids. The tear film consists of three layers 

which are the lower mucous layer, the middle aqueous layer and the upper oil layer. The 

mucous layer is hydrophilic in nature and is secreted by the goblet cells of conjunctiva. It 

maintains the stability of the aqueous layer of the tear film. The aqueous layer protects the 

eye from infection by carrying defensive proteins and antibodies. The fluid of this layer is 

mainly produced by the lacrimal gland. The oil layer is the thin top layer of the tear film and 

is spread over the aqueous layer. It maintains the stability of the tear film and prevents the 

evaporation. The oil of this layer is secreted from the Meibomian glands of the eyelids 

(Milder, 1987; Filik and Stone, 2008). The pH of lacrimal fluid is approximately 7.4 (Fischer 

and Wiederholt, 1982).  
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Timolol maleate (TM) was used as the active molecule to formulate the in situ gel forming 

ophthalmic formulation. It is a non-selective beta adrenergic antagonist. Its chemical name 

is (-)-1-(tert-Butylamino)-3-[(4-morpholino-1,2,5-thiadiazol-3-yl)oxy]-2-propanol maleate 

(1:1) (salt) (Figure 4.4). The molecular weight of TM is 432.50. It is a white, odourless, 

crystalline powder with a melting point 202 ± 0.5 ºC. It is soluble in methanol, water, and 

alcohol (Grunwald, 1986). TM is extensively used in the management of glaucoma which 

is a major cause of blindness in the elderly. Also, it is indicated for the management of 

hypertension as well as in reduction risk of reinfarction in patients who have survived the 

acute phase of myocardial infarction. In tonography and fluorophotometry, it was found that 

this adrenergic receptor blocking agent lowers the intraocular pressure through a reduction 

in the quantity of aqueous humour formation. In addition, it was also shown to increase the 

drainage of aqueous humour from the anterior chamber into the ciliary muscle, further 

reducing intra ocular pressure (Grunwald, 1986; Rathore et al., 2010). 

 Materials and Methods 

 Materials 

Low acyl gellan gum (Gelrite®) (molecular weight 1,000 kg/mol) was purchased from 

Sigma-Aldrich (Poole, UK). TM was purchased from Tokyo Chemical Industry (Oxford, 

UK). Sodium bicarbonate was purchased from Fisher Scientific (Loughborough, UK). 

Calcium chloride dihydrate and sodium chloride were purchased from Sigma-Aldrich 

(Poole, UK). All chemicals were used without further purification.  

 Preparation of Simulated Lacrimal Fluid 

Simulated lacrimal fluid (SLF) was used as a model physiological fluid. Table 4.1 shows 

the composition of SLF which was used to evaluate the in situ gel forming ophthalmic 

formulation of gellan-TM. The solution was prepared by dissolving the correct amount of 
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 Rheological Analysis 

Rheological measurements of gellan alone and gellan in SLF were investigated to determine 

the impact of ions on the gelation behaviour of gellan. In addition, gellan-TM in DI and 

gellan-TM in SLF were also analysed to observe the effect of TM on gelation of gellan. 

Rheological measurements as a function of strain, frequency and temperature were 

performed using a Bohlin Gemini HR Nano Rheometer (Malvern Panalytical, UK) using 

serrated PP 25 geometry with the gap fixed at 1 mm. Silicone oil was added on the periphery 

of the samples to prevent evaporation during the measurement. All rheological experiments 

were performed at 25ºC. 

 Strain Sweeps 

Strain sweeps measurements were conducted to determine the maximum LVR of the sample. 

The measurements were performed within 0.001 to 100 strain and the frequency was 10 

rad/s.  

 Frequency Sweeps 

The moduli of all the formulations were measured in response to increasing oscillatory 

frequency. The angular frequency increased from 1 to 628 rad/s with constant strain of 0.5% 

(0.005). The chosen strain was within the linear viscoelastic region.  

 Temperature Sweeps 

Temperature sweeps of the formulations were conducted to determine the gelation point of 

gellan in presence and absence of ions and TM. Freshly prepared formulations (heated up to 

90ºC) were loaded onto the similarly heated (90°C) lower plate of the rheometer and 

temperature sweeps were performed by cooling at a rate of 2 °C/min from 90°C to 20 °C at 

an angular frequency of 1 rad/s and 0.5% strain. No strain sweeps were required at 90ºC as 
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the gellan is in the disordered form as a solution, and the linear viscoelastic strain of 

biopolymer solutions extends out to approximately 100% strain (Clark and Ross-Murphy 

2009). 

 Gellan -TM Interaction 

TM contains an amino group which has a capability of pH dependent ionization. Therefore, 

to observe the potential interaction between positively charged TM and negatively charged 

gellan, pH of gellan-TM formulation was increased to 10, (which is above the pKa (9.21) of 

the amino group) using 0.1M NaOH and oscillatory rheological analysis as a function of 

temperature was performed using the same method described in 4.5.6.3.   

 In Vitro Release Studies 

In vitro drug release studies of TM from the in situ gel forming formulations were performed 

using the rheo-dissolution apparatus containing 55 ml of freshly prepared SLF. The cell was 

covered with a stainless steel mesh (mesh count 80) and the release media (SLF) was 

magnetically stirred at a speed of 100 RPM. The mesh was securely attached to the cell to 

avoid any disturbance of the sample during the experiments. Two 10 ml syringes were 

attached to the inlet and outlet of the cell to prevent the SLF leaking. The release media was 

maintained at a temperature of 37°C throughout the experiment (Figure 4.6). The 

formulation (1 ml) was placed on the top of the mesh and covered with a solvent trap to 

avoid any evaporation. The release medium in the reservoir was filled until it came in contact 

with the mesh which facilitated the gelation of the formulation when applied to the surface 

of the mesh.  
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Figure 4.6: In vitro release study of gellan -TM formulation using the rheo-dissolution 
cell performed at a temperature of 37°C and 100 RPM 

Samples of SLF (0.5 ml) were withdrawn at 2, 4, 6, 8, 10, 30, 60, 90, 120, 150, 180, 240 and 

300 min from outlet port and replaced with same volume of freshly prepared SLF via the 

inlet port. The collected samples were diluted 10 fold and were analysed using reverse phase 

high performance liquid chromatography (HPLC). Drug release studies were performed for 

formulations prepared at both pH 4.5 and pH 10. All the experiments were done in triplicate. 

 Determination of TM Using HPLC 

Reversed-phase high performance liquid chromatography (HPLC) method was used for the 

determination of TM in the collected samples. The experiments were performed on a 

Shimadzu System equipped with a SPD-20 AV Prominence UV/VIS detector, a LC 20 AT 

pump, and SIL-20A Prominence auto sampler. 

 Chromatographic Conditions and Optimization of Experimental Parameters 

The mobile phase composition for the analysis of TM was optimized using various organic 

solvents including triethylamine, methanol, acetonitrile and water in different compositions. 

The mobile phase composition that resulted in the best resolution and shorter analysis time 
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of the studied compound was selected as the mobile phase for the drug release analysis. The 

selected mobile phase comprised of methanol: 0.2% triethylamine dissolved in HPLC grade 

water (60:40 v/v), pH 2.75 adjusted with 85% phosphoric acid. A flow rate of 1 ml/min was 

used throughout the experiments and the run time was 5 min. C18 HPLC column 

(Phenomenex) was used in the analysis and UV detector sat at a wavelength of 295 nm was 

used to detect TM (Nasir et al., 2011).  The sample (20 µl) was injected onto the column and 

the data was acquired using LC Solution software (Shimadzu system). All the solvents used 

in the experiments were HPLC grade and the reagents were analytical grade. Methanol was 

purchased from Fisher Scientific, Loughborough, UK; triethylamine and phosphoric acid 

were purchased from Sigma-Aldrich, Poole, UK.  

 Calibration Curve Preparation 

The linearity of the proposed method was determined from the calibration curves 

constructed at five concentration levels. Stock solutions of TM were prepared by dissolving 

100 mg in 100 ml of SLF.  The concentrations of the standard solutions were between 10 

µg/ml and 50µg/ml and were analysed by HPLC using the experimental parameters 

described above. All the solutions were analysed in triplicate. Calibration curves were 

constructed by plotting the area under the curve (AUC) with respect to their respective 

concentrations using linear regression analysis. The slope (m), intercept (b), and correlation 

coefficient (r) were calculated from the regression equation.  The linearity was assessed by 

linear regression (R2 of 0.999). The limit of detection (LOD) and limit of quantification 

(LOQ) for the analytes were also quantified. LOD and LOQ are important parameters which 

are used to describe the smallest concentrations of a sample that can be reliably measured 

by an analytical procedure. LOD is defined as minimal concentration of analyte that can be 

detected with a certain degree of confidence and LOQ is defined as the minimal 
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Table 4.3: List of samples and their preparation for FTIR analysis 

Samples Sample Preparation 

Gellan dry powder Gellan dry powder without further 

purification 

TM dry powder TM dry powder without further 

purification 

Dry mix Mixture of gellan and TM dry powder 

Gel at 0 hour (pH 4.5) In situ gel of gellan-TM formulation of pH 

4.5  collected prior to the release study 

Gel at 5 hour (pH 4.5) In situ gel of gellan-TM formulation of pH 

4.5 collected after 5 hours of release study 

Gel at 0 hour (pH 10) In situ gel of gellan-TM formulation of pH 

10  collected prior to the release study 

Gel at 5 hour (pH 10) In situ gel of gellan-TM formulation of pH 

10  collected after 5 hours of release study 

 

The collected gel samples placed in 5 ml vials and stored in a freezer at -20ºC for 12 h. The 

frozen samples were then dried using a (Christ Alpha 2-4 L Dplus) freeze drier. The drying 

procedure was performed for 24 hours at -84.6ºC with the vacuum set at 0.001 mbar. The 

collected freeze dried samples along with powder standards (gellan, TM and dry mix) were 

then analysed using FTIR. 

 Replacing Gellan with Non Ionic Polysaccharide 

To investigate the hypothesis that electrostatic interactions between gellan and TM could 

potentially impact on release of TM, gellan was substituted with a non-ionic polysaccharide 

and in vitro release studies were performed. Agarose was chosen as a non-ionic 

polysaccharide because it is experimentally well studied and undergoes a rapid sol-gel 























108 

 

 

Figure 4.14: Calibration curve of TM at 295 nm by RP-HPLC Method; Values 
represent mean ± SD (n=3).  

Table 4.5: HPLC method validation for the determination of TM 

Range (µg/ml) 0 to 50 

Regression equation y = 46857x+52937 

Correlation Coefficient 0.998 

Retention time (min) 3.10 

LOD(µg/ml) 3.22 

LOQ(µg/ml) 10.73 

 

 Drug Release 

The drug release profile of the formulation at pH 4.5 showed an initial average release of 

4.45 (± 2.64) % of the drug at 2 minutes following which release continued to rise gradually 

(Figure 4.17). Average drug release was 47.56 % (± 5.51) at the end of 150 min and remained 

plateaued until the end of the test. A drug release study was also performed for the 

formulation at pH 10 (Figure 4.17) which showed initial burst release of 10.33 % (± 1.08) 

and showed significantly higher release (p < 0.05) than the formulation of pH 4.5. Moreover, 
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Figure 4.16: FTIR spectra of (A) gellan (B) TM (C) dry mix of gellan-TM (D) gel at 0 
hour pH 4.5 (E) gel at 5 hour pH 4.5 (F) gel at 0 hour pH 10 (G) gel at 5 hour pH 10 
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 Release of TM from Agarose 

To observe the potential impact of gellan -TM interaction on TM release, gellan was 

replaced with 0.4% agarose and drug release study was performed (Figure 4.19). Initial burst 

release was observed at 5 min (9.30 ± 6.38 %) which increased gradually to 35.87 % (± 

8.25) after 1 hour.  

 

Figure 4.17: Release profile of TM from in situ gel forming ophthalmic formulation of 
agarose (0.4%) and TM (6.8 mg/ml) performed in the rheo-dissolution cell containing 
SLF (pH 7.5) stirred at 100 RPM at a temperature of 37ºC. Values represent mean ± 
SD (n=3) 

The drug continued to be released from the gel until the end of the test when 67.02 % (± 

4.03) of the drug was released at 5 hours (300 min). In comparison to the release from the 

gellan formulation (pH 4.5) (Figure 4.17), release of TM from the agarose formulation was 

significantly higher (p < 0.05) and no plateau was observed in the data. 

 

 











117 

 

bonding between the TM and the gellan. The many hydroxyl groups on the gellan chains are 

potential hydrogen bond donors which could interact with the hydrogen bond acceptors on 

the TM (Andrews et al., 2009; Marsac et al., 2009). Duxfield et al., (2016), developed 

polymeric nanoparticles of gatifloxacin where cationic Eudragit was used as the polymer. 

Slow release of gatifloxacin was observed, which was thought to be due to hydrophobic 

interactions between drug and polymer. Also, electrostatic interactions between the 

quarternary ammonium groups of Eudragit and the carboxyl group of gatifloxacin further 

prevented the release of drug. 

However, the electrostatic interactions between the protonated amino group of TM and 

anionic materials have been previously reported. Joshi et al., (2009) reported incomplete 

release of TM from a formulation where montmorillonite was used as a drug delivery 

system. Electrostatic interactions between the protonated amino groups of the TM and the 

anionic charges at surface of montmorillonite led to partial drug release (43-48%). Bonferoni 

et al., (2004) utilized the interaction between anionic polymer carrageenan and cationic drug 

TM to control the drug release. Rozier et al., (1989) reported incomplete release of TM 

following 6 hours submerged 650 ml of SLF from an ophthalmic vehicle of gellan. When 

gellan was replaced with non-ionic polysaccharide agarose, increased release of TM was 

observed (Figure 4.20). This is thought to be due to the absence of interaction between 

agarose and TM. As agarose is a non-ionic polysaccharide, no electrostatic interaction 

occurred between the positively charged amino group of TM and uncharged agarose, 

however, as the release was slow and also incomplete following 5 hours further supports 

potential hydrophobic interactions occurring between the TM and the polymer. 

The drug-polymer interactions therefore, can directly influence the characteristics of drug 

delivery systems including the release behaviour. So, the drug-polymer interactions are of 
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great importance in designing a drug delivery system in particular when using charged 

polysaccharides and oppositely charged drugs.  

  Conclusion  

This study has demonstrated the gelation behaviour of gellan (as the gel former) on contact 

with SLF which is a key to the successful formulation of in situ gel forming ophthalmic drug 

delivery systems. This study has shown the development of rheo-dissolution cell which can 

replace the conventional lower plate of a rheometer to perform rheological measurement of 

in situ gelling systems on exposure to physiological fluid. Also, this can be used as a 

modified dissolution apparatus to study drug release. However, the impact of TM on gelation 

behaviour of gellan has been demonstrated here which showed the existence of interactions 

between TM and gellan. The release data supported the finding by showing incomplete 

release of TM from the in situ gel which is thought to have occurred as a result of 

electrostatic interactions between the negatively charged gellan and positively charged TM. 

Therefore, drug polymer interactions should be an important consideration when designing 

in situ gelling formulations especially when using charged polymers with oppositely charged 

drugs. 
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5 Chapter 5: Development of a Model for Simultaneous 
Measurement of Rheology and Dissolution for In situ 

Gel Forming Drug Delivery Systems  

 Introduction  

In the previous chapter, a 3D printed rheo-dissolution cell was developed and tested for the 

ability to work as a lower plate of a conventional rheometer. Also, it was tested separately 

as a reservoir to perform drug release measurements. In this chapter, the methods of 

measuring rheological changes and release of drug have been tested simultaneously (rheo-

dissolution) with an in situ gel forming ophthalmic formulation of gellan-TM that was 

developed in chapter 4. Also, to highlight the versatility of the rheo-dissolution method, an 

in situ gelling oral formulation was tested. Sol-gel transitions triggered by changes in pH or 

ionic strength tend to occur rapidly and are therefore considerably more challenging to 

measure as discussed in chapter 1 to 3. Besides, the conventional methods of measuring drug 

release from in situ gelling systems are always performed without observing the impact of 

gelation on drug release. This is despite the fact that release of drugs from in situ gelling 

systems is generally governed by drug diffusion through the polymeric material and/or by 

erosion/dissolution of the gel. The rate of drug release therefore, is strongly related to the 

gel properties such as, gelation kinetics, gel strength and gel dissolution (Sako et al., 1996; 

Roshdy et al., 2001). So, by designing a method of analysing rheological changes while 

measuring the release of active molecules in situ can be beneficial when designing in situ 

gelling systems.  

In this work, rheo-dissolution experiments of in situ gelling formulations were conducted 

on exposure to two different physiological fluids.  Experiments using the ophthalmic 
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formulation of gellan-TM (developed in chapter 4) were conducted on exposure to simulated 

lacrimal fluid whereas studies on the oral formulation were performed on exposure to 

simulated gastric fluid. It is important to understand the concept of anatomy of the 

physiological system on which the drug delivery is based. The concepts of in situ gel forming 

ophthalmic formulations and anatomy of the ocular system have been discussed in chapter 

4. The concepts of in situ gel forming oral formulation and anatomy of the gastrointestinal 

system will be discussed in this chapter before proceeding to the experimental parts.  

 In Situ Gel Forming Oral Drug Delivery Systems 

Oral drug delivery is the most convenient and preferred route of drug administration due to 

flexibility in the dosage form design, ease of production, cost effectiveness, high patient 

compliance and flexible dosing schedule. Orally administered drugs are exposed to variable 

pH of the gastrointestinal tract (GIT) where the pH varies from highly acidic in stomach (pH 

1 to 3) to neutral or slightly alkaline in the small intestine (pH 6 to 7.5) (Liu et al., 2017). 

Exposure of drugs to these pHs may result in oxidation, hydrolysis or deamidation of drugs 

(for example protein drugs). To achieve adequate bioavailability is another challenge of 

orally administered drugs (Sood and Panchagnula, 2001; Choonara et al., 2014). To 

overcome these barriers, pH responsive polymeric systems are widely used and have been 

proven to increase the stability of drugs in the stomach along with release of drugs in a 

sustained manner (Liu et al., 2017). pH triggered in situ gelling oral drug delivery systems 

have been major research focus which use pH responsive polymer as in situ gelling agents. 

Alginate has been considered as an attractive material to formulate such delivery systems 

because of its ability to undergo gelation at acidic pH and break into a soluble viscous layer 

at intestinal pH (Kulkarni et al., 2001).  
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In this work, the oral in situ gelling formulation was formulated using metronidazole (200 

mg/5 ml) and 2% alginate as an in situ gelling polymer. It was apparent on visual observation 

that 2% alginate had sufficient viscosity and was easily pourable. Also, the use of the same 

concentration of alginate has been reported in several published papers (Patel et al., 2011; 

El Maghraby et al., 2012; Szekalska et al., 2018). Rheo-dissolution study of this formulation 

was investigated over two different pHs (acidic and alkaline) to evaluate the impact of 

variations in gastric pH on rheology and drug release behaviour. However, to design an in 

situ gel forming oral drug delivery system successfully, it is important to consider 

gastrointestinal anatomy.  

 Gastrointestinal Anatomy and Physiology 

GIT, also called the alimentary canal, consists of the digestive system structures and the 

accessory organs. The system is approximately 10 meters long and can be divided into two 

parts; the upper GIT and the lower GIT (Peate, 2018). The contents of GIT vary widely in 

volume, viscosity, composition and pH (Schanker, 1960) which affect the absorption of 

drugs from the GIT. 

The upper GIT is composed of oral cavity, salivary glands, oesophagus, stomach and small 

intestine (duodenum, jejunum and ileum) (Figure 5.1). The key functions of upper GIT are 

to transport the swallowed food, enzymatic digestion of the food and absorption of nutrients. 

The upper GIT also plays a role in protective barrier function against the external 

environment. The oral cavity is the first portion of upper GIT and the process of digestion 

begins here. Salivary glands produce saliva from the clusters of cells and it flows from the 

salivary glands into the collecting ducts. Saliva contains approximately 99% water and a 

variety of electrolytes which are potassium (19.5 mmol/L), calcium (1.32 mmol/L), sodium 
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(5.76 mmol/L), magnesium (0.2 mmol/L), phosphate (5.7 mmol/L), bicarbonate (5.5 

mmol/L) and chloride (16.40 mmol/L) (Whelton, 1996). It also contains enzymes, mucosal 

glycoproteins, polypeptides, oligopeptides and traces of albumin (De Almeida et al., 2008). 

The normal pH of saliva is 6 to 7 (Humphrey and Williamson, 2001).  

 

Figure 5.1: Schematic diagram of anatomy of human GIT with varying pH 

 Oesophagus 

Oesophagus extends from laryngopharynx to the stomach and is approximately 25 cm in 

length and 2 cm in diameter. It is a thick-walled structure composed of multiple layers and 

organized as a muscular tube surrounding a hollow central lumen. It transports the 

masticated and swallowed material (also called bolus) from the pharynx to the stomach. The 

pH of oesophagus lumen ranges from 5 to 6 (Patti et al., 1997; Ashford, 2007). 
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 Stomach 

The stomach is the dilated portion of the GIT and is located on the left side of the upper 

abdomen. The main responsibility of stomach is to store and process the food into chime 

and deliver to the duodenum (Treuting et al., 2017; Peate, 2018). It is approximately 0.2 m 

in length with a surface area of 0.2 m2 (Minami and Mccallum, 1984). The stomach is 

divided into four anatomic regions which are cardia, fundus, body and antrum.  The fundus 

and the body of the stomach cause compaction of the stomach contents by contracting the 

muscle walls (Hoichman et al., 2004). Gastric acid is a digestive fluid that is formed in 

stomach and plays significant role in digestion. The main constituent of the gastric fluid is 

hydrochloric acid (~ 0.1M) which is produced by the parietal cells of the gastric glands. 

Other constituents are pepsin (secreted in the form of pepsinogen), gastrin, mucus and 

gastric lipase. The pH of the gastric fluids ranges from 1 to 3 (Ashford, 2007; Liu et al., 

2017) Approximately 1.5 Litres of gastric acid is secreted daily by a typical adult human 

(Dworken, 2016). The pH of the stomach depends on the amount of HCl secreted and on the 

fed or fasted state of the person. The pH is usually between 1 and 3 under fasted conditions. 

Under fed conditions, the gastric fluid is less acidic with the pH ranging between 3 and 7. It 

takes approximately 2 to 3 hours to return the fed state gastric fluid pH to fasted state pH 

(Ashford, 2007; Bowles et al., 2010; Batchelor et al., 2013).  

The pyloric sphincter plays a key role in releasing the stomach contents into the small 

intestine through relaxation. Migrating motor complex (MMC) and digestive motility 

pattern control the gastric transition. MMC is cyclic waves of electrical activity which 

triggers the recurring motility pattern of peristalsis occurring in stomach and small intestine. 

MMC can be divided into 4 phases starting from phase I which is also called basal phase. It 

lasts for 45 min to an hour and phase II lasts for 40 to 60 min (Minami and Mccallum, 1984). 
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Low mechanical activity of stomach is observed in these two phases whereas phase III (burst 

phase) consists of intense regular contraction but it lasts for only 4 to 6 min. Phase III helps 

to empty the stomach contents into the small intestine. Phase IV lasts for maximum 5 min 

due to declining the stomach activity between phase III and I. It takes approximately 90 to 

120 min to complete a cycle (Soppimath et al., 2001; Pawar et al., 2011). 

Gastric emptying of pharmaceutical dosage forms depends on the active cycle of the 

stomach at the time of administration with emptying times ranging from 5 to 120 min 

(Ashford, 2007). Delayed gastric emptying is useful for the drugs that are absorbed mainly 

from the stomach. Solids and larger particles are emptied from the stomach more slowly 

whereas liquids and small particles are easily transferred into the small intestine (Conway, 

2005). When in situ gelling formulations are administered orally, they undergo acid gelation 

in the stomach and are transformed into solid gel which is emptied from the stomach more 

slowly. Therefore, in situ gelling in the stomach can be a useful strategy to increase retention 

time and therapeutic effects of the drugs. 

 Small Intestine  

The small intestine starts from the pyloric sphincter of the stomach and ends at the ileocecal 

junction where it attaches to the large intestine. The length of small intestine is 

approximately 4 to 5 m (Ashford, 2007). The duodenum is the first section of small intestine 

and is about 25 cm long. It is responsible for the breakdown of food with the use of enzymes. 

The duodenum controls the rate of emptying of stomach and proceeds to the jejunum and 

ileum. The jejunum has a thicker wall and is about 0.9 meters long. It runs from duodenum 

to ileum (Young et al., 2013). The duodenum and jejunum are responsible for the absorption 

of most carbohydrates and proteins. The longest segment of the small intestine is ileum and 
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is about 1.8 meters long. It has more mucosal folds than the jejunum. It is responsible for 

the absorption of bile salts, fat soluble vitamins and vitamin B12. The absorption of most 

fluids and electrolytes take place in the ileum and the large intestine. (Jeejeebhoy, 2002; 

Young et al., 2013). The intragastric pH rapidly changes from highly acidic to approximately 

pH 6 in the duodenum (Fallingborg, 1999) and it continues to rise gradually to about 7 to 8 

in the terminal ileum. The small intestine is the main site of drug uptake from orally 

administered dosage forms and the transit time of small intestine has an impact on drug 

bioavailability especially in controlled release systems (Ashford, 2007). The intestinal 

transit time is usually quite consistent and unaffected by the presence of food in stomach, 

gastric emptying and size or physical states of the dosage forms. The transit time is usually 

3-4 hours in most of the people (Davis et al., 1986).  

 Large Intestine 

The lower GIT consist of large intestine (caecum, colon, rectum and anus). The large 

intestine is approximately 1.5 meters in length and has a smooth inner wall. The food residue 

containing very low nutrients enters to the caecum. The large intestine turns the food residue 

into semi solid faeces by absorbing water (Peate, 2018). Mucus is secreted from the large 

intestinal mucosa to ease the passages of faeces and protects the colonic walls. The transit 

time of drugs depend on the type of dosage forms, disease state, frequency of defecation and 

eating habits; it usually varies between 2 to 48 hours (Ashford, 2007). The pH drops to 5.7 

in the caecum and increases to 6.7 in the rectum (Fallingborg, 1999).  
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 Metronidazole 

 

Figure 5.2: Chemical structure of metronidazole (Diós, 2015)  

Metronidazole (MNZ) was used as the drug in this work to formulate an in situ gel forming 

oral drug delivery system. It is a synthetic derivative of nitroimidazole with antibacterial and 

antiprotozoal activities. The chemical name is 2-(2-methyl-5-nitroimidazol-1-yl) ethanol 

(Figure 5.2). The molecular weight is 171.156 g/mol. It is a crystalline powder that is white 

to pale yellow in colour. The pKa of metronidazole is 2.38. Obligate anaerobic organisms 

take the unionized MNZ which is then reduced by specific proteins and turns into an active, 

intermediate product. Reduced MNZ inhibit the bacterial cell growth by breaking the DNA 

strand. It is primarily used in the treatment of H. pylori infection (Salcedo and Al-Kawas, 

1998). Besides, it is used to treat trichomonas infection and vaginitis. It is also highly 

effective in the treatment of periodontal disease (Slots and Rams, 1990) and intestinal 

amoebiasis (Krishnaiah et al., 2002).  

MNZ is usually absorbed 80-90% by oral route and the oral bioavailability is above 90% 

(Turgut and Özyazici, 2004). It reaches a plasma concentration of approximately 10 µg/ml 

in about 1 hour after administration of a single dose of 500 mg (Lau et al., 1992). For oral 

administration, MNZ is usually marketed as tablets with a potency of 250, 400 and 500 mg 
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or capsule of 375 mg. It is also available as of 200 mg/5 ml oral suspension.  But low 

therapeutic activity due to short gastric residence time and poor accessibility of MNZ at the 

site of actions are the obstacles to treat the disease (for example; H. pylori infection). Several 

sustained release formulations such as, beads (Ishak et al., 2007; Adebisi and Conway, 

2014), in situ gelling raft systems (Youssef et al., 2015), in situ gelling floating formulations  

(Thomas, 2014) of MNZ have been reported in combination with alginate to improve the 

efficacy with sustained release of MNZ in the stomach in the treatment of H. pylori infection. 

So, in this study, MNZ was selected as a drug because of its ability to eradicate H. pylori in 

the stomach while using a formulation that contained alginate. Also, an in situ gel of alginate 

formed in the stomach could potentially increase the residence time of MNZ in the stomach 

enhancing therapeutic activity.  

 Materials and Methods 

 Materials  

Sodium alginate and was purchased from Sigma-Aldrich, (Poole, UK). The M:G ratio of 

sodium alginate was 0.39:0.61 and molecular weight was 120,000-190,000 g/mol. Sodium 

bicarbonate was purchased from Fisher Scientific (Loughborough, UK). Low acyl gellan 

(Gelrite®), calcium chloride, sodium chloride, sodium hydroxide, hydrochloric acid (37.5%) 

and metronidazole were purchased from Sigma-Aldrich (Poole, UK). Timolol Maleate was 

purchased from Tokyo Chemical Industry (Oxford, UK). All chemicals and drugs were used 

without further purification.    

 Preparation of In situ Gel Forming Ophthalmic Formulation 

A 0.5% gel forming eye drop solution was prepared based on marketed formulation 

(Timoptol LA®) which contained 6.8 mg/ml TM and 0.4% gellan. TM was dissolved in the 







130 

 

had been soaked in DI water and was placed on the surface of the mash where samples were 

loaded.  

 Rheo-Dissolution Measurements for In situ Gel Forming Ophthalmic 

Formulation 

Rheo-dissolution experiments were performed using Kinexus rotational rheometer where 

the rheo-dissolution cell replaced the lower plate of the rheometer. Two pieces of silicone 

tubing was attached to the inlet and outlet of the rheo-dissolution cell and was connected to 

a circulating peristaltic pump with a flow rate of 1ml/min. The pump was used to enable 

continuous flow of SLF in the reservoir and the flow rate was sufficient to maintain sink 

conditions (presence of sufficient dissolution media in the reservoir to ensure unimpaired 

dissolution of drug). It also facilitated sampling during the experiments. A 3-way sampling 

port was used to collect and replace the samples and was attached to the tubes. The 

circulatory system consisted of the cylindrical reservoir (55 ml) and the silicone tubing (45 

ml) was capable of holding 100 ml volume. A stainless steel woven wire mesh (mesh count 

80) with an aperture of 180 µm was securely attached to the top of the reservoir. The selected 

aperture was sufficient to prevent any sample passing through the mesh. The secure 

attachment of the mesh to the cell prevented any disturbance of the sample during the 

experiments. Figure 5.4 shows the cartoon representation of the experimental set up of the 

rheo-dissolution cell with the circulating pump and sampling port.  

To begin the experiment, 90 ml of SLF was added to the circulatory system. The level of 

fluid was below the mesh and allowed space to accumulate a further 10 ml more fluid before 

it would come in contact with the mesh. Once the circulatory system had settled, a 40 mm 

serrated parallel plate geometry was attached to the rheometer.  
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Figure 5.5: (A) Schematic demonstrating of the experimental set up of rheo-dissolution 
cell with the conventional rheometer in the laboratory (B) rheo-dissolution cell 
attached to the lower plate of rheometer prior to loading sample and (C) rheo-
dissolution experiments in process 

0.5 ml of samples were collected through the sampling port at regular time intervals (2, 4, 

6, 8, 10, 30, 60, 90, 120, 150, 180 min) and were replaced with same volume of fresh SLF. 

To ensure the continuous contact of SLF with the sample, the volume of SLF was maintained 

100 ml throughout the system. All the experiments were performed in room temperature and 

were done in triplicate. Collected samples were then analysed for the drug released from the 

gels using HPLC according to the method described in 4.5.7.2.  

To validate the rheo-dissolution method against the conventional dissolution testing, release 

studies were performed using a dissolution bath containing 100 ml of SLF. The solution was 
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magnetically stirred at a speed of 100 RPM and a temperature of 37°C was maintained 

throughout the experiment. The same sampling regime was applied as used in the rheo-

dissolution experiments.   

 Effect of Gellan Concentrations on Rheology and Drug Release 

Rheological properties of a gel depends on the polymer concentration (Farahnaky et al., 

2010) which also plays significant role in drug diffusion. An investigation was performed to 

analyse the effect of concentration of gellan on the rheological behaviour and diffusion of 

TM from the gel. Rheo-dissolution experiments were conducted for three formulations 

containing three different concentrations of gellan and 6.8 mg/ml TM. 

 Preparation of the Formulations            

Three in situ gelling formulations of gellan-TM were prepared using three different 

concentrations of gellan (0.3%, 0.6% and 0.8%). TM (6.8 mg/ml) was dissolved in the DI 

water at room temperature. Required amounts of gellan was added at 85°C while stirring the 

solution in magnetic hot plate stirrer. The stirring was stopped when gellan was completely 

dissolved. The formulations were allowed to cool to room temperature prior to further 

analysis.  

 Rheo-Dissolution Measurements 

Rheo-dissolution experiments of three formulations were performed using the experimental 

setup described in 5.3.6. The experiments were performed in triplicate for each formulation 

and the collected samples were analysed using HPLC according to the method described in 

4.5.7.2. 
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Figure 5.8: Rheo-dissolution experiments showing the progression of the moduli (G' 
and G") and comparison between the TM release performed in rheo-dissolution cell 
(0.5% strain, 1 rad/s frequency); and in dissolution bath at 37ºC (100 RPM)    

To validate the rheo-dissolution method against conventional dissolution testing, release 

studies were performed using a dissolution bath using the same sampling regime (Figure 

5.8).Initial release of 12.07 (± 2.85) % TM was observed in 10 min which increased 

gradually to 44.39 ± 2.72 % at 120 min after which the release slowed and 47.42 (± 2.96) % 

TM was released at 180 min. Release of TM from dissolution bath showed no significance 

difference (p > 0.05) when compared to the release data obtained from rheo-dissolution 

experiment (Figure 5.8). 

 Effect of Gellan Concentrations on Rheology and Dissolution of the Drug 

The simultaneous measurements of rheological changes and drug release were also 

performed for 3 other different concentrations of gellan to investigate the impact of 

increasing gel strength on drug release. The formulation containing 0.3% gellan (Figure 
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Figure 5.9: Rheo-dissolution experiments of in situ gel forming ophthalmic 
formulations containing 6.8mg/ml TM and (A) 0.3% (B) 0.6% (C) 0.8% gellan 
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 Development of UV-Vis Spectrophotometric Method for the Estimation of 

MNZ 

The absorbance of MNZ standards were measured at a wavelength of 277 nm to generate a 

calibration curve (Figure 5.10) which was used to determine the concentration of MNZ in 

the collected samples. The linearity of this analytical procedure was determined by the 

correlation coefficient (R2). It is the ability of the analytical procedure within a given range 

to attain the test results which are directly proportional to the amount of analyte used for the 

test (Mahdi, 2016). The constructed calibration curve was linear over the concentration 

range of 2-10 µg/ml (R2 = 0.999). For accuracy and precision, the RSD for all samples were 

within the satisfactory range. The method validation data of the MNZ assay are presented in 

Table 5.2. 

 

Figure 5.10: Mean calibration curve of MNZ measured at 277 nm. All data represent 
mean ± SD (n=3) 
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.   

Figure 5.11: Rheo-dissolution experiment of in situ gel forming oral formulation 
containing MNZ (200mg/5ml) and 0.2 % sodium alginate at (A) pH 1.2 (B) pH 1.2 and 
8.0 (0.5% strain, 1 rad/s frequency and 25ºC) 
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Figure 5.14: Zero order kinetic modelling of the release data obtained from rheo-
dissolution experiments performed at (A) pH 1.2 (B) pH 1.2 and 8 (C) pH 1.2 (up to 
120 min) (D) pH 1.2 and 8 (up to 120 min; before changing the media to pH 8) (E) pH 
1.2 (150 to 420 min) (F) pH 1.2 and 8 (150 to 420 min; after changing the media to pH 
8).  
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Figure 5.16: Release of TM at 180 min with increasing gellan concentrations from 0.3% 
to 0.8% 

Although the gel strength significantly (p < 0.05) affect the release of TM from the in situ 

gelling formulations of gellan-TM, but it may not be a critical factor to control TM release 

as potential electrostatic interaction could occur between positively charged TM and 

negatively charged gellan which has been described previously in 4.7. The release study of 

TM from the formulation containing 0.4% gellan performed in dissolution bath (Figure 5.9) 

also showed incomplete release and was comparable with Figure 5.8. The molecular 

interplay between the polymer molecules during sol-gel transition has an impact on the 

release of drug and subsequent bioavailability. It is poorly understood especially in 

ophthalmic formulations. However, utilizing this in vitro technique can provide real time 

correlation between rheological behaviour and release of drug from in situ gelling 

ophthalmic formulation upon exposure to SLF.  







156 

 

behaviour in various physiological environments and assess the subsequent impact on drug 

release. This technique could be utilised in early stages of the development process to design 

more efficient in situ gelling formulations and can be modified to target to different 

physiological sites on exposure to different physiological fluids (such as saliva, lung fluid, 

nasal fluid). Moreover, this technique could be utilised in any systems, beyond that of 

pharmaceutical formulations, where polymers undergo rapid or slow gelation in presence of 

metal ions, changes in pH or by small molecule cross linkers and release an entrapped 

compound.  
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6 Chapter 6: Formulating an In Situ Gelling System of 
Poorly Soluble Drug for Optimizing Ophthalmic 

Delivery 

 Introduction 

Poor bioavailability is an obstacle for drugs to reach a therapeutic concentration level at the 

target site. When the target site is intra ocular, the challenge is greater because of the 

distinctive anatomy and physiology of the eye (Lang, 1995). Pre corneal clearance via 

blinking and nasolacrimal drainage can cause poor bioavailability of ophthalmic solutions 

in the eye (Cohen et al., 1997). Over the past few decades, in situ gel forming ophthalmic 

drug delivery systems have been a major research focus for offering improved 

bioavailability of the active ingredients at the surface of the eye. These formulations undergo 

sol-gel transition in response to the changes in pH, temperature or ions present in lacrimal 

fluid which has been described in the previous chapters.  

Poor water solubility of drugs and subsequent low bioavailability, has been attributed to the 

majority of the failures in new drug development. Approximately 90% of current pipeline 

drugs and 40% drugs with market approval are poorly water-soluble (Kalepu and Nekkanti, 

2015). However, poorly soluble drugs, despite of potential useful therapeutic effects, are not 

suitable to incorporate in in situ gelling systems because of the aqueous based gelling 

formulations and low volumes administered. The administered drugs must exhibit sufficient 

solubility to diffuse into the eye in order to make such formulation successful (Loftsson and 

Stefánsson, 2017). The salt form of poorly soluble drugs can improve the solubility but can 

subsequently interact with the ionotropic gel formers such as gellan resulting in gelation 

before administration or increasing the viscosity of the formulation. For example, 
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Flurbiprofen (FBP) is an arylpropionic nonsteroidal anti-inflammatory drug (NSAID) and 

considered as Class II drug with low water solubility and high permeability according to 

Biopharmaceutic Classification System (BCS) (Cirri et al., 2005). In commercialized anti-

inflammatory eye drop Ocufen®, sodium salt of FBP is used to enhance the solubility of FBP 

which is difficult to formulate as an in situ gelling formulation using gellan because of the 

tendency of gellan to undergo gelation by crosslinking with sodium ions.  

To increase the solubility of poorly soluble drugs, a number of other strategies have been 

employed such as, formulating as nanogels to increase the residence time of drug on the 

target site, using solubilizing systems such as microemulsions and liposomes to enhance the 

solubility (Loftsson and Stefánsson, 1997) and using drug-cyclodextrin complexes to 

increase the bioavailability, stability and solubility of the ophthalmic drugs (Loftssona and 

Järvinen, 1999; Felton et al., 2014). In recent years, cyclodextrin (CD) complexes have been 

employed successfully to improve solubility and rate of dissolution (Cirri et al., 2005). CDs 

are cyclic oligosaccharides having hydrophilic outer surface and hydrophobic/lipophilic 

internal cavity. The hydrophobic inner cavity forms inclusion complex with poorly soluble 

drugs by allowing the drug molecules to enter into the cavity (Loftsson and Brewster, 2010; 

Felton et al., 2014).  

In the present study, FBP was investigated as a poorly soluble drug and CD was used to 

create a drug-CD inclusion complex to increase the solubility of FBP. Gellan was added as 

a gel former in the solution of the complex to formulate an in situ gelling ophthalmic 

formulation. Simultaneous measurements of rheology and drug release were performed 

using the rheo-dissolution method described in chapter 5 and an ex-vivo permeation study 

was performed using a porcine corneal model.  
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analysing the concentration dependencies (Loftsson and Brewster, 2010). Complexation of 

CD and drug is a dynamic process and drug molecules continuously associate and dissociate 

from the CD. Values of association and dissociation rate constants range from 107 to 108 M-

1 s-1 and 105 s-1 respectively (Stella et al., 1999). The initial equilibrium to form the complex 

is very rapid and takes place within minutes. The shifting of the initial equilibrium to the 

completed formation of the inclusion complex takes longer time to attain because it involves 

energetically favourable interactions such as displacement of the polar water molecules from 

the CD cavity, increased hydrogen bonds as a result of returning back of the water molecules 

to the aqueous environment, reduction of repulsive interactions between the water molecules 

and drug, and an increase in the hydrophobic interactions due to the drug entering into the 

nonpolar CD cavity. Once inside the CD, the drug molecule makes conformational 

adjustments utilizing existing weak van der Walls forces within the cavity to optimise 

inclusion complexation  (Valle, 2004).  

A variety of techniques can be used to form the inclusion complex. The techniques depend 

on several factors such as, properties of the active ingredient and other formulation 

ingredients, the equilibrium kinetics, formulation process and desired final dosage forms. 

The common techniques include mixing in solutions and suspensions followed by suitable 

separation, simple dry mixing, preparation of pastes and other thermo-mechanical 

techniques (Valle, 2004). Simple dilution is the major driving force to release the drug from 

drug-CD complexes. There are some other mechanisms which also contribute to release the 

drug rapidly from the complexes such as, drug-protein binding, competitive binding and 

direct drug partition from the complex to the tissues (Loftsson and Brewster, 2010)  
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Figure 6.3 Schematic diagram representing the proposed mechanism of permeation of 
drug to the cornea from drug-CD complex by Loftssona & Järvinen, 1999.  

According to this mechanism, CDs act as carriers by keeping the hydrophobic poorly soluble 

drug inside the cavity. CD delivers the drug molecule through the hydrophilic mucin layer 

to the surface of the ocular barrier consisting of hydrophobic membranes (i.e. Cornea). 

Delivery of the drug through the hydrophilic mucin layer is controlled by diffusion, and 

delivery through the hydrophobic membranes is membrane controlled. As the drug-CD 

complex continuously associate and dissociate, they diffuse through the hydrophilic mucin 

layer to the hydrophobic membrane both as a complex and free CD. The complex delivers 

the drug to the surface of hydrophobic membrane and the poorly soluble drug easily passes 

the barrier while the free CD remains in the surface. When there are excess drug molecules 

and low CD concentrations, the donor phase is saturated with the drugs and thermodynamic 

activity of the drugs is at its maximum. The permeability co-efficient increases with 
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equation 4.1 and 4.2. Three different concentration levels (50%, 100% and 150%) were used 

to perform accuracy studies. Precision studies were performed by analysing the samples 

with inter-day and intra-day repeatability.  

 Phase Solubility Studies 

Stoichiometry is an important characteristic of drug-CD complex and a phase-solubility 

diagram is used to obtain the stoichiometry of drug-CD complexes. In this diagram, drug 

solubility is monitored as a function of total CD added to the complexation medium. Here 

the concentrations of dissolved drugs are plotted against the concentrations of CD. This 

technique shows how CD influences the solubility of a drug (Loftsson and Brewster, 2010).  

 

Figure 6.5: Types of phase solubility diagrams according to Higuchi and Connors, 
(1965) where concentrations of CDs are plotted against the concentrations of dissolved 
drug. The resultant diagrams are AL: linear, AP: positive deviation from linearity; AN: 
negative deviation from linearity; BS: limited solubility of complex or BI: insoluble 
(Brewster and Loftsson, 2007; Saokham et al., 2018) 
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 Ex vivo Permeation Studies 

Permeability of FBP through the porcine cornea was performed using a Franz diffusion cell. 

A Franz diffusion cell is constructed with two compartments, the upper part is the donor 

compartment where test samples are loaded and the lower part is receptor compartment, 

which contains receptor fluid that is analysed for permeated drugs. The two compartments 

are held in place by a horseshoe clamp and the tissue is placed in between the compartments. 

The receptor compartment can be jacketed and connected to water source to control the 

temperature throughout the experiment (Pineau et al., 2012). The receptor compartment 

contains a sampling port to collect and replace the sample.  

 

Figure 6.7 Schematic diagram of a Franz diffusion cell  
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coefficient (R2) was used to determine the linearity of the analytical procedure. The method 

validation and represented data are presented in Table 6.4. 

 

Figure 6.8: Calibration curve of FBP prepared in SLF (pH 7.5) and measured at 247 
nm. Values represent mean ± SD (n=3) 

Table 6.4: Evaluation and method validation data of UV spectroscopic method of FBP  

Range(µg/ml) 0.05 to 0.5 

Regression equation y= 0.0746x+0.0025 

Correlation Coefficient 0.9896 

LOD (µg/ml) 0.027 

LOQ (µg/ml) 0.08 

Accuracy RSD < 8% 

Precision RSD < 9% 
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 Development of Phenol-Sulphuric Acid (PSA) Method for Carbohydrate 

Analysis 

A calibration curve was generated for the PSA assay to determine total carbohydrate in the 

sample. Five different standards were prepared from the stock solution ranging from 10 to 

100 µg/ml and were measure spectrophotometrically at 490 nm wavelength. The required 

amount of 5% phenol solution and concentrated sulphuric acid were added to the standards 

before the measurement.  

 

Figure 6.13: Calibration curve of D-glucose measured at 490 nm. All data represent 
mean ± SD (n=3)  

All the absorbance measurements were taken in triplicate. The mean absorbances of the 

standards were then plotted against the respective concentration to generate a calibration 

curve (Figure 6.13). Table 6.5 shows the evaluation data of UV spectroscopic method for 

the determination of carbohydrate measured at a wavelength of 490 nm.  

 





















197 

 

7 Chapter 7: Conclusions and Future 
Recommendations 

The purpose of this research was to develop a novel technique to simultaneously analyse the 

rheological changes and dissolution of drug from in situ gelling formulations on exposure 

to the physiological fluids and gain a better understanding of in situ gelling drug delivery 

systems. A rheo-dissolution cell was developed to replace the lower plate of conventional 

rheometer that would enable in situ gelling formulations to be exposed to physiological 

fluids during rheological measurements. This cell was connected to a peristaltic pump to 

allow the physiological fluid to flow beneath the gelling sample and contained a sampling 

port so that samples of the fluid could be analysed during rheological measurements. 

An in situ gel forming ophthalmic formulation of gellan and TM was used to evaluate the 

rheo-dissolution cell where SLF was used as crosslinking ion solution. The technique was 

also investigated for an oral formulation of alginate and MNZ to assess the ability of the cell 

to perform rheo-dissolution when changing the chemical environment (changed pH). 

Finally, an in situ gelling ophthalmic formulation of a poorly soluble drug was prepared by 

CD complex formation with a focus on permeability enhancement following assessment 

using rheo-dissolution.  

The following sections provide a summary of each experimental study. 

 Development and Rheological Evaluation of an In Situ Gel Forming Ophthalmic 

Formulation 

Chapter 4 highlighted the development and rheological analysis of an in situ gelling 

ophthalmic formulation which was prepared based on the marketed product Timoptol LA®. 

Oscillatory rheological analysis of gellan (0.4%) alone and gellan in SLF (pH 7.5) were 





199 

 

 Development of a Model for Simultaneous Measurement of Rheology and 

Dissolution for In Situ Gel Forming Drug Delivery Systems 

Chapter 5 focussed on developing an in vitro model using the rheo-dissolution cell which 

allowed rheological measurements during gelation and sampling of release media at the 

same time to enable the analysis of drug release. The in vitro model was developed using an 

experimental setup where the rheo-dissolution cell filled with crosslinking ion solutions 

acted as the lower plate of a rheometer and was attached to a circulating peristaltic pump to 

facilitate sampling. Ophthalmic (gellan and TM) and oral (sodium alginate and MNZ) in situ 

gelling formulations were used to demonstrate the power of this novel technique. Rheo-

dissolution experiments of in situ gel forming ophthalmic formulations on exposure to the 

SLF (pH 7.5) showed rapid release of TM at early structuring phase of gelation and release 

slowed down when gel was completely structured. This phenomenon was observed in the 

formulations containing low concentrations (0.3% and 0.4%) of gellan, whereas in the 

formulations containing higher gellan concentrations (0.6% and 0.8%), the release was slow 

even at the beginning of the test especially when 0.8% gellan was used in the formulation. 

This can be explained by formation of strong gel at the onset of test because of high gellan 

concentration. However, beside gel strength, the electrostatic interaction between gellan and 

TM was thought to be another factor to control the release of TM from in situ gel.  

Rheo-dissolution studies were also performed for in situ gelling oral formulations of sodium 

alginate and MNZ where the dissolution media was SGF. The alginate formed a strong gel 

once exposed to SGF (pH 1.2) and slow release (53 % in 7 hour) of MNZ was observed 

when the moduli plateaued. To demonstrate the feasibility of changing the chemical 

environment during the course of an experiment, the pH of the media was raised to 8 which 

caused the dissolution of the alginate gel indicated by falling moduli which interestingly 

coincided with a dramatic increase of MNZ release (96 % released in 7 hour). Solubility 
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This would give a more realistic insight into the behaviour of in situ gelling ophthalmic 

formulations and provide an additional tool for utilization in the development of new in situ 

gelling delivery systems. Furthermore, this technique could be used beyond pharmaceutical 

industries, wherever there is a need for understanding permeability through biological 

tissues, for example in biomedical sciences and diagnostics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
















































