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Abstract 
 

Age-related macular degeneration (ARMD) is the leading cause of irreversible blindness and 

reduced vision in people over the age of 60. Treatment with VEGF inhibitors has only been 

shown to provide significant improvement of vision in about 30 % of patients and the adverse 

effects associated with frequent intravitreal injections are of increasing concern. Accordingly, 

this thesis aimed to evaluate the efficacy of a polymeric gel system in transscleral delivery of 

a macromolecule and the role of connexin 43 (Cx43), a gap junction protein, in the choroid of 

an ARMD rat model.  

 

Polymeric systems composed of kappa (κ) or iota (ι) carrageenan were evaluated in terms of 

their gelling behaviour, texture, microstructure and viscoelastic properties.  Selected κ- or ι-

carrageenan systems combined with methylcellulose were then characterised in terms of their 

viscoelastic properties, IR spectra, mucoadhesiveness and syringeability. Drug release 

characteristics from these polymeric systems were investigated using sodium fluorescein. Ex 

vivo and in vivo studies were carried out to determine the permeability of FITC-dextran 

(10 kDA) and an antisense oligodeoxynucleotide (AsODN) across the sclera. Finally, a rat 

model of retinal degeneration was utilised to investigate the expression of Cx43 in the 

choroid and to determine the efficacy of selected polymeric system in transscleral delivery of 

Cx43 AsODN.   

 

κ- and ι-carrageenan systems exhibited favorable sol-gel transition with the addition of low 

concentrations of potassium or calcium ions, respectively. However, gels formed by κ-

carrageenan are hard and brittle, whereas those formed by ι-carrageenan are soft and elastic. 

These texture characteristics can be attributed to their unique microstructure. Drug release 

from these systems was dependent on the concentration and valency of added cations. Binary 

systems composed of methylcellulose and carrageenan at a ratio of 40:60 showed rheological 

synergism in the presence of added cations. As such, the interaction between these two 

polymers may be dependent on polymer conformation. The methylcellulose and ι-

carrageenan (MC-ι-CG) composite system showed the highest mucoadhesiveness and 

favorable syringeability properties. Polymeric systems had little effect on ex vivo scleral 

permeability of model drugs. In vivo results demonstrated the diffusion of AsODN across the 
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sclera into the choroid of rats and the barrier effects of the Bruch‘s membrane and/or the 

retinal pigmented epithelium (RPE). A significant up-regulation of Cx43 expression in the 

choroid of light damaged rat eyes was observed, due to inflammation associated with the 

early phase of retinal degeneration. Periocular injection of Cx43 AsODN incorporated in the 

MC-ι-CG system resulted in significant reduction of Cx43 expression in the choroid of rats.  

 

This thesis has therefore identified and characterised a new polymeric system based on MC-ι-

CG which provides aqueous loading of therapeutics. As such, this polymeric system is 

suitable for the delivery of AsODNs and bioactive proteins. Results also demonstrated the 

efficacy of the transscleral route in delivering macromolecules to the choroid. Moreover, the 

work offers a new perspective in the management of ARMD at an early phase of disease 

progression.  
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1. Introduction 
 

1.1 Anatomy of the Posterior Eye 
 

The human eye, the organ of vision, is a complex and delicate organ. Clinically it can be 

divided into two segments – the anterior and the posterior (Figure 1.1). The posterior segment 

consists of the vitreous, posterior sclera (fibrous tunic), choroid (vascular tunic) and the retina 

(nervous tunic) (Figure 1.2) (Tortora and Grabowski 2000; Presland 2007; Nemeth et al. 

2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The vitreous is an avascular, clear, aqueous gel that fills the cavity behind the lens of the eye. 

It is mainly composed of water (99 %). The gelatinous nature of the vitreous is governed by 

the presence of small amount of collagen and hyaluronic acid. The base of the vitreous is 

firmly attached to the pars plana epithelium and the retina throughout the life of a healthy 

adult. However, the formation of vitreous stops when the eye reaches adult size and the 

vitreous shrinks with age.  

 

 

Anterior Posterior 

Figure 1.1 - Cross section of a human eye 
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A 

B 

Figure 1.2 - Hematoxylin and eosin (H & E) stain images of posterior segment sections (15µm) of a 

human eye, depicting the fovea and foveola (A) and the sclera, choroid and retinal architecture (B) 
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The fibrous tunic is the superficial coat of the eyeball and it is avascular. It consists of the 

anterior cornea and the posterior sclera. The cornea helps to focus the light onto the retina 

and the sclera gives the eye its shape and rigidity and protects the inner parts of the eye 

(Tortora and Grabowski 2000).  

 

The opacity of the sclera minimises the internal light scattering, which would affect the 

retinal image. Furthermore, it facilitates rotation of the eyeball through nearly 180° by ocular 

muscles without significant distortion to the eye. The average thickness of sclera varies from 

0.5-0.6 mm at the limbus, 0.4-0.6 mm at the equator and 1-1.35 mm near the optic nerve 

(Olsen et al. 1998). The sclera also provides a valuable portal for drug delivery with a mean 

total surface area of 16.3 cm
2
. It has also been shown to be permeable to large molecules of 

up to 70,000 Da (Watson and Young 2004). 

 

The stroma of the sclera is a strong and resilient tissue formed by bundles of parallel aligned 

collagen fibrils. This tissue organisation gives the sclera significant elastic properties as well 

as high tensile properties to resist the stresses and strains imposed on it by extra-ocular 

muscles and transient changes in intraocular pressure. The scleral stroma is also traversed by 

blood vessels and nerves, although it has no blood capillaries in the healthy state. 

Furthermore, there is no well-formed lymphatic channel system in the episclera and sclera. 

Therefore lymph from the superficial episcleral tissue drains into the subconjunctival space 

and is drained via conjunctival lymphatic channels (Watson and Young 2004). 

 

The vascular tunic of the mammalian eye consists of the choroid (Figure 1.3), ciliary body 

and the iris. The highly vascularised choroid lines most of the internal surface of the sclera 

and provides nutrients to the ocular tissue. Furthermore, the choroidal vascular bed has wide, 

flat fenestrated capillaries and an enormous blood flow (Bill 1975; Bill et al. 1983). In 

addition to the fenestrations a micropinocytotic system transports substances across the 

endothelial cells (Bill et al. 1983). The choroidal blood is highly saturated with oxygen in 

order to increase the diffusion of oxygen into the outer retina, which is separated from the 

choroid by the 2-4 µm thick Bruch‘s membrane. Moreover a high choroidal blood flow 

assists in maintaining the ocular temperature (Bill et al. 1983). In contrast to other tissues, the 

choroid does not have a lymphatic system to drain fluid.  The choroidal fluid transfer system 

involves the passage of tissue fluid in the choroid to the suprachoroidal space and then 
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through the scleral substances into the episcleral tissue or through the perivascular spaces or 

spaces around the nerves. High intraocular pressure provides the driving force for this fluid 

transfer (Riordan-Eva 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The nervous tunic is the innermost layer of the eyeball, containing the neural elements for 

receiving and transmitting visual stimuli to the central nervous system. This tunic is 

composed of the retina and the optic nerve. The retina is a highly laminated group of 

specialised neuronal cells and consists of ten cellular layers. From the innermost layer 

(vitreous side), these are the internal limiting membrane,  the nerve fibre layer, the ganglion 

cell layer, the inner plexiform layer, the inner nuclear layer, the outer plexiform layer, the 

outer nuclear layer, the external limiting membrane, photoreceptors (rods and cones) and the 

retinal pigmented epithelium (RPE) (Figure 1.4) (Tortora and Grabowski 2000; Riordan-Eva 

2008).  

 

 

 

 

 

 

Figure 1.3 - Cross section of a healthy choroid (Riordan-Eva 2008) 
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1.2 Ocular Drug Delivery 
 

Drug delivery to the eye is a challenging endeavour for the pharmaceutical scientist owing to 

the anatomical and physiological barriers of the ocular tissue. Moreover, depending on the 

disease origin, drug delivery systems vary in ease of preparation from simple topical ocular 

formulations to systems which require complicated engineering skills, such as intraocular 

implants (Washington 2000; Kaur and Kanwar 2002; Kaur et al. 2004; Urtti and Del Amo 

2008).  

1.2.1 Anterior Segment Drug Delivery 
 

Topical administration remains the most commonly used route of drug delivery to treat 

diseases of the anterior eye. This route is preferred because of the ease of access, rapid onset 

of action, reduced systemic toxicity and the lower doses needed to achieve a therapeutic 

effect. The most commonly used ocular formulations applied via this route include eye drops, 

ointments and gels (Koevary 2003; Sultana et al. 2006; Gaudana et al. 2009).  

Figure 1.4 - Cross section of a human retina depicting the various layers (Riordan-Eva 2008) 
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Small, lipophilic drugs applied via this route access the anterior chamber of the eye through 

the cornea. More hydrophilic, large molecules are however absorbed through the non-corneal 

route (from the conjunctiva and sclera). Nonetheless only 1-7 % of topically applied drug 

reaches the aqueous humour due to many physiological barriers. These include rapid drainage 

via the naso-lacrimal route and blinking, biological barriers such as the cornea and 

conjunctiva, and systemic absorption via conjunctival blood vessels (Jarvinen et al. 1995; 

Kaur and Smitha 2002).  

1.2.1.1 Barriers to Anterior Segment Drug Delivery 

1.2.1.1.1 Pre-ocular retention and naso-lacrimal drainage 

Most commercial topical ocular dispensers administer about 50 µL of an ophthalmic solution, 

however the human eye can only hold approximately 30 µL of a solution. Therefore a large 

amount of the administered drug is wasted due to overflow (Mishima et al. 1966; Koevary 

2003). Following this rapid initial clearance of an administered drug there is a slower 

clearance from the surface of the eye owing to the rapid tear turnover (~1 µL.min
-1

), 

naso-lacrimal drainage and blinking. Hence the clearance of a topically administered ocular 

drug takes a biphasic pattern (Salminen et al. 1981). In addition to the clearance, once 

instilled the drug is diluted in lacrimal fluid. This dilution also reduces the diffusion of the 

drug across the cornea; a process that is greatly dependent on the concentration gradient 

(Barar et al. 2008).  

1.2.1.1.2 Corneal absorption 

The cornea is relatively impermeable and has a small surface area, relative to the conjunctiva 

and sclera, which makes it a great barrier to diffusion of a topically applied drug to the inner 

tissues of the eye. Poor permeability of the cornea is accounted for by the three layers of the 

cornea: the outer epithelium, which is lipophilic in nature, the stroma, which is hydrophilic in 

nature and the inner endothelium (Le Bourlais et al. 1998). In contrast, the conjunctiva is 2 to 

30 times more permeable to drugs and has a surface area 17 times greater than the cornea. 

Therefore conjunctival drug absorption is an important loss factor which competes with 

corneal absorption of a drug into the anterior eye (Urtti et al. 1997; Kaur and Kanwar 2002).  

1.2.1.1.3 Blood aqueous barrier  

The endothelium of the iris/ciliary blood vessels and the non-pigmented ciliary epithelium 

form the blood aqueous barrier (BAB). The cell layers of the BAB contain tight junctional 

complexes which control the transport of solutes between the posterior and anterior chambers 
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of the eye (Raviola 1977). Nonetheless, solutes are able to traverse through the fenestrated 

capillaries of the ciliary body into the aqueous humour. However, drugs which reach the 

aqueous humour are readily eliminated from the chamber via the iris microvasculature owing 

to continuous turnover of aqueous humour (2-3 µL.min
-1

) (Cunha-Vaz 1979; Hornof et al. 

2005; Janoria et al. 2007).  

 

In addition, metabolism, non-productive absorption/adsorption and binding by the lacrimal 

proteins affect the absorption of topically administered therapeutics. Attempts have been 

made to improve bioavailability of topically administered drugs by using systems which 

improve ocular retention (ointments, in situ forming gels, contact lenses) and also by 

enhancing ocular penetration (liposomes, micro/nano particles, iontophoresis, prodrugs and 

cyclodextrins). Nevertheless, the topical route is inefficient in providing therapeutic levels of 

a drug at the back of the eye (Jarvinen et al. 1995; Sultana et al. 2006).  

1.2.2 Posterior Segment Drug Delivery  
 

Topical, systemic, intravitreal and periocular routes can be employed to deliver 

pharmaceuticals to the posterior segment of the eye. However as discussed in Section 1.2.1, 

the topical route is inefficient in delivering therapeutic concentrations of a drug to the 

posterior segment. On the other hand, the blood retinal barrier hinders the diffusion of 

systemically administered drugs to the posterior segment of the eye. Moreover, systemic 

administration of high doses of pharmaceuticals can lead to adverse effects due to non-

specific tissue uptake. These factors deny the use of topical and systemic routes in treating 

posterior eye diseases (Hughes et al. 2005; Gaudana et al. 2009). As such the preferred routes 

of drug delivery to the posterior segment are the intravitreal route and the periocular route 

(Duvvuri et al. 2003; Hsu 2007).  

 

Intravitreal injection of drugs to the eye involves direct injection of the formulation into the 

posterior segment through the pars plana. To date, many pharmaceuticals aimed at treating 

posterior eye diseases are delivered via this route. Intravitreal injection provides increased 

drug concentrations at the neural retina, and the vitreal retention of drugs increases with 

increasing molecular weight. Nonetheless, frequent administration of drugs via this route can 

lead to retinal detachment, retinal haemorrhage, endophthalmitis and increased intraocular 

pressure (Peyman et al. 2009; Wu and Chen 2009).  To minimise some of these side effects, 
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novel drug delivery systems have been developed in the form of biodegradable or non-

biodegradable implants (Figure 1.5) which can be placed in the vitreous long term (Duvvuri 

et al. 2003; Hsu 2007; Conway 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The periocular route allows the deposition of drugs or proteins against the external surface of 

the sclera, thereby minimising the risk of endophthalmitis and retinal damage associated with 

ocular globe penetration (Raghava et al. 2004). This route is considered to be the least painful 

and the most efficient route of drug delivery to the posterior eye, owing to the high 

permeability of the sclera to drugs (Ambati and Adamis 2002). Moreover, following 

periocular administration of formulations, vitreal drug levels can be observed within 20-30 

minutes (Olsen et al. 1995; Lee et al. 2004; Ghate and Edelhauser 2006; Janoria et al. 2007).  

Periocular pathways used for the delivery of drugs to the posterior tissues of the eye include 

retrobulbar, peribulbar, subtenon, and subconjunctival routes (Figure 1.6).   

 

 

 

 

 

 

Figure 1.5 - Implants designed for the intravitreal administration of therapeutics 
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Retrobulbar injection involves deposition of the formulation in the conical compartment 

within the borders of the four rectus muscles (medial, lateral, inferior and superior) and the 

intermuscular septa. This is often performed using a 25-27 gauge blunt edged needle. This 

space can take 3-5 mL of a solution and has been used widely to administer anaesthetics. 

However this route is associated with risks of injury to intra-orbital structures and possible 

laceration of blood vessels (Raghava et al. 2004; Janoria et al. 2007). 

  

To minimise the risks of injury to intra-orbital structures, the peribulbar route of drug 

delivery was devised. Peribulbar injections are made external to the confines of the four 

rectus muscles and has been shown to have comparable clinical efficacy to the retrobulbar 

route (Raghava et al. 2004). Up to 8-10 mL of a solution can be injected into the peribulbar 

space. Nonetheless, this route can also be associated with adverse effects such as globe 

perforation and orbital haemorrhage (Ripart et al. 2001; Janoria et al. 2007). 

 

Subtenon injections involve the placement of a formulation between the sclera and Tenon‘s 

capsule. Tenon‘s capsule is a fibrous membrane that encloses the globe from the limbus to 

the optic nerve. At the limbus, the Tenon‘s capsule is fused together with the conjunctiva and 

the episclera (a fine elastic layer that covers the anterior sclera), whereas at the posterior 

Figure 1.6 - Schematic representation of periocular routes of drug administration 
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section, the inner surface of the Tenon‘s capsule lies against the sclera (Riordan-Eva 2008). 

As such, the subtenon route is considered to be one of the most promising routes for targeting 

the posterior segment.   

 

In subconjunctival injections, the formulation is placed beneath the conjunctiva, a transparent 

mucous membrane that covers the posterior surface of the eye lids and the anterior surface of 

the sclera (Riordan-Eva 2008). This route allows the drugs to bypass the conjunctiva-cornea 

barrier and permits direct access to the transscleral route (Ghate et al. 2007; Janoria et al. 

2007). Both subtenon and subconjunctival routes are widely employed in the research of 

transscleral drug delivery owing to their proximity to the sclera.  

1.2.2.1 Barriers to Transscleral Drug Delivery 

 

A depot of drug injected into a periocular space can reach the posterior ocular tissues via the 

direct penetration pathway, haematogenously (through the ocular blood supply) or via the 

anterior segment (corneal and ciliary body absorption) (Figure 1.7). However it has been 

shown that the direct penetration pathway is the most important route in achieving high 

concentrations of a drug in the retina and the vitreous (Weijtens et al. 1999; Ranta and Urtti 

2006).  

 
Figure 1.7 - Schematic presentation of the drug distribution pathways following subtenon administration 
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Drugs may diffuse across the sclera via 3 possible routes: through perivascular spaces, 

through the aqueous media of gel-like mucopolysaccharides or across the collagen fibrils of 

the sclera. The sclera, with its large surface area (16.3 cm
2
), is considerably less resistant to 

permeation of molecules and has lower protease activity compared to the cornea (Hamalainen 

et al. 1997). However, there exist some static and dynamic barriers to transscleral drug 

delivery.  

 

The scleral permeability is dependent on the molecular radius rather than the molecular 

lipophilicity (Ambati et al. 2000). Molecules of up to 70,000 Da can readily penetrate the 

sclera (Ambati et al. 2000; Ambati et al. 2000; Geroski and Edelhauser 2001). However, the 

scleral permeability is dependent on scleral hydration and intraocular pressure, the latter of 

which has negligible effects if it is within the normal range (15-20 mmHg) (Lee et al. 2004; 

Ghate and Edelhauser 2006).  

 

Conversely it has been reported that the bioavailability in the vitreous (BAv) of a drug 

administered via transscleral route is typically low. Tsuji et al. (1988) reported the BAv of 

subconjunctivally administered prednisolone to be 0.2 % and Kim et al. (2004) estimated 

0.06 % of gadolinium-DTPA (Gd-DTPA) in the vitreous after placing an episcleral implant in 

rabbit eyes.  This low bioavailability can be attributed to the loss of drug from the periocular 

space, blood retinal barriers, binding of drugs to tissue proteins and efflux transporters.  

 

Reflux of an administered drug from the injection site is the initial loss factor that contributes 

to low bioavailability (Conrad and Robinson 1980). It has been shown that use of proper 

injection technique, volume and formulation can significantly minimise this loss and improve 

transscleral bioavailability (Conrad and Robinson 1980; Gilbert et al. 2003; Kaiser et al. 

2007). Elimination of an administered drug through the conjunctival lymphatics and 

episcleral veins also plays an important role in periocular drug loss.  The involvement of 

lymphatic system was reported in the earlier studies by Bill (1965), who observed the 

appearance of albumin in the cervical lymph nodes after administration into the 

suprachoroidal space of rabbits. Recently Kim et al. (2004) reported a gradual accumulation 

of Gd-DTPA in the buccal lymph nodes of rabbits and Amrite et al. (2008) observed the 

accumulation of fluospheres (20 nm and 200 nm) in the cervical, axillary and mesenteric 

lymph nodes after administration into the posterior subconjunctival space of rats. Amrite et 
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al. (2008) also reported a 19-fold increase in fluorescence particles in the sclera-choroid after 

the elimination of lymphatic clearance pathways (live animals vs. dead animals).  

 

The blood retina barrier (BRB) consists of a retinal pigment epithelium, called the outer BRB 

(oBRB), and the endothelial cells of retinal blood vessels, termed the inner BRB (iBRB). The 

BRB decreases the penetration of molecules, in particular large hydrophilic molecules, from 

the choroid to the retina and from the vitreous to the choroid. BRB cells are connected to 

each other via tight junctions, which limit the permeation of hydrophilic substances both 

inward and outward. Therefore the flux of a compound across the BRB depends upon the 

concentration gradient, permeability and surface area of the barrier (Cunha-Vaz 2004; Ghate 

and Edelhauser 2006; Mannermaa et al. 2006; Robinson et al. 2006; Kim et al. 2007; Barar et 

al. 2008). 

 

The oBRB consists of the fenestrated endothelium of choriocapillaris, Bruch‘s membrane and 

the RPE. Bruch‘s membrane is the innermost layer of the choroid and is 2-4 µm in thickness. 

It consists of 5 layers, which include the basement membrane of the RPE, an inner 

collagenous zone, a central band of elastic fibres, an outer collagenous zone and the basement 

membrane of the choriocapillaris. Bruch‘s membrane provides tensile strength and contains 

proteoglycans, which hold essential growth factors. Furthermore, the net negative charge of 

the Bruch‘s membrane restricts the passage of ions and solutes across this membrane 

(Sivaprasad et al. 2005). The RPE has been shown to be the rate limiting membrane for drugs 

administered via the transscleral route and shows an inverse relationship between molecular 

weight and permeability. The RPE is a tighter barrier for large and hydrophilic molecules 

compared to the sclera, whereas both membranes have equal barrier properties against small 

lipophilic molecules (Cunha-Vaz 1976; Duvvuri et al. 2003).  

 

The iBRB consists of endothelium of retinal blood vessels, pericytes and glial cells. Due to 

the presence of tight junctions, the absence of fenestrations and pinocytic caveolae, the 

endothelium of the intraretinal blood vessels is the main component of iBRB. Furthermore, 

the endothelium contains efflux transporters to remove phototoxic compounds from the 

retina. Pericytes or mural cells, along with vascular smooth muscle cells, provide structural 

support and represent the myogenic mechanism for vascular autoregulation of blood flow in 

response to variations in neural activity (Hornof et al. 2005). Moreover, due to the presence 

of caveolae, pericytes modulate transcellular transport across the iBRB. Glial cells ensheath 
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the blood vessels and play an important role in vessel integrity and barrier properties both by 

direct contact and via the release of humoral factors. The neurotrophic factor (GDNF) 

released by the glial cells has been shown to increase iBRB tightness whereas transforming 

growth factor-beta (TGFβ) is reported to decrease the tightness. Tumor nectrosis factor-alpha 

(TNFα), vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6) released by the 

glial cells also modulate the barrier properties of iBRB (Cunha-Vaz 1976; Pournaras et al. 

2008).  

 

Various transporters including amino acid transporters, solute carrier-15 (SLC15) 

oligopeptide transporters, SLC16 monocarboxylate transporters, SLC19 folate transporters, 

SLC22A organic cation transporters, SLC28 and SLC29 nucleoside transporters, SLCO 

organic anion transporting polypeptides and efflux transporters (p-glycoprotein and BCRP) 

are also found in the BRB. These restrict the transport of solutes across the BRB, but can be 

utilised to deliver specific solutes into the retina (Mannermaa et al. 2006). 

 

The binding of drugs to various proteins in ocular tissues also affects the bioavailability of a 

drug in the vitreous. It has been shown that lipophilic drugs such as beta blockers bind to 

melanin in the choroid-RPE, which leads to a delayed response of the drug as the bound drug 

acts as a reservoir (Pitkanen et al. 2005; Ranta and Urtti 2006; Pitkanen et al. 2007). 

Demetriades et al. (2008) also demonstrated the effect of protein binding on ocular 

bioavailability of drugs by administering a human recombinant pigment epithelium-derived 

factor (PEDF) to mice by periocular injection. The bioavailability of PEDF was compared to 

that of green fluorescent protein (GFP), which has no known binding sites in ocular tissues. It 

was demonstrated that only 8.6 % of peak choroidal concentration of PEDF appeared in the 

retina but that of GFP was nearly 8-fold higher.  

 

The present evidence thus illustrates the complex pharmacokinetics of transscleral drug 

delivery. However the extent to which these factors affect the pharmacokinetics of an 

administered drug depends on the site of administration, formulation type as well as the target 

tissue.  
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1.2.2.2 Enhancement of Transscleral Drug Delivery 

 

Various forms of drug delivery systems have been developed to enhance the bioavailability 

of drugs administered via the transscleral route (Table 1.1). These include iontophoresis 

devices, particulate delivery systems, semi-solid formulations and microneedles.  

1.2.2.2.1 Transscleral iontophoresis 

Iontophoresis has been shown to increase the transscleral permeability of many molecules, 

including fluorescein, steroids, antibiotics, antivirals and macromolecules (Eljarrat-Binstock 

and Domb 2006). It is a non-invasive technique that involves application of a small electric 

current to enhance penetration of an ionised drug into the tissue. The iontophoretic device 

consists of an electric source and two electrodes. The ionisable drug is placed at the electrode 

bearing the same charge and the oppositely charged electrode is placed elsewhere on the body 

to complete the circuit. The drug is retained at the electrode using either a solution in an eye 

cup or a drug saturated gel probe. Transscleral iontophoresis delivers high concentrations of 

the applied drug to the choroid and the retina and is a potential alternative for delivering 

drugs for posterior eye diseases with minimal side effects (Sarraf and Lee 1994; Ghate and 

Edelhauser 2006). However, Molokhia et al. (2009) recently demonstrated that transscleral 

iontophoresis is unable to deliver significant amounts of macromolecules to the vitreous of 

rabbits. The model macromolecule, Galbumin, was only detected in the conjunctiva, sclera 

and the nearby tissue at the site of application. This was explained by the authors to be due to 

the RPE lying between the choroid and retina, which resists diffusion of molecules into the 

retina. Vascular and lymphatic clearance may also have contributed to the elimination of 

macromolecules from the site of application (Eljarrat-Binstock and Domb 2006).  

Iontophoresis has also been associated with epithelial oedema, a decrease in endothelial cells, 

inflammatory infiltration and burns, the extent of which depends upon the site of application, 

current density and duration. At higher current densities, iontophoresis across the sclera has 

also been to shown to damage the choroid and destroy retinal layers (Lam et al. 1991).  

1.2.2.2.2 Transscleral depot systems 

Transscleral depot systems can be employed to provide sustained delivery of drugs in a 

minimally invasive fashion. These include transscleral implants, semi-solid formulations and 

particulate (micro and nano) delivery systems (Kompella et al. 2003; Russell 2004; Booth et 

al. 2007; Bu et al. 2007; Hsu 2007; Sahoo et al. 2008).  
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Balasubramaniam et al. (2004)  studied the efficacy of a gellan gum based implant system for 

delivering indomethacin for treating uveitis. In vivo results from this study showed nearly 

87% release of incorporated indomethacin from the cross-linked implants over the study 

period of 3 weeks. Furthermore, the authors described a lack of toxicity of these natural 

polymers when implanted. Okabe et al. (2003) also studied the efficacy of intrascleral 

implants, by using a non-biodegradable polymer based on ethylene vinyl acetate. The authors 

quantified the amount of betamethasone released into the vitreous as well as the retina-

choroid. The implant released betamethasone 1.8-fold faster in in vivo studies compared to 

the in vitro studies. Furthermore, the data show higher amounts of betamethasone in the 

retina and choroid compared to the vitreous. Maximum concentration in the retina-choroid 

was achieved after 1 week of implantation and more than 2 weeks was needed to achieve the 

maximum concentration of betamethasone in the vitreous. Moreover, betamethasone was 

released over a period of 1 month, describing sustained release properties of these implants. 

These results indicate the efficacy of intrascleral implants in providing sustained release of an 

incorporated molecule with minimal side effects.  

 

Subconjunctival injection of cisplatin incorporated in a collagen matrix based gel has also 

been investigated by a group lead by Gilbert et al. (2003). The data were compared to a 

solution containing the same drug that was injected into the subconjunctival space.  Results 

demonstrated that the gel based system achieved significantly higher concentrations of the 

drug in the choroid-retina, sclera and vitreous humor, as well as the plasma. Furthermore, the 

remnants of the collagen matrix remained attached to the sclera for up to two weeks.  

 

Micro- and nanoparticles have also been used widely to obtain sustained release of 

pharmaceuticals via the transscleral route (Sahoo et al. 2008). Kompella et al. (2003) 

compared the sustained release properties of nanoparticles and microparticles by 

subconjunctival injection of budesonide nano- and microparticles. The results demonstrate a 

higher concentration of drug release from nanoparticles on day one. However by day 7 and 

day 14, the concentration of budesonide in the ocular tissue delivered from the microparticles 

was significantly higher than that of nanoparticles.  A similar trend was also illustrated by 

Amrite et al. (2008), where 200 nm particles remained in the periocular space for 

considerably longer periods than 20 nm particles. This is likely to be due to the rapid 

clearance of small particles and molecules from the periocular space. Other particulate 

delivery systems which have been used in ocular drug delivery include nanospheres, 
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nanocapsules, emulsions, liposomes, dendrimers, cyclodextrins and niosomes (Sahoo et al. 

2008; Lee and Robinson 2009; Wadhwa et al. 2009). 

 
Table 1.1 - Summary of drug delivery systems designed for periocular administration 

 

Route Formulation 

approach 

Drug Disease targeted Reference 

Intrascleral Implant Betamethasone Uveitis (Okabe et al. 

2003) 

Intrascleral Film (PLGA) Ethacrynic acid Glaucoma (Wang et al. 

2004) 

Periocular Microspheres PKC412 Choroidal 

neovascularisation 

(Saishin et 

al. 2003) 

Subconjunctival  Nanoparticles Budesonide Diabetic macular 

oedema 

(Kompella et 

al. 2003) 

Subconjunctival  Microparticles Celecoxib Diabetic macular 

oedema 

(Ayalasomay

ajula and 

Kompella 

2005) 

Subconjunctival Microspheres Antisense TGF-β2 

phosphorothioate 

oligonucleotides 

Post glaucoma 

filtering surgery 

(Gomes dos 

Santos et al. 

2006) 

Subconjunctival Gels –poly ortho 

esters 

Dexamethasone and 

5-fluorouracil 

Post glaucoma 

filtering surgery 

(Zignani et 

al. 2000) 

Subconjunctival Gels – collagen 

matrix 

Cisplatin Retinoblastoma (Gilbert et 

al. 2003) 

Suprachoroidal Microcannulation Triamcinolone 

acetonide 

Wet ARMD (Olsen et al. 

2006) 

Transscleral Suspension Triamcinolone 

acetonide 

(Retaane
®
) 

Wet ARMD (Jockovich 

et al. 2007; 

Kaiser et al. 

2007) 

Transscleral Microspheres RNA aptamer Choroidal 

neovascularisation 

(Carrasquillo 

et al. 2003) 

 

Transscleral Iontophoresis 

(OcuPhor
™

/ 

Visulex
™

) 

Antibiotics, 

Steroids, Antiviral  

Various (Eljarrat-

Binstock and 

Domb 2006) 

Transscleral Microneedle Pilocarpine, 

Sulforhodamine 

Various (Jiang et al. 

2009) 

Transscleral Episcleral 

exoplants 

Fluorescein N/A (Pontes de 

Carvalho et 

al. 2006) 

Transscleral Osmotic pump IgG N/A (Ambati et 

al. 2000) 



Chapter 1 | Introduction 

 

17 | P a g e  

 

1.3 Diseases of the Posterior Eye – Age-Related Macular 

Degeneration (ARMD) 
 

Diseases of the eye vary from minor conjunctivitis to irreversible visual impairment caused 

mainly by diseases of the posterior eye. The most prevalent posterior eye diseases which 

cause visual impairment include age related macular degeneration (ARMD), diabetic 

retinopathy and retinitis pigmentosa (Figure 1.8) (Ioseliani 2003; The Fred Hollows 

Foundation NZ 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ARMD is the leading cause of irreversible blindness and reduced vision in people over the 

age of 60. ARMD predominantly affects the macula region of the posterior eye which is used 

for the most acute and detailed vision tasks, such as reading, driving, watching television, 

precise work and recognition of faces. The disease progresses over years and leads to 

significant emotional distress and a profoundly reduced quality of life for affected patients 

(Stone 2007).  

 

Clinically ARMD is classified into a two main forms: the dry or non-exudative form, which 

is observed in about 90% of ARMD patients and the wet or neovascular form. Dry ARMD is 

often characterised by the presence of drusen (Figure 1.9) and a wide range of abnormalities 

ONCHO 0.80%

Corneal opacity 5.10%

ARMD 8.70%

Glaucoma 12.30%

Other 13%

Diabetic retinopathy 4.80%

Trachoma 3.60%Childhood blindness 

3.90%

Cataract 47.80%

Figure 1.8 - Global statistics of leading blindness causing diseases (The Fred Hollows 

foundation NZ 2007). ARMD – Age related macular degeneration; ONCHO - Onchocerciasis 
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of the RPE and geographic atrophy. The presence of drusen is a significant clinical feature of 

ARMD but it is not a fundamental feature. Drusen is a complex collection of lipid, protein 

and cellular elements that lie between the RPE and the Bruch‘s membrane. The drusen 

deposits can reduce the diffusion ability of Bruch‘s membrane and affect the photoreceptors. 

Geographic atrophy refers to an area of the posterior eye where RPE cells have disappeared 

and the overlying photoreceptors have degenerated. Geographic atrophy leads to a substantial 

loss of visual acuity in low light and is accountable for 20 % of irreversible blindness caused 

by ARMD (Ambati et al. 2003; Ufret-Vincenty et al. 2006). 

 

Wet ARMD can be distinguished by the presence of choroidal neovascularisation (CNV) 

(Figure 1.9), sub-retinal or intra-retinal haemorrhage, RPE detachment and fibrovascular 

disciform scars at the end stage. CNV refers to the growth of new blood vessels from the 

choroid which may or may not breach the RPE and enter the subretinal space. CNV can leak 

blood, serum and lipid into the retinal layers and stimulate fibroglial organisation, which 

leads to disciform scarring. CNV accounts for the majority of severe central vision loss 

associated with ARMD (Rogers and Witkin 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the vast amount of research carried out on ARMD, the pathogenesis of the disease is 

still puzzling. Many risk factors including age, genetics, light exposure, cardiovascular 

diseases and diabetes have been identified as contributing to the progression of the diseases. 

Moreover, many theories have been put forward in order to describe the underlying pathology 

of ARMD. These include haemodynamic changes, secretion of angiogenic molecules, such as 

Figure 1.9 - DAPI (cell nuclei dye) labeled images of retinal sections showing a drusen (A) and choroidal 

neovascularisation (B) (indicated by arrows) 
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vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF2), angiopoietins 

and nitric oxide, and subclinical inflammation. The role of inflammation in ARMD is 

becoming more evident with the detection of immune cells (i.e. immunoglobulin light chains, 

vitronectin and terminal complement complexes) in drusen, anti-retinal auto-antibodies and 

an increased secretion of leukocytes and macrophages (Cousins and Csaky 2002; Zamir and 

Rao 2002; Zarbin 2004; Guymer et al. 2005; Penfold et al. 2005; Donoso et al. 2006; 

Nussenblatt and Ferris III 2007).   

 

Discovery of these cellular pathways involved in the pathophysiology of ARMD has lead to 

the development of various treatment options for the disease. These include thermal laser 

photocoagulation, photodynamic therapy (PDT), VEGF inhibitors, steroids and surgical 

approaches. Nonetheless, the existing treatment options are only useful for the management 

of symptoms of late stage ARMD rather than prevention or the cure of ARMD (Guymer 

2002; Al-Suwayeh et al. 2007; Donati 2007).  

1.3.1 Current Therapies for the Management of Wet ARMD 

1.3.1.1 Thermal Laser Photocoagulation 

 

Photocoagulation using an argon laser remains the first line treatment option for CNV. 

Coagulate necrosis caused by laser treatment limits the destructive effects of CNV 

membranes. However, this option is contraindicated in patients with sub-foveal CNV, as it 

leads to an immediate reduction in visual acuity. Therefore, laser photocoagulation is only 

recommended for patients with well defined extra-foveal or juxtra-foveal CNV. Even then, 

over 50 % of laser treated eyes have persistent or recurrent CNV within 3-5 years of 

treatment (Macular Photocoagulation Study Group 1994; Novack 2008).  

1.3.1.2 Photodynamic Therapy 

 

Photodynamic therapy (PDT) involves injection of a photosensitising agent intravenously and 

subsequent activation of this molecule with a laser light. Verteporfin is the current choice of 

photosensitising agent, which binds selectively to the increased number of lipoproteins on 

endothelium of abnormal blood vessels. Upon excitation by the laser, verteporfin releases 

radical oxygen species (free radicals) which induce localised damage to CNV endothelial 

cells. This damage leads to platelet aggregation and occlusion of CNV with minimal effects 
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on the retina.  In phase 3 trials, verteporfin was shown to reduce the rate of decline of visual 

acuity compared to the control group. Furthermore PDT has only been associated with minor 

adverse effects such as transient visual disturbances, injection site adverse effects, transient 

photosensitivity reactions and infusion related lower back pain (Ahmadi and Lim 2008; 

Novack 2008).    

1.3.1.3 Vascular Endothelial Growth Factor (VEGF) Inhibitors 

 

VEGF has been shown to be involved in neovascularisation and increased vascular 

permeability. Upregulation of VEGF expression therefore plays a key role in the 

pathogenesis of neovascular ARMD as well as diabetic retinopathy. The three leading anti-

VEGF therapies currently available for the treatment of ARMD are pegaptanib (Macugen®), 

bevacizumab (Avastin®) and ranibizumab (Lucentis®) (Chappelow and Kaiser 2008; 

Novack 2008).  

 

Pegaptanib, a pegylated aptamer, binds specifically to VEGF165 isomer which is considered to 

be the primary isoform affecting CNV growth and vascular permeability. The VEGF 

Inhibition Study in Ocular Neovascularisation (VISION) trials demonstrated that intravitreal 

injection of pegaptanib every 6 weeks reduced the vision loss of patients by about 50 % in the 

first year of treatment. Over the study period only 0.6 % of patients reported adverse 

reactions, such as lens injury and retinal detachment, while 1.3 % of patients developed 

endophthalmitis. Post marketing surveillance studies have shown that intravitreal injections 

of pegaptanib can also be associated with transient increase in ocular pressure (D‘Amico 

2005; Ng et al. 2006; Querques et al. 2009).  

 

Treatment of CNV with intravitreal bevacizumab (Avastin
®

), a full-length humanised 

monoclonal antibody (149,000 Da), is an off-label use of a product which is approved for the 

treatment of metastatic carcinoma of colon or rectum and for lung cancer. Bevacizumab binds 

to the receptor binding domain of all biologically active VEGF-A isoforms, preventing the 

interaction of VEGF-A with its receptors on the surface of endothelial cells. Due to the larger 

molecular size of bevacizumab, its half-life is more than 1.5 times longer than that of its sister 

molecule ranibizumab.  Large numbers of controlled trials have been carried out to evaluate 

the efficacy and safety of bevacizumab. A moderate number of these trials suggest superior 
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short term outcomes for bevacizumab when compared to pegaptanib (Ahmadi and Lim 2008; 

Ziemssen et al. 2009).  

 

Ranibizumab is a humanised binding fragment of a murine full-length monoclonal antibody 

(48,000 Da) that binds to multiple VEGF isoforms. The MARINA trial demonstrated that at 

24 months visual acuity improved, by more than 15 letters in the ETDRS chart, in 33.3 % of 

patients treated with ranibizumab (0.5 mg intravitreal injections given once a month) 

compared to only 3.8 % patients in the control group. Furthermore, treatment with 

ranibizumab decreased the rate of loss of visual acuity in 94.6 % of patients at 12 months. 

The most common adverse reactions reported in the ranibizumab treated patients are 

conjunctival haemorrhage, ocular pain, vitreous floaters, increased intraocular pressure and 

intraocular inflammation. Furthermore, due to the nature of route of administration, 

ranibizumab intravitreal injections have also been associated with endophthalmitis and retinal 

detachment (Ahmadi and Lim 2008; Hernandez-Pastor et al. 2008).   

1.3.1.4 Corticosteroids  

 

The main corticosteroid used in the management of ARMD is triamcinolone acetonide, which 

inhibits the formation of prostaglandins and leukotrienes. Triamcinolone also reduces the 

expression of VEGF and in turn leads to a reduction in CNV. It is widely used in combination 

with PDT to reduce the inflammatory and exudative reactions that follow PDT.  Even though 

several studies have provided evidence for improved efficacy of PDT with triamcinolone as 

well as reduction in injection frequency, corticosteroids have been associated with significant 

complications such as cataracts and glaucoma (Maloney et al. 2007).  

1.3.1.5 Anecortave Acetate (Retaane
®
) 

 

Anecortave acetate is an angiostatic cortisene which inhibits lipopolysaccharide induced 

neovascularisation. This is devoid of glucocorticoid activity so lacks the complications 

associated with triamcinolone acetonide. Retaane
®
 is formulated as a depot suspension and is 

delivered via posterior juxtrascleral injection using a specially designed cannula. The depot 

injection maintains therapeutic levels of the drug in the choroid and the retina and has been 

shown to reduce the risk of visual loss in patients (Maloney et al. 2007).  

 



Chapter 1 | Introduction 

 

22 | P a g e  

 

Combination therapy has also been utilised in the management of wet ARMD to minimise the 

complications associated with repeated ocular drug administration. The commonly used 

combination therapies are PDT with ranibizumab, PDT with bevacizumab as well as PDT 

with ranibizumab and dexamethasone. These combinations are showing synergistic effects 

and are promising therapies to reduce the rate of vision loss in patients with wet ARMD 

(Zarbin and Szirth 2007; Ahmadi and Lim 2008). Nonetheless, further molecular targets need 

to be identified for the management of ARMD, owing to the increasing prevalence of the 

disease and the number of patients who are non-responsive to currently available treatment 

options. 

1.4 Gap Junctional Communication in Pathological 

Processes  

1.4.1 Gap Junction Channels – Connexins and Connexons 
 

Gap junctions are defined as clusters of a few to hundreds of tightly packed intercellular 

channels that allow small molecules to be exchanged between adjoining cells. This method of 

intercellular communication, termed gap-junctional intercellular communication (GJIC), 

exists in most mammalian cell types (Laird 2006). Gap junctions (GJ) are composed of 

connexins (Cxs), a multigene membrane protein family which consists of 21 members in 

humans (Table 1.2) (Sohl and Willecke 2003). Connexins have been classified according to 

their molecular weight and have been named accordingly. At the cellular membrane, six Cxs 

associate to form a hemichannel termed a connexon, and the docking of two connexons in 

adjacent cell membranes makes a functional gap junction channel (Figure 1.10) (Beyer et al. 

1990; Goodenough et al. 1996; Mese et al. 2007).  
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Table 1.2 - Representative tissues where mouse and human connexin family members are found (Sohl and 

Willecke 2003) 

 

Mouse connexin (∑20) Representative tissue Human 

connexin (∑21) 

Cx23 N/A Cx23 

- - Cx25 

Cx26 Liver, skin, cochlea, cornea, breast and 

placenta 

Cx26 

Cx29 Brain Cx30.2 / Cx31.3 

Cx30 Skin, brain and cochlea Cx30 

Cx30.2 Testis, vascular smooth muscle cells Cx31.9 

Cx30.3 Skin Cx30.3 

Cx31 Skin, cochlea, placenta and uterus Cx31 

Cx31.1 Skin Cx31.1 

Cx32 Liver, nervous Cx32 

Cx33 Testis - 

Cx36 Retina, nervous Cx36 

Cx37 Blood vessels Cx37 

Cx39 Developing muscle Cx40.1 

Cx40 Heart, skin (present in many cell types) Cx40 

Cx43 Heart, blood vessels, skin (present in many 

cell types), retina (several cell types) 

Cx43 

Cx45 Heart, skin, smooth muscles, neurons Cx45 

Cx46 Lens Cx46 

Figure 1.10 - Schematic representation of the gap junction arrangement at cell membrane. Adopted from  

https://wiki.brown.edu/confluence/display/BN0193S04/gap+junctions 
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The aqueous channel of a GJ has a diameter of approximately 2 nm and excludes the passage 

of molecules that exceed approximately 1000 Da in size (Mese et al. 2007). Moreover, 

connexins have a short half life of only a few hours, which is dependent on their 

physiological requirements (Laird 2006). This response mechanism of GJs is well 

demonstrated in the myometrium, for example where steroid hormones cause a 5 fold 

increase in GJs just prior to labour onset (Risek et al. 1990; Winterhager et al. 1991; Risek 

and Gilula 1996). The functional diversity of GJs, enabling molecular trans-junctional 

selectivity, is specific to particular subsets of Cxs expressed in a cell. Many tissues and cell 

types express two or more members of the Cx family (Table 1.2), allowing for finely tuned 

communication between cells (De Maio et al. 2002).  

 

Coordinated communication between the cells within the same organ or different organs 

maintains the much required homeostasis of our body. These cellular conversations occur 

either via paracrine or autocrine mechanisms or by direct transfer of molecules between cells. 

The latter is mediated by gap junctions. GJ channels allow for the exchange of ions 

(K
+
/Ca

2+
), second messengers and small metabolites between cells (Mese et al. 2007). 

Consequently GJ communication is vital for the efficient functioning of physiological 

processes such as cell synchronisation, differentiation, growth and for the metabolic 

coordination of avascular organs including the lens and the epidermis (De Maio et al. 2002; 

Wei et al. 2004; Anand and Hackam 2005).  

 

Accordingly several human diseases have been found to be linked to germ line mutations in 

connexin family members. Some of these diseases include mutations associated with Cx26, 

Cx30, Cx30.3 and Cx31 such as Vohwinkel‘s syndrome, keratitis-ichthyosis-deafness (KID) 

and palmoplantar keratodermas (PPKs); and oculodentodigital dysplasia (ODDD) associated 

with mutations in Cx43 gene (Gerido and White 2004; Wei et al. 2004; Laird 2006; Mese et 

al. 2007). In addition, numerous studies have shown the role of GJs in inflammation and 

tissue repair (Brandner et al. 2004; Chanson et al. 2005).  

Cx47 Nervous Cx47 

Cx50 Lens Cx50 

- - Cx59 

Cx57 Retina Cx62 



Chapter 1 | Introduction 

 

25 | P a g e  

 

1.4.2 Role of Gap Junction Channels in Tissue Homeostasis and 

Repair 
 

Expression of GJs varies between tissues, leading to spatial variation in Cx expression. 

Depending on the tissue, the functional role of GJs varies dramatically. For example, in the 

vasculature up to four types of connexin proteins have been identified, including Cx37, Cx40, 

Cx43 and Cx45. The expression of these in the vasculature varies depending on the vessel 

size as well as vascular territory, where Cx45 is observed predominantly in the smooth 

muscle cells and Cx37 in the vascular endothelial cells. In contrast, Cx40 and Cx43 may be 

expressed in both cell types. These GJs play a key role in integrating the smooth muscle cell 

function by coordinating changes in intracellular Ca
2+

 concentrations and membrane 

potential. Moreover, Cx43 plays an essential part in vascular cell proliferation and migration. 

Consistent with the participation of connexin proteins in vascular homeostasis, evidence 

demonstrates altered levels of GJ expression in hypertension and diabetes (Figueroa and 

Duling 2009).  

 

In addition, Cx32 and Cx43 play a key role in the homeostasis of the nervous system. 

Astrocytes, one of the main cell types of the central nervous system (CNS), express high 

levels of Cx43 and low levels of Cx30, Cx40 and Cx45. These cells contribute to neuronal 

survival and function by maintaining extracellular homeostasis in the brain. For example GJs 

in the astrocytes eliminate excess K
+
 and glutamate in the CNS and mediate the propagation 

of Ca
2+

 waves. Studies have also shown that forebrain ischaemia and cortical damage induce 

rapid responses in astrocytic Cx43. Cx32, on the other hand, is expressed more profoundly in 

the neural tube and in myelinated Schwann cells in the peripheral nervous system (Brink et 

al. 1996; Bruzzone and Ressot 1997). Table 1.3 outlines the significance of connexin 

mutations in humans and in mice.  

 

 

 

 

 

 

 



Chapter 1 | Introduction 

 

26 | P a g e  

 

Table 1.3 - Phenotypes of connexin deficient mice and human disorders associated with connexin mutations 

 

Connexin Consequence of mouse gene knock-out Human disorders 

Cx26 Death at embryonic day 11 Hearing loss 

Vohwinkel syndrome 

Keratitis ichthyosis deafness 

syndrome 

Bart Pumphrey syndrome 

Cx30  Disorders of epidermal 

keratinisation  

Dominant hearing loss 

Clouston‘s hydrotic 

ectodermal dysplasia 

Skin diseases (palmoplantar 

keratoderma) 

Hair loss 

Nail defects  

Mental deficiency 

Cx30.3  Skin diseases 

(Erthrokeratoderma variabilis) 

Cx31 Transient placental dysmorphogenesis Hearing loss  

Skin diseases 

(Erthrokeratoderma variabilis)  

Neuropathies 

Cx32 Peripheral premature neuropathy 

Lower hepatic glucose mobilization 

High incidence of spontaneous or chemically-

induced liver tumors 

Type X of Charcot-Marie-

Tooth  

Cx36 Weaker and greatly restricted spatially 

synchronous 

activity of inhibitory networks in neocortex. 

Deficient in early visual transmission 

Juvenile form of myoclonic 

epilepsy 

Abnormality in sensory 

responses  

Predisposition to schizophrenia 

Cx37 Infertility of females  

Cx40 Major alterations of heart function  

Cx43 Death at the perinatal period Visceroatrail heterotaxia 

ODDD 

Cx45 Death around embryonic day 10 due to heart 

failure. 

 

Cx46 Development of senile-cataracts after 3 weeks 

of age 

Autosomal dominant 

congenital zonular pulverulent 

cataracts 

Cx50 Development of cataracts during the first week 

after birth 

Autosomal dominant 

congenital zonular pulverulent 

cataracts 
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In addition to homeostasis, GJs are implicated in orchestrating response to tissue injury, 

which involves cellular regeneration and phagocytosis. Tissue repair involves extensive 

intercellular communication and cell-matrix interactions. During this complex process 

various proinflammatory mediators, such as cytokines and chemokines are released from the 

injured tissue as well as blood and parenchymal cells, leading to a loss of tissue homeostasis 

(De Maio et al. 2002; Chanson et al. 2005).  

 

It has been identified that pro-inflammatory mediators affect connexin gene expression as 

well as the stability or degradation of connexin mRNAs. For example, tumour necrosis factor 

(TNF-α) has been shown to down regulate Cx43 expression in the rat heart (Fernandez-Cobo 

et al. 1999) and lipopolysacharides (LPS) have been shown to decrease the half life of Cx32 

(Gingalewski et al. 1996; Gingalewski and De Maio 1997). It has been suggested that this 

may be a defensive mechanism provided by the GJs to prevent cell damage by pro-

inflammatory cytokines (Chanson et al. 2005).  

 

Conversely, GJs have also been detected between inflammatory cells such as 

polymorphonuclear (PMN) cells and macrophages. Oviedo-orta et al. (2002) reported 

expression of Cx43 in circulating T, B and natural killer cells. Moreover in mixed 

lymphocyte cultures, they observed a dramatic reduction in secretion of immunoglobulins 

and IL-10 with a down regulation of GJ channels. As such these GJs may be involved in 

regulating leukocyte activation as well as recruitment. 

 

Tissue repair follows the inflammatory phase of tissue injury and involves tissue 

regeneration. In chronic or severe tissue damage or inflammation, more complex repair 

processes occur with angiogenesis, fibrosis and scar remodelling. Involvement of connexins 

and gap junctions in these processes has been studied in various tissues (Chanson et al. 

2005).  

 

Angiogenesis, the growth of new capillary blood vessels, is an essential event in wound 

repair. However, persistent unregulated angiogenesis leads to diseases such as arthritis, 

tumour growth, cancer metastasis and choroidal neovascularisation. Endothelial cell growth 

is the main event in angiogenesis and is preceded by active intercellular communication. 

Consequently, Cx43, Cx40, Cx37 and Cx32 are found in endothelial cells and are shown to 
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be extensively involved in endothelial cell growth (Figueroa and Duling 2009). Acute 

vascular injury caused by percutaneous coronary interventions has been shown to up-regulate 

the Cx43 expression in neointimal muscle cells. Accordingly, Chadjichristos et al. (2006) 

reduced the neointima formation by inhibiting Cx43 and suggested Cx43 down-regulation to 

have therapeutic potential in reducing restenosis following coronary interventions.  

 

The role of Cx43 in angiogenesis has been further studied using heterozygous knockout mice 

for Cx43. The cornea of these mice, which is devoid of pre-existing vascularisation, was 

subjected to cauterisation and the outcomes were quantified by measuring blood vessel 

density and length. The authors reported a lower density of new blood vessels in the cornea 

of Cx43
+/-

 mice compared to that of Cx43
+/+

 mice (Rodrigues et al. 2006). Accordingly the 

modulation of Cx expression has the potential to have wide spread therapeutic application in 

various pathological conditions (Qiu et al. 2003; Hodgins 2004; Coutinho et al. 2005; Herve 

and Sarrouilhe 2005).   

1.4.3 Connexin Expression in Ocular Tissue 
 

Various connexin interactions (homotypic and heterotypic) have been found in ocular tissue 

and each ocular tissue exploits gap junctions in an exceptional manner during intercellular 

communication (Cook and Becker 1995; Vaney and Weiler 2000; White and Bruzzone 

2000).  

1.4.3.1 Retina  

 

Gap junctions comprise an important component of the retinal structure and are involved in a 

wide range of intercellular interactions. RT-PCR studies have identified nine connexins 

(Cx26, Cx31, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45 and Cx50) in the mouse retina, but 

immunoblot assays have only confirmed the presence of six of these (Cx26, Cx36, Cx37, 

Cx43, Cx45 and Cx50). The most commonly expressed connexins in vertebrate retina are 

Cx43 and Cx50 (Guldenagel et al. 2000; Sohl et al. 2000; Vaney and Weiler 2000).  

 

Cx43 is extensively expressed at the margin between the RPE and the ventricular zone (VZ), 

the outermost layer of the neural retina where progenitor cells undergo an intense period of 

cell division to generate specialised cells such as neurons and glial cells (Janssen-Bienhold et 

al. 1998; Pearson et al. 2004; Pearson et al. 2005). Once activated by Ca
2+

 released from the 
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RPE, Cx43 GJ has been proposed to release ATP to the VZ and stimulate mitosis and 

proliferation of neural progenitor cells (Pearson et al. 2005).  Becker et al. (1999) confirmed 

this role of Cx43 in retinal development by down regulating Cx43 in chick embryos, which 

resulted in significantly smaller eyes in chicks. Earlier studies have also shown that abolition 

of RPE cells resulted in disorganisation of neural retina and arrest of eye growth in mice 

(Raymond and Jackson 1995). Cx43 has also been identified in endothelial cells of retinal 

blood vessels in fish and rats (Janssen-Bienhold et al. 1998).  

 

The abundance of Cx50 in retinal glial cells of rats and rabbits was demonstrated by Schutte 

et al. (1998). Glial cells (astrocytes and Müller cells) buffer the extracellular ion 

concentration in the retina by removing and recycling excess neurotransmitters released by 

the nerve cells and by delivering metabolites to the neurons. These cells also control the 

excitability and transmission properties of neurons through the regulation of extracellular ion 

concentration. The coordinated regulation of this extracellular ionic environment is proposed 

to be governed mainly by the gap junctions.   

1.4.3.2 Cornea  

 
Up to 5 connexin isoforms (Cx26, Cx30, Cx31.1, Cx37, and Cx43) have been identified in 

the rat cornea using both RT-PCR and connexin-specific antibodies.  These connexin 

isoforms exhibited spatially distinct patterns within the cornea, with Cx26 and Cx43 

expressed in basal cells of the epithelium and between endothelial cells. Cx26 and Cx43 were 

also detected in the first layer of intermediate epithelial cells and stromal keratocytes, 

respectively. Cx30 is expressed in the peripheral corneal epithelium, whereas Cx37 is 

expressed in the intermediate corneal epithelium. In contrast, Cx31.1 was shown to be 

restricted to superficial corneal epithelium, suggesting a possible role in cell apoptosis and 

shedding of epithelial cells into the tear film (Dong et al. 1994; Laux-Fenton et al. 2003).   

 

Many studies have shown dynamic changes in expression patterns of Cx43 during wound 

healing in the cornea. It has been shown that during the initial stages of wound repair, Cx43 

expression decreases at the wound edge of the corneal epithelium, but during wound closure 

Cx43 expression increases at the regions of cell differentiation (Matic et al. 1997). 

Involvement of Cx43 in corneal endothelial repair has also been investigated and it has been 

shown that down-regulation of Cx43 accelerates the rate of wound closure in rat corneal 
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endothelium. Moreover, endothelial Cx43 inhibition prevented fibrosis in the corneal 

endothelium and preserved the corneal clarity (Nakano et al. 2008).  

1.4.3.3 Lens  

 

The ocular lens is an avascular, crystalline structure with a high density of gap junctions. The 

GJs are responsible for the control of a constant intracellular environment and precise 

regulation of the cellular volume in the lens, which preserves its transparency. The three main 

GJ proteins expressed in the vertebrate lens are Cx43, Cx46 and Cx50. Cx43 is expressed 

mainly in the lens epithelium, whereas the gap junctions in fiber cells are composed primarily 

of Cx46 and Cx50 (Musil et al. 1990; Paul et al. 1991; White et al. 1992; Boswell et al. 

2009).  

 

The importance of these connexins in lens development has been demonstrated by deletion of 

the respective genes in mice, with the gene knockout mice having defects in lens clarity 

and/or impaired lens growth. Moreover, natural mutations in these genes have also been 

identified with a variety of inherited cataract phenotypes (Shiels et al. 1998; White et al. 

1998; Gao et al. 2004).    

 

There is no published data on the expression of connexins in the sclera, but Cx43 has been 

identified in the choroidal vasculature (Kerr et al. 2010).  

1.5 Antisense Technology – The State of the Art 

1.5.1 Concepts and Mechanisms 
 

Aberrant expression of genes and consequent up-regulation of protein production leads to 

virtually every major human disease. The antisense technology provides a direct means to 

attenuate such discordant gene expression and modify disease progression (Sczakiel 1994; 

Nyce 1998). There are three main types of antisense strategies, namely antisense 

oligodeoxynucleotides (AsODN), ribozymes and small interfering RNA (siRNA) (Scanlon 

2004; Aboul-Fadl 2005).  

 

AsODN are small synthetic single-stranded oligonucleotides that bind to a specific messenger 

RNA (mRNA) based primarily on the Watson-Crick nucleic acid pairing rule. The AsODNs 
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inhibit the actions of mRNA either by blocking the ribosome (steric hindrance) or by 

activating RNase H enzyme (Figure 1.11). High affinity interaction between the AsODN and 

mRNA prevents the binding of the ribosome, the protein translation machinery, to the target 

mRNA either at the initiation, elongation or termination step. RNase is a ubiquitous enzyme 

present in cells that cleaves the RNA strands of RNA-DNA duplexes. Accordingly, activation 

of this enzyme by AsODN leads to degradation of the target mRNA (Dias and Stein 2002; 

Chan et al. 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ribozymes, on the other hand, are RNA molecules that cleave single stranded regions of 

RNA through trans-esterification or hydrolysis reactions at the phosphodiester bond. There 

are various types of ribozymes, but the most widely used are hammerhead ribozymes. The 

minimised hammerhead ribozyme is about 40 nucleotides in length and consists of two 

substrate-binding arms and a catalytic domain.  The specificity of ribozyme molecules to 

RNA is derived from the sequence of its binding arms. The catalytic domain has a consensus 

cleave target sequence of XUN, where X is any nucleotide and N is only A, C or U 

nucleotides (Haseloff and Gerlach 1988; Scanlon 2004) 

 

Comparable to the mechanism of action of AsODNs, siRNA inhibits RNA function by 

complexing with mRNA via Watson-Crick base pairing rules. Nonetheless, the activity of 

siRNA is initiated by a cellular enzyme, dicer, which hydrolyses the original double stranded 

RNA into 21-23 nucleotide lengths of RNA. The dicer enzyme cleaves both strands of RNA, 

Figure 1.11 - Schematic presentation of the mechanism of action of antisense oligonucleotides 



Chapter 1 | Introduction 

 

32 | P a g e  

 

leaving 3‘ overhanging nucleotides on one strand at either end. The resultant siRNA is then 

incorporated into ribosomes to form an RNA–induced silencing complex (RISC). 

Consequently when a target sequence complexes with the RISC, the slicer enzyme is 

activated and the sequence is cleaved in two. The RISC itself remains intact and is able to 

renew its catalytic activity against the target gene. Consequently the siRNA activity remains 

for days or weeks depending on the specific mRNA target and the cell type (Hutvagner and 

Zamore 2002; Scanlon 2004).   

1.5.2 Challenges Associated with AsODN Delivery 
 

Despite the vast array of therapeutic potentials for antisense technology, some formidable 

difficulties have emerged in its application. One of the main issues is the in vivo stability of 

the molecules. Even though phosphodiester oligonucleotides are easy to synthesise, they are 

easily degraded by the ubiquitous nucleases found in cells and in plasma. Moreover, the 

products of this degradation process can be toxic to the body. In order to overcome this issue 

and to prolong tissue half-life, various chemical modifications have been made to the 

phosphate backbone of oligonucleotides (Scanlon 2004; Chan et al. 2006).  

 

The first of many was the replacement of one of the non-bridging oxygen atoms at each 

phosphorous in the oligodeoxynucleotide (ODN) backbone by a methyl group (Figure 1.12). 

The methylphosphonate oligonucleotides (MPO) were successful in resisting nuclease 

attacks, but owing to their uncharged nature, the efficacy of the compound was dramatically 

reduced (Lebedeva and Stein 2001).  

 

 

 

 

 

 

 

 

 

 

 Figure 1.12 - Chemical structures of ODN and MPO 
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Consequently, the backbone of oligonucleotides was further modified by substituting each 

non-bridging oxygen atom with a sulphur atom, producing phosphorothionate ODN (PS-

ODN), the first generation AsODNs (Figure 1.13). PS-ODNs have high resistance to nuclease 

degradation, but are not nuclease proof. Moreover, the modification resulted in a reduction in 

melting temperature of the AsODN-mRNA complex by approximately 0.5 °C per nucleotide 

leading, to a lower affinity of PS-ODN to the target mRNA (Crooke 2000). PS-ODNs have 

also been shown to bind to non-specific targets such as cell surfaces and intracellular 

proteins. The most significant of these are heparin binding proteins, including basic fibroblast 

growth factor, acidic fibroblast growth factor, platelet derived growth factor, VEGF and its 

receptors and the epidermal growth factor receptor.  Nonetheless, fomivirsen, a first 

generation PS-ODN is the only AsODN currently approved by the FDA for clinical use 

(Perry and Balfour 1999). PS-ODNs are also widely used for in vitro loss of function studies 

and in vivo gene target identification and validation (Lebedeva and Stein 2001; Kurreck 

2003; Aboul-Fadl 2005; Chan et al. 2006).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 - The chemical structure of PS-ODN 
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To enhance binding affinity and to improve nuclease resistance, second generation AsODNs 

were developed with 2‘-alkyl modifications. The 2‘-O-Methyl (2-OMe) and 2‘-O-

Methoxyethyl (2‘-MOE) are the two most studied second generation AsODNs (Figure 1.14). 

The second generation molecules achieved the target nuclease resistance and also had more 

affinity for the target mRNA. However the 2‘-alkyl modification reduced the RNase H 

activation potential of these AsODNs (Kurreck 2003; Chan et al. 2006).  

 

Accordingly, the chimeric strategy or the ‗gapmer‘ technology was developed to enhance 

AsODN potency (Figure 1.15). In gapmer technology, the molecule contains two segments, a 

central stretch of DNA or PS-DNA monomer to activate RNase H and modified nucleotides 

such as 2‘-OME at each end to prevent nucleolytic degradation of the AsODN (Aboul-Fadl 

2005).  

 

 

 

 

 

 

 

 

 

 

Figure 1.14 - Chemical structures of 2‘-OMe (A) and 2‘MOE (B) AsODN; R is the base 

A B 
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In recent years, further modifications were carried out to improve the pharmacokinetics, 

target affinity and nuclease resistance of AsODNs. These AsODNs are termed third 

generation AsODNs. The novel nucleotides have modified phosphate linkages or ribose 

sugars as well as nucleotides with an altered chemical moiety substituting the furanose ring. 

Peptide nucleic acid (PNA), locked nucleic acid (LNA) and phosphoroamidate morpholino 

oligomer (PMO) are the three well studied third generation AsODNs (Figure 1.16) (Kurreck 

2003; Aboul-Fadl 2005; Chan et al. 2006).  

 

 

 

 

 

 

 

Figure 1.15 - Chemical structure of a gapmer AsODN. X = S- or O- depending on the nuclease resistance 

provided by 2‘-Y 
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PNA is an uncharged nucleotide analogue that can hybridise complementary DNA or RNA 

with higher affinity, stability and specificity. PNA has also shown gene silencing 

characteristics in vitro by hybridising with double stranded DNA in triplex, triplex invasion, 

duplex invasion or double duplex invasion configuration. However they lack RNase H 

activation ability and have inherent solubility and cellular uptake problems due to their 

neutral charge (Nielsen 2004). 

 

Locked nucleic acids (LNA) are amongst the most promising chemically modified 

nucleotides developed. LNA is a conformationally restricted nucleotide due to a 2‘-O ribose 

modification. This gives it high thermal stability and enhances its hybridisation affinity 

towards target mRNA and DNA. LNA is also resistant to nuclease attacks, but lacks the 

RNase activation property. However, to restore the RNase mediated cleavage of mRNA, the 

LNA monomer can be freely incorporated into RNA or DNA to form chimeric 

oligonucleotides (Kurreck et al. 2002; Vester and Wengel 2004).  

 

Conversely, PMOs function primarily by steric hindrance of the ribosomal assembly, which 

leads to translational arrest. This chemical modification also confers excellent nuclease 

stability and toxicity profiles. However, due to the uncharged nature of the molecule, they do 

not cross the cell membrane readily (Amantana and Iversen 2005). Nonetheless, recent 

Figure 1.16 - Chemical structure of PNA (A), LNA (B) and PMO (C) 
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studies have shown improved cellular transport with the incorporation of an arginine-rich 

peptide to the PMO molecule (Moulton et al. 2004; Nelson et al. 2005). 

 

Accordingly, chemical modifications at various positions on the AsODN structure have been 

carried out, generating potentially interesting AsODN analogues. These modifications have 

addressed the main concerns of AsODN therapy, including instability in plasma and cells 

(due to nuclease degradation), cellular uptake, affinity to target mRNA (thermodynamic 

stability), and specificity as well as mechanism of inhibition (steric hindrance and/or catalytic 

activity) (Lonnberg and Vuorio 1996). However, all of these analogues are still under 

systemic evaluation in order to determine their clinical applications.  

1.5.3 Pharmacokinetics of AsODN 

1.5.3.1 Absorption 

 

The most widely used mode of administration for AsODNs is the parenteral route, which 

includes the intravenous and subcutaneous routes. Following parenteral administration, 

greater than 90 % of naked (un-formulated and un-modified) first generation AsODNs bind 

to plasma protein and transfer rapidly from plasma to tissue, with a distribution half life of 1-

2 hours. It has been shown that 12 hours after administration, less than 1 % of the dose 

remains in circulation and less than 5 % of the dose is recovered in urine and faeces over the 

first 24 hours, confirming tissue accumulation of AsODN. The highest tissue accumulation of 

AsODN has been shown in the kidneys, liver, spleen, lymph nodes, adipocytes (cell body 

only) and in the bone marrow (Geary 2009). Moreover, the plasma exposure and clearance 

parameters of AsODNs are shown to be dependent on the body weight of treated species 

rather than the surface area (Yu et al. 2009). In contrast, modified AsODN with no charge 

shows rapid clearance from the plasma during the initial hours following administration 

(Geary et al. 2001; Geary 2009).   

 

Topical or local administration is also widely used to deliver AsODN to the site of action. 

This provides localised delivery and therapeutic action with minimal adverse effects. For 

example, intravitreal injection of fomivirsen (a first generation PS-ODN), which is currently 

approved for treatment of CMV retinitis, is rapidly distributed to the retinal epithelium with 

little or no systemic absorption (Bejanian et al. 1999). Moreover, due to the low nuclease 
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enzyme activity in the eye, AsODN administered via the intravitreal route remains in the eye 

for prolonged periods. Other local delivery examples include pulmonary (Ali et al. 2001) and 

lower bowel administration (Miner Jr et al. 2004). As such, local routes of AsODN 

administration minimise the issues of stability and renal clearance associated with systemic 

delivery and provide better bioavailability profiles (Geary 2009).  

 

The oral bioavailability of AsODN is very poor (<1%) with permeability coefficients of less 

than 10 x 10
-6

 cm s
-1

 (Geary 2009). Nonetheless, Tillmann et al. (2008) reported a 10-12% 

absolute bioavailability for a mini-tablet capsule formulation of chimeric AsODN in humans. 

Therefore novel formulation strategies may yet provide the solution for improved oral 

bioavailability profiles and less variability for orally administered AsODN.  

1.5.3.2 Distribution 

 

Upon parenteral administration AsODNs bind to plasma proteins (primarily albumin) non-

specifically via hydrophilic sites. This promotes AsODN uptake into multiples tissues and 

prevents rapid renal excretion. Cellular uptake of antisense occurs primarily via endocytosis, 

but the organ uptake is generally heterogeneous and cell type specific (Graham et al. 1998; 

Geary 2009).  

 

Although the distribution of modified AsODN from plasma to tissue occurs rapidly, the 

distribution to the site of action within the cell is maximally realised 24-48 hours post 

administration. This is likely to be due to the intracellular uptake and transport kinetics from 

the cell membrane to the cell nucleus. Nevertheless, reported tissue half-lives of modified 

AsODNs range from one to four weeks depending on the sequence and structure. These 

distribution profiles results in prolonged mRNA inhibition and subsequently lower frequency 

for AsODN administration (Geary 2009).   

1.5.3.3 Metabolism 

 

As discussed in Section 1.5.2, AsODNs are metabolised by nucleases, which are ubiquitously 

expressed in most tissues (Wojcik et al. 2007). In contrast to other systemically administered 

drugs, AsODNs are not substrates for the cytochrome P450 enzymes and are not expected to 
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interact with other molecules that are predominantly cleared through this oxidative metabolic 

pathway (Geary 2009).          

1.5.3.4 Excretion 

 

The lower molecular mass oligonucleotide metabolites, products of nuclease metabolism, 

lose their protein binding capacity and are excreted readily in urine. Biliary excretion is 

shown to be a minor elimination pathway for AsODN metabolites and for intact AsODN. 

Complete excretion of an administered dose of modified AsODN (2‘-OMe) only occurs after 

several months of initial dose, which is consistent with their long half-life (Geary 2009). 

1.5.4 Toxicology of AsODN 
 

The modification of chemical structure and sequence has overcome the adverse effects of 

AsODN technology due to non specific hybridisation to RNA and DNA. Nonetheless 

AsODN are still capable of hybridising with proteins, enzymes, receptors or growth factors 

via ionic or hydrophobic bonding depending on their backbone chemistry (Zon 1995). The 

most common acute toxicities related to these non specific bindings are activation of the 

transient complement cascade and inhibition of the clotting cascade (Chan et al. 2006).  

 

For example, PS-ODN has been shown to interact with factor H, a circulating negative 

regulatory factor, facilitating the activation of complement cascade via the alternate pathway. 

This results in increased complement split products such as C3a and C5a, leading to 

cardiovascular events such as hypotension (Jason et al. 2004). Galbraith et al. (1994), 

however, reported this only to be associated with rapid intravenous administration of PS-

ODN and that the complement pathway activation can be completely avoided with slow 

(continuous) intravenous administration. It has been reported that PS-ODN affects the 

clotting cascade by binding to coagulation factors such as factor VIIIa, IXa, X and II, leading 

to a transient prolongation of activated thromboplastin times (Jason et al. 2004).  Immune 

stimulation, manifested as splenomegaly, lymphoid hyperplasia and diffused multi organ 

mixed mononuclear cell infiltrates, is another well reported sub-chronic toxicity of AsODN. 

Thrombocytopenia, increased liver enzyme levels and hyperglycaemia have also been 

reported at high plasma concentrations of AsODN (Jason et al. 2004; Chan et al. 2006).  
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1.5.5 Delivery Systems for AsODN 
 

Formulation of AsODN in an effective delivery system is one of the greatest challenges 

facing antisense technology owing to the lack of success in achieving therapeutic levels of the 

macromolecule at target tissues. Owing to the anionic nature of AsODNs, they are 

transported into the cells primarily via endocytosis.  Nonetheless, the majority of AsODN 

taken into the cells degrades in the endolysosomes, leaving only negligible amounts to reach 

the molecular target, mRNA. To overcome this issue, many viral and non-viral mechanisms 

have been investigated. However, controversies have recently developed over the use of viral 

vectors due to their ability to integrate into human chromosomes. Consequently, the current 

focus is on the development of effective non-viral vectors for AsODN delivery (Lysik and 

Wu-Pong 2003; De Rosa and La Rotonda 2009).    

1.5.5.1 Lipid Based Delivery Systems 

 

Currently cationic lipid carriers, such as cationic liposomes, are the most widely used vectors 

for AsODN internalisation. These liposomes are vesicles in which a cationic lipid based 

membrane surrounds one or more aqueous cavities. Upon the addition of AsODN solution to 

the liposome suspension, lipoplexes are formed owing to complexation (De Rosa and La 

Rotonda 2009). The most widely used cationic lipids in liposomal formation are N-[1-(2,3-

dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) and N-[1-(2,3-

dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulphate (DOTAP) (Figure 1.17) 

(Lysik and Wu-Pong 2003; Chan et al. 2006). 
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In addition to assisting with endocytosis of AsODN, cationic liposomes also prevent 

degradation of AsODN by nucleases (Lappalainen et al. 1994; Zelphati and Szoka 1996). 

Moreover, fluorescein labelled studies have shown destabilisation of the endosomal 

membrane by the lipoplexes. Anionic lipids, which are mainly located on the cytoplasmic 

face of the cell membrane, then diffuse into the complex, neutralising its charge and releasing 

the AsODN (Zelphati and Szoka 1996). Inclusion of neutral lipids, termed helper lipids, in 

the lipoplex has also been shown to enhance the transfection efficiency of these systems. 1,2-

dioleil-sn-glicero-3-fosfoetanolamine (DOPE) is the most widely used helper lipid due to its 

inherent fusogenic properties (Figure 1.17) (De Rosa and La Rotonda 2009). DOPE is able to 

adopt an inverted hexagonal phase to induce fusion of lipoplexes to the endosomal 

membrane. Once the complex enters the cytoplasm, DOPE segregates from the lipid 

complex, allowing the AsODN to reach its molecular target (Litzinger and Huang 1992; De 

Rosa and La Rotonda 2009).  

 

Success of local delivery of AsODN using cationic liposomes has been shown in many 

animal studies. For example, intraperitoneal administration of PS-CpG AsODN incorporated 

in lipoplexes efficiently inhibited the tumour cell proliferation in the peritoneal cavity of mice 

(Kuramoto et al. 2008). Efficient uptake of siRNA incorporated in cationic liposomes by 

epithelial and lamina propia cells in the mouse vagina has also been reported, illustrating the 

A 

B 

C 

Figure 1.17 - Chemical structures of DOTMA (A), DOTAP (B) and DOPE (C) (De Rosa and La Rotonda 2009) 
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application of these lipoplexes in mucosal delivery (Palliser et al. 2006). However, systemic 

administration of cationic liposomes alters the pharmacokinetics of AsODN, owing to 

interaction of the liposomes with serum components. This mediates accumulation of the 

liposomes in the liver, mainly in Kupffer cells (Litzinger et al. 1996).  

 

Despite the success in local delivery of AsODN, cationic liposomes decrease cell viability 

and are reported to be cytotoxic. This has been attributed to the binding of cationic lipids to 

intracellular anionic lipids, which eventually compromises the cellular metabolic pathways. 

Moreover, in vivo variability of AsODN transfection due to various experimental conditions 

and overall charge of the complexes limits the clinical application of cationic liposomes 

(Dass 2002).   

 

Another widely used lipid-based AsODN deliver system is stabilised antisense lipid particles 

(SALPs), also known as stable nucleic acid lipid particles (SNALPs). They are formulated 

from an ionisable lipid such as dioleoyl dimethyl ammonium propane (DODAP) and 

polyethylene glycol (PEG) lipids (Dass 2002; De Rosa and La Rotonda 2009). The ionisable 

lipid is cationic only at sub-physiological pH and the PEG lipid provides a steric barrier that 

inhibits vesicle aggregation during preparation, and leaves the vesicle in vivo (Dass 2002). 

SNALPs have been used to deliver anti-apo lipoprotein B (ApoB) siRNA by intravenous 

injection to cynomolgus monkeys. Zimmermann et al. (2006) reported a dose-dependent 

silencing effect in the liver 48 hours after a single siRNA injection. Moreover, they found no 

complement activation, delayed coagulation, pro-inflammatory cytokine production or 

changes in haematological parameters upon systemic administration of SNALPs.  These 

exciting in vivo results have moved the SNALP technology from laboratory to clinical trials, 

where Tekmira Pharmaceutical Corporation has already begun phase 1 clinical trials on 

ApoB SNALP for the treatment of high LDL cholesterol. Preclinical studies on Polo like 

kinase 1 (PLK) SNALP are also underway for the treatment of cancer (Tekmira 2008).  

1.5.5.2 Polymer-based Delivery Systems 

 

Polymer-based AsODN delivery systems vary from colloidal systems, which include micro- 

and nanoparticles, to simple hydrogel systems. Polymers are promising candidates for gene 

delivery vectors due to their low cost and ease of synthesis. The most widely studied polymer 

vectors in gene delivery include poly-L-lysine (PLL), polyethyleneimine (PEI), 
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polyamidoamine dendrimers and chitosan. These vary in size, molecular architecture, 

chemical nature and subsequently influence AsODN delivery. AsODN are incorporated into 

polymeric systems mainly via electrostatic interactions (polyelectrolyte formation), 

encapsulation within spherical structures (nano- or micro- capsules) or by adsorption on to 

nano- or micro- spheres (Wong et al. 2007; Zhao et al. 2009). 

1.5.5.2.1 Poly-L-lysine (PLL) 

 

PLL is cationic in nature and is able to interact with anionic AsODN. However, polyplexes of 

PLL and AsODN have poor cell penetrating abilities, thus are modified with molecules such 

as PEG, PEI, sugars, folate or antibodies to improve transfection efficiencies. For example, 

Hashida et al. (1998) reported a significant increase in pCAT (plasmid encoding for 

chloramphenicol acetyltransferase) transfection in vitro and in vivo following conjugation of 

PLL with galactose. Suha et al. (2001) also utilised the conjugation method to effectively 

transfect a pSV-β-galactosidase plasmid DNA in vitro in to human leukaemia T cells (Molt 4 

cells). This was achieved by hybridising the PLL with anti-JL1 antibody, which has been 

proven to bind to JL1 antigens on leukaemia T cells. Nonetheless, cytotoxicity  prevents the 

clinical use of PLL polyplexes (Segura and Shea 2001).  

1.5.5.2.2 Polyethyleneimine (PEI) 

  

PEI is an aliphatic organic macromolecule with high charge density potential due to the 

presence of amino nitrogens that can be easily protonated. Moreover, the charge dissociation 

is pH responsive, thus it raises the endolysosomal pH by accepting protons pumped in to the 

endolysosomes. This alters the protein folding within the endolysosome and inactivates 

functional enzymes capable of degrading AsODN, resulting in relatively high transfection 

efficiency. Therefore PEI has been widely used as an AsODN delivery vector (Godbey et al. 

1999).  

 

PEI has been successfully used to deliver AsODN via the intravenous route in various animal 

models. For example, Fischer et al. (2004) compared the pharmacokinetics of unformulated 

AsODN to both PEI-AsODN and PEGylated PEI-AsODN after intravenous administration 

into mice. They reported rapid elimination (< 15 minutes) of un-complexed AsODN. In 

contrast, the AsODN complexes were mainly distributed to the liver and spleen. However, 
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PEGylated PEI was not shown to better stabilise the AsODN compared to PEI-AsODN. The 

clinical significance of PEI-AsODN complexes is unclear due to the high variability in 

complex characteristics and the unavailability of long term toxicity profiles (De Rosa and La 

Rotonda 2009). 

1.5.5.2.3 Polyamidoamine (PAMAM) dendrimers 

 

Dendrimers are covalently bonded macromolecules with a defined molecular weight. The 

three characteristic structural features of these are the core, the branches and the functional 

groups on the periphery of the molecule (Figure 1.18) (Villalonga-Barber et al. 2008). 

PAMAM dendrimers have been synthesised from either an ammonia or ethylenediamine core 

and by successive addition of methylacrylate and ethylenediamine. The number of synthetic 

steps (i.e. the number of generations) determines the surface charge and the diameter of the 

dendrimer (Tomalia et al. 1990). Consequently, the generation of PAMAM used determines 

the transfection efficiency of the complex (Segura and Shea 2001).  

 

Hughes et al. (1996) evaluated the AsODN transfection efficacy of a fifth generation 

starburst PAMAM dendrimer in vitro using a chinese hamster ovary cell line expressing 

chloramphenicol acetyl transferase (CAT). Results demonstrated a 35-40 % reduction in CAT 

expression by PAMAM formulation and were comparable to the efficiency of Lipofectin™, a 

commonly used transfection reagent. In addition, Bielinska et al. (1996) reported 25-50 % 

inhibition of luciferase activity in cell lines by AsODN delivered using PAMAM dendrimers.  

With the exception of cytotoxicity, which is dependent on dendrimer functionality and 

concentration, dendrimers have been proven to be effective in AsODN transfection and will 

thus provide a valuable platform for AsODN delivery (Duncan and Izzo 2005; Cheng et al. 

2008).  
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1.5.5.2.4 Chitosan 

 

Chitosan is a biodegradable and biocompatible linear homo-polymer composed of D-

glucosamine and N-acetyl-D-glucosamine. It is poly-cationic, which enables it to interact 

with negatively charged AsODNs in an aqueous environment. Therefore, chitosan is able to 

form colloidal particles and entrap AsODNs either by ionic cross-linking or ionic 

complexation. These colloidal formulations protect the degradation of AsODN by nucleases 

and improve AsODN bioavailability (De Rosa and La Rotonda 2009).   

 

It has been shown that chitosan nanoparticles are able to prolong the plasma circulation time 

of a siRNA by 65 % after intravenous administration in mice. Nevertheless, chitosan leads to 

accumulation of siRNA in the kidney with 1.5-2 % of siRNA remaining in kidney after 24 

hours of administration (Gao et al. 2009). Howard et al. (2009) also studied the efficacy of 

chitosan nanoparticles in delivering unmodified and modified siRNA to peritoneal 

macrophages by intraperitoneal injection in mice. The authors reported detection of chitosan 

nanoparticles in peritoneal macrophages 4 hours after injection, which was comparable to 

lipid-based intraperitoneal siRNA delivery systems. Moreover, both unmodified and 

modified siRNA demonstrated TNF-α knockdown in these macrophages. Accordingly, local 

administration of chitosan-based antisense formulations is capable of circumventing 

drawbacks associated with intravenous administration. Chitosan-based antisense delivery 

systems has also been utilised successfully in transdermal  (Wang et al. 2008) and intranasal 

Figure 1.18 – Schematic presentation of structural features of a third generation 

dendrimer (Villalonga-Barber et al. 2008) 
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delivery (Kim and Kim 2007). These studies demonstrate the potential for chitosan-based 

formulations to be a platform for AsODN delivery in the future.  

1.5.5.2.5 Poly(lactide-co-glycolide) micro- and nanoparticles 

 

Poly(lactide-co-glycolide) (PLGA) are biodegradable polyesters, used extensively in the 

pharmaceutical industry. They are available in various molecular weights, lactide to glycolide 

ratios and hydrophilicity, making each unique in its biodegradation rates and 

pharmacokinetics. In addition to protecting entrapped AsODN from nucleases, they provide 

sustained release of the antisense to target tissues (De Rosa and La Rotonda 2009).   

 

In vivo efficacy of PLGA nanoparticles has been demonstrated by many studies. Cohen-

Sacks et al. (2002) used PLGA nanoparticles to successfully deliver a platelet derived growth 

factor β receptor antisense to arteries of a balloon injured rat restenosis model. A significant 

anti-restenotic effect was observed and the extent of neointimal formation 14 days after 

injection of AsODN PLGA nanoparticles was reported to be 32.2 % compared to 54.9 % in 

the control group. Efficacy of PLGA microparticles in the delivery of AsODN has also been 

demonstrated. For example, De Stefano et al. (2009) used PLGA microparticles to delivery 

AsODN to inhibit NF-κB in rats with chronic inflammation induced by λ-carrageenan 

sponges. The AsODN microparticles were reported to inhibit granulation tissue formation for 

up to 15 days. Gomes dos Santos et al. (2006) also administered PLGA microspheres 

containing antisense TGF-β2 nanosized complexes subconjunctivally to a rabbit experimental 

model of filtering surgery. The results demonstrated a 100 % bleb (raised area of conjunctiva 

following filtering surgery) survival for 42 days following treatment with microspheres 

containing antisense. Moreover, the histological studies clearly illustrated intracellular 

penetration of complexed AsODN and no signs of inflammation associated with the PLGA 

microspheres. Accordingly, the current studies demonstrate the efficacy of AsODN 

transfection by PLGA micro- and nanoparticles and sustained release properties of PLGA 

spheres.  

1.5.5.2.6 Alginate 

 

Alginates are negatively charged polysaccharides extracted from brown algae. They are 

biodegradable and have low toxicity and immunogenic profiles. Ionic cross-linkage of these 

polymers can be induced by the addition of small quantities of a divalent counter ion such as 



Chapter 1 | Introduction 

 

47 | P a g e  

 

calcium chloride. Due to biocompatibility, mucoadhesion and porosity properties, Ca
2+

-

alginate gels have found a place in protein delivery, cell encapsulation and tissue regeneration 

in addition to their applications in food and printing industries (Gombotz and Wee 1998; de 

Martimprey et al. 2009).  

 

Rajaonarivony et al. (1993) found a mass ratio of 6:1 sodium alginate to calcium chloride to 

be effective in forming nanogels with high drug loading capacity. However, cationic 

polymers such as chitosan and PLL are usually added to the Ca
2+

-alginate aqueous 

mixtures/pre-gels to improve drug loading capacity and also to prevent burst release due to 

high porosity (Aynie et al. 1999; Matricardi et al. 2008). The addition of such cationic 

polymers results in the formation of microspheres or nanoparticles. These alginate systems 

were found to protect AsODN from nuclease degradation as well as alter pharmacokinetics 

due to accumulation of the nanoparticles in the lungs, liver and spleen after intravenous 

administration to mice (Aynie et al. 1999). Ferreiro et al. (2002) studied the efficacy of 

alginate-PLL microparticles in delivering AsODN to the intestines by intrajejunal 

administration to rats. The authors reported a significant improvement in bioavailability of 

AsODN with the microparticles compared to a suspension. Moreover Ca
2+

-alginate systems 

have stimuli responsive properties and thus can be further modified to provide site specific 

drug delivery (Matricardi et al. 2008).  

1.5.5.2.7 Poloxamer (Synperonic or Pluronic
®
) 

 

Poloxamers are block copolymers which consist of ethylene oxide (EO) and propylene oxide 

(PO) arranged in a triblock structure (Figure 1.19).  The size, hydrophilicity and lipophilicity 

of poloxamers are determined by the number of hydrophilic EO and hydrophobic PO units in 

the copolymer. The individual poloxamer molecules (unimers) are able to self assemble into 

micelles in an aqueous environment, which can be used as carriers for various compounds. In 

addition to the use in micellar drug formulations, poloxamers are used extensively, as 

immunoadjuvants, in tissue engineering applications, to prevent postoperative adhesion as 

well as to enhance sealing of cell membranes (Kabanov et al. 2002). Moreover, due to the 

intrinsic cytotoxicity of cationic polymers, neutral polymers such as poloxamer are currently 

under investigation for the delivery of AsODN. 
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Owing to the reversible thermal gelation properties, poloxamers have been used widely in 

localised delivery of drugs. For example, Edelman et al. (1995) reported efficient short term 

delivery of AsODN to rat carotid arteries to inhibit c-myc using a pluronic gel. Acute release 

of incorporated AsODN from the gel system was reported to reduce c-myc mRNA levels in 

the tunica media by 2.5 fold and immunocytochemical identification of the protein by 98.8 % 

within 24 hours of application. However, the formulation was unable to sustain the effect due 

to rapid release of AsODN. Conversely, Bochot et al. (1998) investigated the rate of release 

of AsODN from liposomes incorporated in a poloxamer system (poloxamer concentrations of 

2 % and 27 %). The results demonstrated controlled release of AsODN from the liposomes 

incorporated in high polymer concentrations. Poloxamer-polycation conjugates and 

poloxamer-dendrimer conjugates have also been studied to provide controlled delivery of 

AsODN (Bromberg et al. 2006; Dung et al. 2008). Nonetheless, the high water solubility of 

poloxamer poses a major drawback for this neutral polymer as a vector in gene delivery 

(Chirila et al. 2002).  

 

Accordingly, the present evidence illustrates some of the essential characteristics of AsODN 

formulations. These are summarised in Table 1.4. 

 

 

 

 

 

 

 

 

 

 

EO PO EO 

Figure 1.19 - Triblock structure of poloxamer (Kabanov, Lemieux et al. 2002) 
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Table 1.4 - Ideal characteristics of AsODN carrier systems (Dass and Choong 2008) 

 

Ideal characteristics of  AsODN carrier systems 

Biocompatibility 

Biodegradability 

Non-aggregating 

Prolonged shelf life – preferably at room temperature 

Non immunogenic/non toxic 

Capable of sustained release 

Formulation simplicity 

Enhance cellular uptake 

Permeability enhancement 

 

1.5.6 Cx43 AsODN Clinical Success - From Bench Top to Bedside 
 

As discussed in Section 1.4.2, Cx43 is the most ubiquitously expressed gap junction protein. 

As such, it plays a vital role in metabolic homeostasis and is associated with many human 

diseases. Therefore, the modulation of Cx43 expression by AsODN has the potential to have 

widespread therapeutic application. To date there have been several successful applications of 

Cx43 AsODN treatment in diseases such as burns and topical lesions.  

 

Studies on wound pathophysiology have shown a decrease in Cx43 expression in 

keratinocytes in the first 24 hours after injury. However, within the first few hours after 

trauma, Cx43 is transiently up-regulated in the deep dermis, in fibroblasts and endothelial and 

smooth muscle cells of dermal blood vessels around the wound. Moreover, at later stages of 

wound repair (7 days post trauma), Cx43 is up-regulated in the hyperproliferating epidermis 

(Goliger and Paul 1995; Saitoh et al. 1997; Coutinho et al. 2003). Qiu et al. (2003) 

demonstrated this vital role of Cx43 in wound repair cascade by transiently down-regulating 

Cx43 at early stages of both incision and excision wounds in mice. A single topical 

application of Cx43 AsODN was shown to significantly improve the rate of wound healing at 

6 hours, 1 day and 2 days post trauma, with downstream benefits of reduced scarring. The 

wounds of AsODN treatment group were reported to be less moist, less inflamed and have a 

reduced wound gape within hours of injury. Mori et al. (2006) also carried out an extensive 

study on the effect of transient Cx43 down regulation at the wound site on cell biology and 
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the inflammatory markers. The results illustrate a dramatic reduction in expression of 

neutrophils and macrophages with a subsequent reduction in TNF-α and CC chemokine 

ligand 2 expression at the wound. Consequently, acute down-regulation of Cx43 has been 

shown to dampen the early inflammatory phase of wound repair, which in turn increases the 

rate of wound healing. In addition, Cx43 AsODN has been used successfully to improve the 

rate of healing of epidermal and corneal burns (Coutinho et al. 2005; Goold 2007). 

 

Clinical trials with this AsODN are now being conducted by CoDa Therapeutics Inc. with 

Nexagon
®
 (an unmodified Cx43 AsODN), for the treatment of venous leg ulcers, diabetic 

foot ulcers, ocular persistent epithelial defects and corneal trauma. Successful completion of 

these trials will place Cx43 AsODN technology at the forefront of pharmacotherapy for the 

management of conditions associated with inflammation or an up-regulation of inflammatory 

markers. 
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1.6  Thesis Objectives 
 

Age-related macular degeneration (ARMD) is the leading cause of severe, irreversible visual 

impairment in people aged over 60 years, in developed nations. It is becoming a growing 

concern worldwide as the population ages and a number of ARMD cases remain untreatable. 

Moreover, existing treatments for ARMD are not targeted specifically to the causative agents, 

but rather to the advanced symptoms of the disease. A recent pilot study undertaken at the 

University of Auckland indicated an up-regulation of Cx43 gap junction protein in the 

choroidal blood vessels of patients over the age of 60 years.  Therefore Cx43 AsODN has 

been identified as a promising strategy for stopping or reducing the rate of progression of 

ARMD.  

 

Currently available options for drug delivery to the posterior eye, such as intravitreal 

injections and implants, also pose a great challenge to effectively managing the diseases of 

the posterior eye. Consequently the transscleral or periocular route is being investigated by 

many researchers for delivering therapeutics to the posterior eye for the effective treatment of 

chorio-retinal diseases. Retaane
®
, a suspension formulation of anecortave acetate, is 

formulated to be administered via the periocular route and it is approved for the treatment of 

neovascular ARMD. Nonetheless, formulation reflux (without the aid of external pressure) is 

an inherent disadvantage of this formulation.  Poloxamer (Pluronic
®
), another option that is 

available for periocular injection due to its thermal gelation properties, also has its 

drawbacks, mainly as the formulation needs to be kept at low temperatures during 

administration.  

 

Therefore, the main aim of this thesis is to develop a biodegradable polymeric system that is 

effective in delivering Cx43 AsODN to the choroid via the transscleral route. Accordingly, 

the specific objectives are to: 

 Evaluate the properties of carrageenan and methylcellulose based formulations in 

terms of their rheology, texture, microstructure, mucoadhesiveness and in vitro 

release properties 

 Determine the scleral permeability of Cx43 AsODN  

 Assess the efficacy of selected formulation in delivering Cx43 AsODN to the choroid 

of an ARMD rat model via the transscleral route 
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2. Characterisation of Kappa and 

Iota Carrageenan Aqueous 

Dispersions 
 

2.1 Introduction 
 

Carrageenans are a family of water soluble, anionic linear polymers extracted from species of 

marine red algae (Van De Velde et al. 2001). They are used extensively in the food industry 

as formulation stabilisers, gelling agents and viscosity enhancers and in the pharmaceutical 

industry for the preparation of sustained release formulations (Hilliou and Goncalves 2007).  

 

Chemically, carrageenan is a linear sulphated galactan, which is composed of alternating 

disaccharide repeating units of 3-linked ß-D-galactopyranose (G units) and 4-linked α-D-

galactopyranose (D units) or 4-linked 3, 6-anhydro-α-D-galactopyranose (DA units). The 

three main commercially available carrageenans are iota (ι)-, kappa (κ)- and lambda (λ)- 

carrageenan (Figure 2.1). The biological precursors of κ- and ι-carrageenan, mu (μ)- and nu 

(ν)-, respectively, are also present in commercial carrageenan samples (Van De Velde 2008).  

 

Many different models have been proposed to describe the gelation mechanism of 

carrageenan. A preliminary model of a double helix structure was introduced by Anderson 

and colleagues in 1969.  Later this was modified to the domain model by Morris et al. (1980). 

The domain model is widely accepted and it assumes that at high temperature in the solution 

state, carrageenans exist as random coils and a decrease in temperature induces the formation 

of double helices. This leads to the formation of small independent domains involving a 

limited number of chains via intermolecular association. However, when cations are 

incorporated, helices of different domains aggregate to enable long-range cross-linking 

forming gels (Morris et al. 1980).  
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λ-carrageenan has a higher sulphate substitution level than ι- and κ-carrageenan (Figure 2.1). 

Therefore, λ-carrageenan has a higher capacity to interact with basic drugs (Bonferoni et al. 

2004). However, due to the high sulphate residues, the formation and aggregation of the 

λ-carrageenan helical chains are inhibited. This impedes the formation of gels and leads to the 

formation of a viscous solution upon temperature decrease (Wang et al. 2005).  

 

κ-carrageenan forms gels that are strong and brittle, whereas ι-carrageenan forms clear, soft 

and weak gels (Van De Velde et al. 2001; Janaswamy and Chandrasekaran 2005). Hilliou and 

Goncalves (2007) also demonstrated a shear rate dependent gel structure for these two forms, 

where shear processed gels are softer with lower melting temperature compared to gels 

formed under quiescent conditions. Gelation of both κ- and ι-carrageenan is promoted by the 

presence of cations due to the neutralisation of the coulomb repulsion force between 

Kappa 

Iota 

Lamda 

Figure 2.1 - Chemical structures of galactan repeating units of carrageenan 
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carrageenan polymer units at the cross-link point. As the concentration of ions increases, the 

polymers become tightly aggregated and the gel strength increases dramatically (Naim et al. 

2004).  

 

Monovalent cations, particularly potassium, are known to aggregate κ-carrageenan polymers 

to form rigid gels, in contrast to weak aggregations in the presence of divalent cations such as 

calcium. Conversely, ι-carrageenan forms syneresis free, freeze thaw stable gels that are 

thixotropic in the presence of divalent cations, in particular calcium ions (Morris et al. 1980; 

Norton et al. 1983; Janaswamy and Chandrasekaran 2002). According to X-ray investigations 

carried out by Janaswamy et al. (2002) on ι-carrageenan, calcium ions balance the charge on 

two sulphate groups from different ι-carrageenan helices and bring the helices close together. 

Moreover, 5 different packing systems of ι-carrageenan has also been identified, all of which 

can be derived by the addition of calcium ions. This is in contrast to monovalent ions such as 

sodium and potassium, which only balance the charge between helices to induce the 

formation of polymer entanglements. (Janaswamy and Chandrasekaran 2002; Janaswamy and 

Chandrasekaran 2005). On the other hand, in the presence of potassium, κ-carrageenan 

helices form an ionic bond with the sulphate group and the anhydrous oxygen, making a rigid 

residue (Figure 2.2). The reduced flexibility of the polymer leads to intermolecular polymer 

association (Tako and Nakamura 1986; Nijenhuis 1996; Janaswamy and Chandrasekaran 

2002).  

 

In addition to the ion sensitive properties, carrageenans have been shown to have 

mucoadhesive properties (Madsen et al. 1998). Bonferoni et al. (2004) found an improved 

drug residence time in the precorneal area and increased transcorneal absorption with 

carrageenan-gelatine mixtures. Carrageenan as a nasal mucoadhesive insert has also been 

investigated by Bertram et al. (2006). Thus the present evidence shows the suitability of κ- 

and ι-carrageenan as promising in situ forming gels to deliver drugs to a target tissue due to 

the presence of various cations in the extracellular fluids (Table 2.1). 
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Table 2.1 - Normal ranges of common electrolytes present in extracellular fluid (Hall and Guyton 2006) 

 

 

 

 

 

 

 

 

 

 

In situ forming gels are systems which undergo solution to gel (sol-gel) phase transition when 

introduced into the desired tissue, organ or body cavity. Sol-gel transition of such systems 

can be induced by different mechanisms, for example by solvent exchange, photo-

polymerisation, ionic cross linking, change in pH or a change in temperature. These systems 

can be introduced into the target tissue in a minimally invasive manner and allow the 

incorporation of various drugs by simple mixing, making them a valuable delivery technique 

Ion Concentration (mmol.L
-1

) in 

extracellular fluid 

Potassium 3.8-5.0 

Calcium 1.0-1.4 

Sodium 138-146 

Chloride 103-112 

Bicarbonate 24-32 

κ-carrageenan 

ι-carrageenan 

Figure 2.2 - Proposed mode of intra-molecular, cation selective bonding in κ-carrageenan and 

ι-carrageenan residues 
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for biomaterials such as proteins and DNA. By increasing the formulation residence time, 

these systems also increase the bioavailability and hence the efficacy of the therapeutic agent 

of interest (Hilliou and Goncalves 2007). Furthermore, hydrogels derived from natural 

polymers, such as carrageenan, are biocompatible, biodegradable and can support cellular 

activities through their biologically recognisable moieties (Van De Velde et al. 2001).  

 

In this chapter, κ- and ι-carrageenan extracted from Chondrus crispus will be characterised in 

terms of their physical-chemical characteristics and rheological behaviour. Polymer 

characterisation will provide preliminary data on formulation suitability for the delivery of 

macromolecules. The specific aims of this chapter are to: 

 

 Characterise κ- and ι-carrageenan samples using infrared spectroscopy and size 

exclusion chromatography 

 Determine the effect of monovalent and divalent cations (potassium and calcium, 

respectively) on the phase behaviour of carrageenan formulations 

 Determine the texture profile of selected carrageenan systems 

 Analyse the microstructure of carrageenan dispersions in the absence and presence of 

selected cations  

 Evaluate the rheological properties of selected carrageenan dispersions 
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2.2 Materials 
 

Carrageenan, Genuvisco type x 930-03 (κ) and type x 931-03 (ι) were kindly gifted by CP 

Kelco (Lille Skensved, Denmark). The κ-Carrageenan sample consisted of 5.1 % (w/w) 

potassium, 1.6 % (w/w) calcium and 0.87 % (w/w) of sodium, whereas the ι-carrageenan 

sample consisted of 5 % (w/w) potassium, 0.031 % (w/w) calcium and 4.8 % (w/w) sodium 

(ICP-OES analysis, Hill Laboratories, Hamilton, New Zealand). Potassium chloride (KCl), 

calcium chloride dihydrate (CaCl2.2H2O) and sodium azide (NaN3) were of analytical grade 

and purchased from Scharlau Chemie (Barcelona, Spain). Ion exchanged, distilled Milli Q 

water (Millipore, U.S.A) was used in the preparation of formulations and ion solutions.  

2.3 Methods 

2.3.1 Fourier Transform Infrared (FT-IR) Spectroscopy of Kappa 

and Iota Carrageenan 
 

FT-IR spectra were recorded on a Bruker Tensor 37 spectrometer (Bruker Optics Inc, U.S.A), 

using a diamond ATR system from 400 to 4000 cm
-1

. All spectra were recorded over 128 

scans and at a resolution of 2 cm
-1

. 

2.3.2 Molecular Weight and Branching Characteristics of Kappa 

and Iota Carrageenan 
 

Size exclusion chromatography (SEC) coupled with a multi angle laser light scattering 

system (MALLS) was used to determine the molecular weight of carrageenan samples. The 

SEC-MALLS system consisted of a Waters 515 HPLC pump, a Degassex DG-4400 on-line 

solvent degasser connected to a series of three GPC columns (a Waters column and two 

Polymer Labs aquagel 7.5 mm columns of mixed pore sizes) with a guard column and 0.5 um 

in-line filter, a Rheodyne manual injector, and a Waters column oven. The eluent was 0.02 % 

(w/v) NaN3 and the flow rate was 0.8 mL.min
-1

. The light scattering detector used (DAWN 

DSP, Wyatt Technologies Corporation Ltd, U.S.A) contained 18 detectors and was equipped 

with a He-Ne laser at 632.8 nm. The columns and refractive index detector were maintained 

at 35 ºC. Sample concentrations were 6 mg.mL
-1

 and injection volume was 200 μL. All 

solutions were filtered through 0.45 μm syringe filters prior to injection through the columns. 

A dextran standard of MW 25000 g.mol
-1

 was used to normalise the light scattering detectors. 
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Data acquisition and processing were performed using the ASTRA 4 software (Wyatt 

Technologies Corporation Ltd, U.S.A) and tests were performed in triplicate.  

 

Differential index of refraction (dn/dc values) of the carrageenans was determined using a 

differential refractometer (BI-DNDC, Brookhaven Instruments Corporation, U.S.A.) at 

30 °C. Polymer dispersions (0.5, 1, 2, 3, 5 mg.mL
-1

) were made in 0.02 % (w/v) NaN3 and 

the measurements were done in duplicate.  

2.3.3 Phase Behaviour of Kappa and Iota Carrageenan Aqueous 

Dispersions  
 

Partial ternary phase diagrams using Gibb‘s triangles were constructed to determine the effect 

of potassium and calcium on the gelation of κ- and ι-carrageenan. These two cations were 

selected as carrageenan responds rapidly to them and due to their abundance in extracellular 

fluids. The phase diagrams will establish the minimum amount of polymer needed to induce 

gelling in the absence and presence of added cations. 

 

Polymer solutions were prepared by dispersing the appropriate amount of carrageenan in 

water at approximately 80 °C. Sufficient volume of KCl (2 % w/v) or CaCl2.2H2O (2 % w/v) 

solution was then added to the polymer solution to produce final concentrations of 0-2 % 

(w/v) KCl or 0-2 % (w/v) CaCl2.2H2O at ambient temperature (ca. 22 °C) whilst stirring. 

Samples were then stored at ambient temperature for 24 hours before classifying them 

visually either as a gel, gel with syneresis (differentiated from gels owing to the presence of a 

layer of water on the surface), partial gel (systems with gel clumps) or viscous solution, by 

tilting the vial to an angle of 180°.  

2.3.4 Texture Profile Analysis (TPA) of Kappa and Iota 

Carrageenan Aqueous Dispersions 
 

ι- and κ- carrageenan dispersions (0.4 % w/v) were prepared (as described in 2.3.3) with 

either 0-0.2 % (w/v) CaCl2.2H2O or 0-0.2 % (w/v) KCl. After preparation gels were stored at 

ambient temperature until required for TPA. TPA was carried out at 24 hour and 7 day 

storage time points, using a TA-XT plus texture analyser (Stable Micro Systems Ltd., 

England). Triplicate tests were performed in compression mode at ambient temperature using 

a 10 mm diameter delrin analytical probe. The probe was penetrated twice into each sample 
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to a depth of 15 mm at a rate of 2 mm.s
-1

, allowing a relaxation period of 30 s between 

cycles. The effect of KCl or CaCl2.2H2O concentrations as well as period of storage on 

mechanical properties of gels were analysed using one way ANOVA with Tukey‘s HSD post 

hoc test, with p < 0.01 denoting significance, using SPSS 16.0 software for windows (SPSS 

Inc., U.S.A).  

2.3.5 Microstructure Analysis of Kappa and Iota Carrageenan 

Aqueous Dispersions 
 

The microstructure of 0.4 % (w/v) κ- and ι- carrageenan in the absence or presence of either 

KCl or CaCl2.2H2O was determined using a cryogenic scanning electron microscope (Cryo-

SEM, Philips XL30S FEG, Netherlands). Samples were cured for 12 hours at 4 °C then 

loaded onto rivets and plunge frozen in liquid nitrogen slush (-200 °C). These were then 

loaded into the cryo chamber (Gattan Alto 2500, England), fractured with a razor blade and 

sublimed at -80 °C under vacuum for 30 minutes. Samples were then sputter coated with gold 

for 2 minutes (Polaron SC 7640 sputter coater, Quorum Technologies, England) and viewed 

at an accelerating voltage of 5 kV while being maintained at -180 °C.  

2.3.6 Rheological Characterization of Kappa and Iota 

Carrageenan Aqueous Dispersions 
 

κ- and ι- carrageenan gels (0.4 % w/v) were prepared (as described in Section 2.3.3) with 

either 0-0.2 % (w/v) CaCl2.2H2O or 0-0.2 % (w/v) KCl. The samples were stored at ambient 

temperature overnight prior to analysis using a rotational rheometer as follows. The apparent 

viscosity of the formulations were measured at 25 ± 0.1 °C and 37 ± 0.1 °C and shear rates 

ranging from 75 s
-1

 to 450 s
-1

 using a Brookfield DV-III+ cone and plate rheometer. The 

rheometer was fitted with a CP-40 spindle and operated with the Brookfield Rheocalc 

software (Brookfield Engineering Laboratories Inc., U.S.A). A sample volume of 0.5 mL (or 

0.5 g) was used and measurements were performed in triplicate. The flow indices of the 

systems were calculated by plotting log of shear stress (σ) against log of shear rate (γ).   

 

The dynamic viscoelastic properties of the carrageenan formulations were measured using an 

AR-G2 controlled stress rheometer (TA instruments, U.S.A) fitted with parallel plate 

geometry (40 mm diameter) at 22 °C and 4 °C. Sand paper (KMCA wet/dry P120) was 

attached to the geometry to minimise slipping of the sample during measurements. Samples 
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were loaded on to the rheometer platform at 80 °C (or when in liquid form) and temperature 

was reduced to the required value at a rate of 5 °C min
-1

. Samples were allowed to equilibrate 

at the specific temperature for 5 minutes prior to analysis. A gap of 1 mm was used and a 

solvent trap was used to minimise sample evaporation during measurements.  

 

The linear viscoelastic region of each formulation was determined by stress sweeps (0.01 – 

5.570 Pa) at a frequency of 1 Hz. Mechanical spectra (frequency sweeps) for each 

formulation were then obtained over a frequency range of 0.1-10 Hz. All measurements were 

done in triplicate. Time sweeps, over 3 hours at a frequency of 1 Hz in the linear viscoelastic 

region, were also done in duplicate to determine the effect of equilibration time on dynamic 

moduli.   

 

For elastic modulus calculations, κ-carrageenan hydrogels with 0.12-0.2 % (w/v) KCl were 

prepared in cylinder moulds (ø 20 mm x 20 mm). The moulds were over filled to account for 

the changes in gel height due to polymer cross-linking and syneresis. Gels were stored at 

ambient temperature (ca. 22 °C) for 3 hours prior to analysis using a TA-XT2 texture 

analyser (Stable Micro Systems Ltd., England). The excess gel was trimmed off using a sharp 

blade before placing free standing carrageenan gels on the texture analyser stage. The probe 

was then lowered to touch the surface of the sample and tests were performed in compression 

mode using a 70 mm diameter parallel plate. The gels were compressed to a depth of 10 mm 

at a rate of 0.2 mm.s
-1

 and the force vs. distance plots were recorded. Measurements were 

done in triplicate. Strain and resultant stress was calculated using the gel height and the gel 

surface area (Equation 2.1 and Equation 2.2). The initial linear slope (strain < 5%) of the 

force-deformation curve of the gels was used to determine Young‘s modulus (E) for each 

formulation. Rupture strain and rupture stress was also recorded during the large strain stage 

of the experiment in order to determine the brittleness and strength of the gels, respectively.  

 

 

 

 

 

 

 

Length

Extension
Strain 

Area

Force
Stress 

Equation 2.1 

Equation 2.2 
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2.4 Results and Discussion 

2.4.1 FT-IR Spectroscopy of Kappa and Iota Carrageenan 
 

FT-IR spectroscopy has been widely used to characterise polymers, as it is a rapid and non-

destructive method that requires only a few milligrams of a polymer sample. In FT-IR 

molecules are characterised by their molecular vibrations, or stretching and bending of bonds 

between atoms, and is based on absorption and intensity of specific infrared wavelengths 

(Griffiths and De Haseth 2006). The absorbance of IR bands provides information on the 

presence of the following chemical groups in carrageenan (Table 2.2) (Turquois et al. 1996). 

 

Table 2.2 - Characteristic IR bands of carrageenan 

 

The structural features of each carrageenan, in terms of the position of sulphate group, gives 

rise to characteristic IR spectra which allow differentiation between the various carrageenan 

forms. The IR spectra of both κ- and ι-carrageenan show a band at 845 cm
-1

 arising from the 

galactose-4-sulphate. ι-carrageenan also has an extra sulphate on 3,6-anhydrogalactose-2-

sulphate giving rise to an additional IR band at 805 cm
-1

. The ratio between 805 and 845 cm
-1

 

absorption bands can be used to determine the degree of κ-ι hybridisation of a carrageenan 

sample. The λ-carrageenan gives rise to IR absorbance at 830cm
-1

 and 820cm
-1

, which are 

attributed to galactose-2-sulphate and to galactose-6-sulphate, respectively (Turquois et al. 

1996; Pereira and Mesquita 2003; Pereira et al. 2003).  

 

As shown in the Figure 2.3, the polymer samples demonstrated the characteristic absorbance 

bands of κ- and ι-carrageenan. In the κ-carragenan spectra, the absorbance band at 801 cm
-1

 is 

lacking due to the absence of 3, 6-anhydrogalactose-2-sulphate functional group. The 

IR Absorbance band (cm
-1

) Functional group 

805
 

3,6-anhydrogalactose-2-sulphate 

820
 

Galactose-6-sulphate 

830 Galactose-2-sulphate 

845
 

Galactose-4-sulphate 

930
 

3,6-anhydrogalactose 

1250  Sulphate groups 

1370 Sulphate groups 
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common peak 843 cm
-1

 corresponds to the galactose-4-sulphate group vibrations, which are 

present in both carrageenan structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The main functional groups present in the galactans of carrageenan are alcohol (primary), 

ethers and sulphates. The position of these functional groups vary between the three common 

carrageenan types, giving rise to phenotypic IR spectra, as the IR absorption is dependent on 

801      843 

B 

A 

A
b
so

rb
an

ce
 u

n
it

s 

B 

A 

Figure 2.3 - FT-IR spectra of kappa (A) and iota (B) carrageenan samples 
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the presence of functional groups as well as the chemical environment they are in. Table 2.3 

summarises the key absorbance peaks found in κ- and ι-carrageenan IR spectra.  

 

Table 2.3 - Assignment of the most important bands in κ- and ι-carrageenan IR spectra 

 

IR band (cm
-1

) Functional group 

698 -OH bend of alcohol 

801 3,6-anhydro-D-galactose-2-sulphate group 

843 D-galactose-4-sulphate group 

899 C-O-C symmetric stretching 

928 3,6-anhydro-D-galactose ring 

1009 C-O stretching of alcohol (1°) and C-O-C 

asymmetric stretching of ether 

1025 C-O stretching of alcohol (1°) and C-O-C 

asymmetric stretching of ether 

1065 C-O stretching of alcohol (1°) 

1126 Asymmetric C-O-C stretching of ethers 

1156 Asymmetric C-O-C stretching of ethers 

1221 Asymmetric C-O-C stretching of ethers 

1374 -OH bend of alcohol and sulphate group 

vibrations 

1637 -OH bend mode of water 

3402 -OH stretch mode (water and alcohol) 

 

The broad absorption band between 3000 and 3500 cm
-1

 corresponds to the O-H stretching of 

both alcohol functional groups in galactans and water. The presence of an intense band at 

1637 cm
-1

, however, is unique to water molecules and corresponds to the scissoring of the 

two O-H bonds in water molecules. Consequently, this indicates the presence of moisture in 

the polymer samples.  

 

The strong absorption bands at 1210-1260 cm
-1

 indicate the presence of an S=O ester 

functional group and the 1010-1080 cm
-1

 absorption range shows the glycosidic linkage of all 

carrageenans (Pereira and Mesquita 2003; Pereira et al. 2003). Absorbance at 1250 cm
-1

, 
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which is characteristic of sulphate group vibrations, is probably shouldered in with the ether 

vibrations (Turquois et al. 1996).  

2.4.2 Molecular Weight and Branching Characteristics of Kappa 

and Iota Carrageenan 
 

Polymer weight and distribution has a significant influence on physical properties of 

polymeric systems, and the polymer size contributes significantly to the rheological and 

morphological properties of polymeric systems (Grcev et al. 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

SEC-MALLS (Figure 2.4) is one of the most accurate methods available to determine the 

molecular weight of a compound. It is a non-destructive technique that does not require the 

modification of the macromolecule to be analysed. Under ideal conditions, polymer 

molecules are fractionated according to their size as the solution runs through the columns in 

SEC. While the molecules traverse the column, they get separated due to differential 

migration between solvent and the solvent within porous matrix of the column packing, 

where smaller molecules tend to remain longer in the column and larger molecules elute out 

earlier. Following fractionation of the polymer solution, the molecular weight of each fraction 

is determined by the MALLS detector, which detects the intensity of scattered light by the 

molecules. As such, the intensity of light scattered (LS) is directly proportional to the 

molecular weight (Mw) of the solute and the concentration (C) (Equation 2.3): 

 

 

Columns 

CMwLS 

Figure 2.4 - Schematic presentation of the instrument set up of SEC-MALLS 

Equation 2.3 
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However based on Zimms‘ formalism, the well-known Rayleigh-Debye-Gans light scattering 

model for dilute polymer solutions is given by the Equation 2.4 (Godderz et al. 2005): 

 

 

 

 

In this equation, K is an optical constant (dependent on the refractive index of the solute), C 

is the concentration of the solute, Rθ is the Rayleighs‘ ratio of scattered to incident light 

intensity, Pθ is the angular dependence of scattered light, Mw is the weight average 

molecular weight of the solute and A2 is the second virial coefficient (a thermodynamic 

parameter which is indicative of solute-solvent interactions). Several methods are used in 

general to solve the Equation 2.4 to obtain the molecular weight of a solute. These include the 

Debye fit, Zimm fit, Berry fit and the random coil fit methods. The Debye fit method was 

used in this study, as it fits over a wide range of molecular weights.  

 

Since the principal method of separation is by size, the molecular conformation of the 

polymer in dilute solution is of paramount importance in SEC. Therefore, to maintain the 

carrageenan conformation in coil status, NaN3 (0.02 % w/v) was used as the eluent, and a 

higher column temperature was maintained (35 °C). The average dn/dc values calculated for 

κ- and ι-carrageenan were 0.085 and 0.061 respectively. Figure 2.5 shows the chromatograms 

obtained for dextran standard (25000 g mol
-1

) and the carrageenan samples.   

 

CA
MwPR

KC
22

1




Equation 2.4 
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A 

B 

C 

Figure 2.5 - Typical SEC-MALLS chromatogram of Dextran standard (A), κ-carrageenan 

(B) and ι-carrageenan (C) in NaN3 (0.02 % w/v) at a flow rate of 0.8 mL.min
-1

 and 35 °C 
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Table 2.4 - Weight average molecular weight (Mw), radius of gyration (Rz) and the polydispersity (Mw/Mn) of 

carrageenan samples (n=3) 

 

The calculated molecular weight (Mw) of the dextran standard (24,280 – 26,520 g.mol
-1

) is 

comparable to the actual value and the Rz values are similar to previous findings (Table 2.4) 

(Viebke et al. 1994). This standard measurement clearly demonstrates the suitable analytical 

conditions of the SEC-MALLS system. As shown in Table 2.4, there is no substantial 

difference between the Mw of κ- and ι-carrageenan. However ι-carrageenan has a smaller 

radius of gyration compared to κ-carrageenan.  

 

The reported Mw values of carrageenan vary from 35000 to 720000 g.mol
-1

, depending on the 

techniques and conditions used, presence of counter ions and anions and the conformation 

(Viebke et al. 1994; Bongaerts et al. 1999; Uno et al. 2001; Funami et al. 2007). As such, the 

Mw of the carrageenan samples used in this study are within the values reported in the 

literature. 

2.4.3 Phase Behaviour of Kappa and Iota Carrageenan Aqueous 

Dispersions 
 

Ternary phase diagrams are widely used in the development of formulations to establish a 

comprehensive picture of the effects of excipients on the physical characteristics of a system. 

The three axes form the three sides of an equilateral triangle, where each axis represents 0-

100 % of one of the components (Figure 2.6).   

 

In this study, only partial ternary phase diagrams (circled area in Figure 2.6) were developed, 

to establish the effect of low ion concentrations on the polymer gelation. Cation 

concentrations were chosen to simulate those present in lacrimal fluid and human aqueous 

and vitreous humour (Table 2.5).   

 

 

 

 Mw (g mol
-1

) (±S.D.) Rz (nm) (±S.D.) Mw/Mn (±S.D.) 

κ-carrageenan 229,666 (±49087) 45.8 (±2.5) 1.12 (±0.11) 

ι-carrageenan 257,666 (±29651) 37.7 (±2.5) 1.07 (±0.01) 
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Table 2.5 - Composition of ions in ocular fluids (Edelhauser and MacRae 1985; Ceulemans and Ludwig 2002) 

 

As discussed in Section 2.3.3, the resultant systems were classified as gels, gels with 

syneresis, partial gels or viscous solutions (Figure 2.7) and the corresponding areas are 

marked in the partial ternary phase diagrams (Figure 2.8). It is well known that gelation of 

both κ- and ι-carrageenan is affected by the presence of cations. As reported by Morris et al. 

(1981) and Tako et al. (1986), κ-carrageenan undergoes rapid coil to helix transition in the 

presence of potassium ions, whereas calcium ions are favoured by ι-carrageenan. The phase 

diagrams show that the minimum κ-carrageenan concentration required for sol-gel transition 

in the presence of KCl is less than 0.1 % (w/v), whereas nearly 0.2 % (w/v) of polymer is 

Ion 
Simulated lacrimal fluid 

(mmol.L
-1

) 

Human aqueous humour 

(mmol.L
-1

) 

Human vitreous humour 

(mmol.L
-1

) 

K
+ 

24 2.2-3.9 5.5 

Ca
2+

 0.4 1.8 1.6 

Na
+
 108 162.9 144 

Mg
2+

 0.5 1.1 1.3 

HCO3
- 

26 20.15 15 

Figure 2.6 - Ternary phase diagram outlining the area investigated in this study (red circle) 
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required when CaCl2.2H2O is incorporated (Figure 2.8). The trend is reversed for ι-

carrageenan, with the minimal polymer concentration being lower for systems with added 

CaCl2.2H2O. Nevertheless, approximately 0.4 % (w/v) of ι-carrageenan was required to form 

a gel in the presence of added cations. Therefore a polymer concentration of 0.4 % (w/v) was 

selected for further characterisation of these polymeric systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

κ-Carrageenan was observed to form gels with syneresis, mainly when KCl was incorporated 

(Figure 2.8). Tight aggregation of polymer leads to syneresis or extrusion of water from the 

system, which may lead to increasing brittleness or the reduction of elasticity of resultant 

gels. The syneresis was also observed to increase with increasing polymer to counter ion 

ratio. 

 

Further increase in the polymer to counter ion ratio leads to partial gelation or gel clump 

formation (Figure 2.8). This is owing to rapid cross linking of polymer molecules and the 

lack of sufficient polymer molecules to form a continuous gel structure. This phenomenon 

has been used by some to formulate carrageenan gel beads for drug delivery (Sipahigil and 

Dortunc 2001; Piyakulawat et al. 2007; Mohamadnia et al. 2008; Keppeler et al. 2009; Santo 

et al. 2009) 

 

 

A B C 

Figure 2.7 - Appearance of gel (a), partial gel (b) and a 

solution (c) when sample vials are inverted by 180° 
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Figure 2.8 – Partial ternary phase diagrams of κ- and ι- carrageenan in the presence of KCl or CaCl2.2H2O.  

The unmarked areas represent the solution phase of the systems. 

A 

C 

B 
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2.4.4 Texture Profile Analysis (TPA) of Kappa and Iota 

Carrageenan Aqueous Dispersions 
 

TPA is commonly used in the food industry to characterise mechanical and geometrical 

properties of various food materials, such as cereals, cakes and dairy products. In TPA, when 

used in compression mode, a solid probe is compressed into a sample at a specified speed to a 

pre-determined distance (Figure 2.9). The resistance experienced by the probe while 

penetrating into the sample is then calculated by the software as the force required to 

penetrate the sample and is presented as a function of time. Several parameters can be derived 

from the resultant force-time plot (Jones et al. 1996; Jones et al. 1996; Jones et al. 1997; 

Jones et al. 1997). These include: 

 ―Hardness‖ – the force required to attain a given deformation or the force recorded at 

a specific depth of penetration (Figure 2.9) 

 ―Compressibility‖ – the force per unit time or the work done to deform the product 

during the compression cycle, calculated by the area under the curve of compression 

cycle (Figure 2.9) 

 ―Adhesiveness‖ – the force per unit time or the work done to overcome the attractive 

forces between the surface of the sample and the surface of the probe, calculated by 

the area under the negative curve as the probe is pulled out of the sample (Figure 2.9) 

 ―Cohesiveness‖ – the ratio of area under the force time plot produced on the second 

compression cycle to that of the first compression cycle, where these cycles are 

separated by a defined relaxation period 

 ―Elasticity‖ – the rate at which the deformed sample returns to its original form after 

the removal of the probe, or the ratio of the time required to achieve maximum 

structural deformation on the second compression cycle to that on the first, where 

these cycles are separated by a defined recovery period.  

 

These parameters can essentially be applied in the development of a semisolid 

pharmaceutical preparation, characterising the mechanical properties of semisolid 

formulations such as ease of removal from the container, ―spreadabilty‖ and ―elasticity‖. 

These parameters greatly affect the patient acceptability and clinical efficacy. Therefore TPA 

was used in this study to analyse the mechanical properties of the two carrageenan systems 

under investigation at various polymer to cation ratios, in order to determine the optimum 
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polymer to cation ratio and the carrageenan system with requisite characteristic of a 

pharmaceutical semisolid formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Typical force vs. time plots of κ-carrageenan gels varied substantially compared to the ι-

carrageenan plots (Figure 2.10). The initial peak of κ-carrageenan plots indicated the gel 

rupture point. This was followed by rapid reduction in force required for the probe to 

penetrate the gel. A secondary increase in force was also observed in some κ-carrageenan 

systems, most probably due to the uneven texture of the gel. Conversely, the force vs. time 

plots of ι-carrageenan indicated no rupture stress, rather a uniform soft gel. These plots were 

then analysed to obtain the above mentioned parameters to determine the effect of various 

cation concentrations (Figure 2.11).  

 

 

 

 

 

 

B A 

Figure 2.9 - The texture analyzer set up for TPA experiments (A) and a typical plot of force, F, vs. time, t, 

obtained from TPA measurements (B), illustrating the main parameters measured. The solid line represents 

initial probe penetration and the dotted line represents the probe penetration after a given relaxation period 
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The hardness profiles (Figure 2.11A) demonstrated the stronger cross linking effect of K
+
 on 

κ-carrageenan when compared to Ca
2+

. The minimum concentration of KCl required for the 

induction of intermolecular bridging was 0.04 % (w/v), whereas about 0.12 % (w/v) of 

CaCl2.2H2O was required.  However the maximum hardness of κ-carrageenan gels was 

comparable in both K
+
 and Ca

2+
 systems. Nonetheless, Ca

2+
 induced κ-carrageenan gels took 

longer to stabilize, with the maximum mechanical properties been observed after 24 hours of 

equilibration, as shown by the hardness and compressibility profiles at 7 days of storage 

(Figure 2.11A and Figure 2.11B). This may be due to the inability of Ca
2+

 to form the 

proposed bonding with the anhydrous oxygen group and the sulphate groups of the adjacent 

disaccharide units, which reduces intermolecular association. However at higher Ca
2+

 

concentrations, charge neutralisation may lead to intermolecular association at a slower rate. 

Alternatively, the long stabilisation time may reflect longer diffusion times caused by the 

cross-linking of adjacent polymer molecules.  

 

Interestingly, the κ-carrageenan systems with added Ca
2+

 were more cohesive and adhesive 

than the systems with added K
+
 (Figure 2.11C and Figure 2.11D). This may be due to the 

absence of syneresis in systems with Ca
2+

.  

A B 

Figure 2.10 - Typical plots of force vs. time for κ-carrageenan with various concentrations of potassium ions (A) 

and ι-carrageenan with various concentrations of calcium ions (B) 
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ι-Carrageenan did not respond to KCl in the range tested, but was able to form soft gels in the 

presence of the divalent cation (Figure 2.11A).  This was expected to occur, as shown by the 

phase diagrams (Figure 2.8). Maximum ι-carrageenan gel strength was observed at 0.1 % 

(w/v) CaCl2.2H2O and was threefold less than the hardness of κ-carrageenan gels. The high 

tensile properties of κ-carrageenan gel may be owing to the nature of intermolecular 

association of the system. Nonetheless, ι-carrageenan gels were more cohesive and elastic 

than the κ-carrageenan systems (Figure 2.11C and Figure 2.11E). Differences in 

microstructure may also attribute to the variation in elasticity of these gels, where an increase 

in cross-linking leads to reduced flexibility of polymer chains.    
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Figure 2.11 - Effect of cations and storage time (24 hours – solid line and 7 days – dashed line) on mechanical properties 

(A – hardness; B – compressibility; C – cohesiveness; D – adhesiveness and E – elasticity) of κ- (■) and ι-carrageenan 

(▲) gels,  * represents significant changes from baseline (P<0.01) and error bars represent SEM (n=3) 
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2.4.5 Microstructure Analysis of Kappa and Iota Carrageenan 

Aqueous Dispersions 
 

Analysis of the microstructure of hydrogels reveals their mesh size, an important factor which 

affects their physical properties, including mechanical strength, degradability and diffusivity 

of an incorporated molecule. The mesh size is affected by the degree of cross-linking and 

chemical structure of the monomers, as well as external stimuli such as temperature, pH and 

ionic strength (Lin and Metters 2006). 

 

Significant variations in spatial structure of the systems were observed in the absence and 

presence of the selected cations (Figure 2.12). In the absence of added cation, both systems 

had no large porous network characteristic. However some areas of regular hexagonal porous 

arrangement were observed in κ-carrageenan systems in the absence of added cations. This is 

most probably due to the presence of considerable concentrations of potassium ions in un-

purified carrageenan samples. The formation of a regular porous structure in these systems 

with the addition of cations indicates cross-link formation. Therefore, the increase in cross-

link density with an increase in cation concentration (from 0.06 % (w/v) to 0.12 % (w/v)) 

indicates formation of a stronger physical gel structure.  

 

The polymer arrangement of κ-carrageenan varied considerably from that of ι-carrageenan. In 

the presence of added cations, ι-carrageenan arranged in a rectangular porous manner, 

whereas κ-carrageenan images resembled a honeycomb structure with the polymer strands 

arranging in a hexagonal manner (Figure 2.12). This distinction in microstructure may 

underlie the observed physical properties of these two systems, where the hexagonal 

honeycomb structure of κ-carrageenan systems is likely to give rise to their high tensile 

properties (Nijenhuis 1996).   

 

The negative impact of high concentrations of cations (0.4 % w/v of either KCl or 

CaCl2.2H2O) on the microstructure of carrageenan networks (Figure 2.12D and Figure 

2.12H) is consistent with the physical appearance of the systems (formation of gel clumps as 

discussed in Section 2.4.3). The excess amounts of selected cations are responsible for 

polymer aggregation and phase separation.  
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Figure 2.12 - Cryo-SEM images of ι-carrageenan in the absence of added cations (A), in the presence of 0.06% 

w/v (B), 0.12% w/v (C) and 0.4% w/v (D) of CaCl2.2H2O and κ-carrageenan in the absence of added cations (E) 

and in the presence of 0.06% w/v (F), 0.12% w/v (G) and 0.4% w/v (H) of KCl (scale bars = 20µm) 
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MacArtain et al. (2003) described a similar trend for κ-carrageenan in the presence of 

calcium ions. They studied the effect of 1:1 and 4:1 calcium: κ-carrageenan ratio, and 

reported the formation of coarser strands with a more open network at higher counter ion 

concentrations. Other natural polymer dispersions sensitive to ions, such as gellan gum and 

psyllium polysaccharides, have been shown to demonstrate a similar trend. The 

microstructures of these polymer systems have been shown to be disrupted by an increase in 

ion concentration beyond a threshold value (Mao et al. 2001; Guo et al. 2009).   

 

The effect of K
+
 on ι-carrageenan microstructure and the effect of Ca

2+
 on κ-carrageenan 

microstructure were also investigated and were seen to change considerably (Figure 2.13).  In 

the presence of K
+
, ι-carrageenan structure seemed partially formed, with the existence of 

narrow long range pores. However, as observed in earlier characterisation studies at room 

temperature, this system did not undergo gel formation. Therefore, this partial network 

formation may not be sufficient for the sol-gel transition of ι-carrageenan systems. 

Conversely, Ca
2+

 was able to form a regular porous network of κ-carrageenan polymers. The 

pores were larger than those observed in κ-carrageenan systems with K
+
, and lacked the 

continuous hexagonal character. Nevertheless, some partially formed hexagonal pores were 

also observed. This may account for the soft nature of κ-carrageenan systems with added 

Ca
2+

.      

 

 

A B 

Figure 2.13- Cryo-SEM images of ι-carrageenan in the presence of 0.12% w/v KCl (A) and κ-carrageenan in 

the presence of 0.12% w/v CaCl2.2H2O (B) (scale bars = 20μm) 

 



Chapter 2 | Characterisation of κ- and ι- Carrageenan Aqueous Dispersions 

 

79 | P a g e  

 

2.4.6 Rheological Characterisation of Kappa and Iota 

Carrageenan Aqueous Dispersions 
 

Rheology, which is the study of flow and deformation properties of matter, is commonly used 

by pharmaceutical scientists to characterise and classify fluids and semisolids. An 

understanding of the rheological properties of pharmaceutical materials is crucial to the 

development, evaluation and efficacy of pharmaceutical dosage forms (Marriott 2002). 

Therefore, the rheological properties of the two carrageenan systems were evaluated using 

both rotational and oscillation viscometry at various temperatures.  

 

Figure 2.14 and Figure 2.15 display the rheograms of carrageenan systems in the presence of 

various concentrations of the selected cations (K
+
 and Ca

2+
) at 25 °C and 37 °C. A shear rate 

of 75-450 s
-1

 was used to analyse the samples as lower shear rates resulted in instrument error 

for most κ-carrageenan samples. As shown in Figure 2.14, 0.4 % (w/v) κ-carrageenan 

displays Newtonian behaviour in the absence of added cations and in the presence of up to 

0.02 % (w/v) KCl.  

 

Newtonian fluids are simple fluids which obey Newton‘s law where shear stress is directly 

proportional to the applied shear rate. Therefore in a Newtonian fluid, the viscosity remains 

constant regardless of the applied shear rate. However, many pharmaceutical preparations 

including polymer systems do not obey Newton‘s law. These non-Newtonian fluids can be 

classified into three main groups: plastic (Bingham), pseudoplastic and dilatant systems 

(Marriott 2002). Plastic fluids behave as solids under static conditions and a specific amount 

of force (yield stress) needs to be applied to induce flow of these systems. Pseudoplasticity is 

the predominant flow type in pharmaceutical formulations, and the shear stress required to 

induce flow of these systems decreases with increasing shear rate or applied force. These are 

also termed shear thinning formulations. Dilatant formulations, on the other hand, are shear 

thickening, where increasing shear rate results in a more viscous system (Marriott 2002).  
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A - κ-carrageenan - 25°C 

C- κ-carrageenan - 37°C 

B - ι-carrageenan - 25°C 

D - ι-carrageenan - 37°C 

Figure 2.14 - Rheograms of κ-carrageenan (0.4 % (w/v)) and ι-carrageenan (0.4 % (w/v)) in the presence of various 

concentrations of KCl at 25 °C (A and B) and 37 °C (C and D) 
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Figure 2.15 - Rheograms of κ-carrageenan (0.4 % (w/v)) and ι-carrageenan (0.4 % (w/v)) in the presence of various 

concentrations of CaCl2.2H2O at 25 °C (A and B) and 37 °C (C and D) 

A - κ-carrageenan - 25°C 

C - κ-carrageenan - 37°C 

B - ι-carrageenan - 25°C 

D - ι-carrageenan - 37°C 
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As the carrageenan systems studied are dilute polymer solutions and owing to the lack of or 

insignificant amount of intermolecular attractions, κ-carrageenan behaves as a simple fluid at 

KCl concentration of 0.02 % (w/v) and in the absence of added cations (Figure 2.14A). 

However, further increases in KCl concentration of the κ-carrageenan system clearly led to 

the formation of cross-links with an increase in system viscosity. As the KCl concentration is 

increased above 0.06 % (w/v), κ-carrageenan forms hard gels that require a yield value to 

induce flow. Therefore the intermolecular attractions in these systems are greater than the 

forces which form the gel at a KCl concentration of 0.04 % (w/v). Interestingly, above 0.12 

% (w/v) KCl, κ-carrageenan displayed a steady disruption of the gel structure with increasing 

shear rate, followed by Newtonian behaviour – indicating complete destruction of the gel 

structure beyond a shear rate of 150 s
-1

 (Figure 2.14A). The viscosity of these systems is also 

temperature dependent and pseudoplastic behaviour of κ-carrageenan was observed with a 

KCl concentration of 0.10-0.12 % (w/v) at 37 °C, owing to a reduction in intermolecular 

association. Moreover, the yield stress values of the systems (0.14-0.20 % w/v of KCl) were 

lower at 37 °C compared to the values at 25 °C (Figure 2.14A and Figure 2.14C).  

 

In the presence of added potassium ions, nearly all ι-carrageenan systems behaved as 

Newtonian fluids. At relatively high KCl concentrations (0.2 % w/v) and at 25 °C, ι-

carrageenan exhibited a slight pseudoplasticity, indicating some intermolecular association. 

Nonetheless, in all other systems, the slope or the viscosity was reduced with an increase in 

KCl concentration (Figure 2.14B and Figure 2.14D). These results are in line with the results 

of phase studies and texture analysis, where ι-carrageenan did not respond to the potassium 

ions in the range tested.  

 

Rheograms of κ-carrageenan systems at 25 °C with added Ca
2+

 ions exhibited a similar trend 

to the systems with added K
+
 (Figure 2.15A). The minimum concentration of Ca

2+
 required 

for the gels to show pseudoplastic behaviour was 0.04 % (w/v). As the Ca
2+

 concentration 

reached ca. 0.16 % (w/v), the systems required a yield stress to initiate flow. However, the 

observed yield stress values were considerably lower than those of κ-carrageenan systems 

with added K
+
 ions. As the temperature was increased to 37 °C, all κ-carrageenan systems 

with added Ca
2+

 showed pseudoplastic behaviour (Figure 2.15C). This indicates the lower 

strength of calcium induced κ-carrageenan gels.   
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The ι-carrageenan systems at 25 °C, with 0.04-0.08 % (w/v) CaCl2.2H2O demonstrated 

pseudoplastic behaviour (Figure 2.15B). Further increases in Ca
2+

 concentration in these 

systems formed stronger gels with plastic behaviour. As indicated by the yield stress values, 

these are stronger than the Ca
2+

 induced κ-carrageenan gels, which is opposing the gel 

hardness data obtained from the texture analyser. This might be owing to errors associated 

with sample loading, where a small amount of gel was scooped onto the rheometer, in 

contrast to the intact gels used in texture analysis experiments. Nevertheless, a reduction in 

yield stress values was observed with an increase in CaCl2.2H2O concentration above 0.12 % 

(w/v). This indicates lower gel strength and possible partial gel formation. Similar to κ-

carrageenan systems, an increase in temperature resulted in reduced viscosity.  

 
Table 2.6 - Viscosity of aqueous carrageenan dispersions at 25°C and 37°C, at a shear rate of 150 s

-1 
(n = 3) 

 

The effect of temperature on the viscosity of selected carrageenan formulations is shown in 

Table 2.6. As shown, there is a reduction in viscosity with increasing temperature. However 

this reduction is considerably higher for κ-carrageenan systems, and at 37 °C ι-carrageenan 

exhibits greater viscosity. This can be attributed to the gradual softening of ι-carrageenan 

systems in contrast to the melting phenomenon observed in the κ-carrageenan systems. 

Morris et al. (1981) suggested a quenched liquid-like structure for ι-carrageenan in the 

presence of calcium ions, which may account for the softening behaviour observed. On the 

other hand, a pseudo-crystalline structure of κ-carrageenan in the presence of potassium ions 

was suggested to account for its discrete melting behaviour. The discrete microstructure of ι-

carrageenan dispersions can also account for this variation in temperature sensitivity. 

Thermal expansion of the water molecules as well as the polymers can be expected with 

increasing temperature. The small rectangular pores (Figure 2.12) of ι-carrageenan 

Polymer dispersion 
Viscosity (mPa.s)  

at 25 °C (± S.D.) 

Viscosity (mPa.s) 

 at 37 °C (± S.D.) 

κ-carrageenan 19.29 (± 0.43) 14.88 (± 0.16) 

κ-carrageenan + 0.06 % (w/v) K
+ 

263.93 (± 8.42) 11.28 (± 0.59) 

κ-carrageenan + 0.12 % (w/v) K
+
 103.82 (± 11.56) 56.29 (± 8.85) 

ι-carrageenan 22.89 (± 1.15) 19.95 (± 0.16) 

ι-carrageenan + 0.06 % (w/v) Ca
2+ 

80.82 (± 5.90) 53.9 (± 0.90) 

ι-carrageenan + 0.12 % (w/v) Ca
2+

 169.12 (± 7.41) 123.01 (± 2.22) 
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dispersions with Ca
2+

 are likely to be more resilient to this thermal expansion in comparison 

to the large porous structure of the κ-carrageenan dispersions. However further studies with 

NMR spectroscopy are warranted to elucidate this phenomenon.  

 

To determine the pseudoplasticity of the carrageenan dispersions, the flow index of each 

system was calculated using the power law (Sinko and Martin 2006):  

 

     'N
             Equation 2.5 

 

In this equation, σ is shear stress, γ is shear rate, η‘ is the viscosity coefficient and N is the 

index of pseudoplasticity. Rearranging equation 5 in logarithmic form gives (Sinko and 

Martin 2006): 

 

              'logloglog   N    Equation 2.6 

 

 

Therefore, the slope of a logarithmic plot of shear stress against shear rate will give the index 

of pseudoplasticity or the flow index (N). An N value of 1 indicates Newtonian flow and N 

value above 1 indicates the pseudoplasticity of a given system (Sinko and Martin 2006). 

Identification of the systems with best pseudoplasticity will enable us to optimise the 

formulation by incorporating the selected cation at the optimal polymer to cation ratio. 

Moreover, a system with a high pseudoplastic index is preferred for ocular application due to 

ease of administration.  

 

Figure 2.16 displays the effect of cation type as well as temperature on the pseudoplasticity of 

carrageenan formulations. As indicated by previous results, potassium ions have a 

predominant effect on the flow index of κ-carrageenan, whereas calcium ions affect the 

pseudoplasticity of ι-carrageenan. At 25 °C, the optimal KCl concentration was 0.04 % (w/v) 

and at 37 °C this was increased to 0.12 % (w/v). However, the maximum flow index at both 

temperatures was comparable. 
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Conversely, maximum flow index of ι-carrageenan at both 25 °C and 37 °C was achieved at a 

CaCl2.2H2O concentration of 0.12 % (w/v). The flow index at 25 °C was twofold higher than 

that at 37 °C. Moreover ι-carrageenan systems with added Ca
2+

 demonstrated non-Newtonian 

behaviour at lower polymer to cation ratios compared to the κ-carrageenan systems. This 

indicates the soft, shear thinning nature of ι-carrageenan systems and the more brittle, plastic 

behaviour of κ-carrageenan systems.  

 

 

As discussed above, rotation rheometry only provides details about flow behaviour and the 

apparent viscosity of fluids. However, most polymer systems display both liquid like 

properties and solid like properties, termed viscoelasticity. When such systems are subjected 

to a sinusoidally oscillating stress, the resultant strain (displacement) is neither exactly in 

phase with the applied stress (as seen with perfectly elastic solids) nor is it 90° out of phase 

(as seen with viscous liquids), but is somewhere in between. Thus the phase lag of the 

material response to applied stress in oscillatory rheometry indicates both the material 

viscosity and stiffness (Figure 2.17). 

 

Figure 2.16 - Effect of potassium (dashed) and calcium (solid) ion concentration on the flow index of 0.4 % (w/v) 

κ-carrageenan (green) and ι-carrageenan (black) at 25 °C (A) and 37 °C (B). Error bars represent S.D. (n = 3) 
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The main parameters that are obtained from oscillatory rheometry are: storage modulus (G‘) 

– a measure of energy stored and recovered per cycle; loss modulus (G‘‘) – a measure of 

energy dissipated per cycle and tan δ – the ratio between G‘‘ and G‘, an indication of the 

structure present in a given material. A large tan δ value indicates a lack of cross links or 

dilute polymer solution (G‘‘ >> G‘) and cross linked polymer systems exhibit tan δ values of 

about 0.01 (G‘‘ << G‘). On the other hand, amorphous polymers, whether cross linked or not, 

usually exhibit tan δ values ranging from 0.2-3. Therefore oscillatory rheometry allows for 

better characterisation of a material, in terms of its flow, elastic recoil and microstructure 

(Ferry 1980; Menard 1999).  

 

Figure 2.17 - Typical sinusoidal curves observed in oscillatory rheometry, indicating the phase lag of a Hookean 

solid (A & B), viscous fluid (C) and viscoelastic material (D). Applied stress is indicated by the blue line and the 

resultant strain is indicated by the black dashed line 
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However, syneresis of κ-carrageenan gels has frequently been cited as a limiting factor in 

measuring the dynamic moduli of these systems as the water released from κ-carrageenan 

systems lead to additional slip effects. Slipping of testing geometry can result in erroneous 

measurements and give considerably lower storage moduli (G‘) than the actual (Richardson 

and Goycoolea 1994).  Therefore serrated geometry, sanded parallel plates, perforated 

concentric cylinders and glued parallel plates have been used to overcome this issue 

(Richardson and Goycoolea 1994; Chen et al. 2001; Norziah et al. 2006). As shown by Chen 

et al. (2001) and Richardson et al. (1994), the glued parallel plate and the perforated cylinder 

methods give considerably larger values of G‘ compared to the other methods. However, the 

glued parallel plate method cannot be used successfully for the measurement of soft gels such 

as those used in the present study. As such, a sanded parallel plate technique was used in this 

study to determine rheological properties of the carrageenan dispersions (Figure 2.18). 

 

 

 

 

 

 

Figure 2.18 - AR-G2 controlled stress rheometer with parallel plate geometry (with glued sand paper) 
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The dynamic modulus, G, of a given material should also satisfy the following relationship 

(Equation 2.7): 

 

          )1(2  GE                                                               Equation 2.7 

 

In this equation, E is the Young‘s modulus and υ is Poisson‘s ratio, which ranges from 0 to 

0.5 for all known materials. For a perfectly incompressible gel, including the κ-carrageenan 

gels, Poisson‘s ratio is found to be close to 0.5  (Menard 1999). This allows for the 

interchangeable use of deformation in shear and simple compression. Moreover, this provides 

a mode of validation of the rheological measurements of gels, where a large amount of water 

incorporated is known to cause slip of geometry in rheometers, as well as gels with syneresis.  

 

Young‘s modulus of the κ-carrageenan systems with 0.12-0.2 % (w/v) of KCl was thus 

evaluated to determine the resistance to deformation in these systems. As shown in Figure 

2.19, the E value of these systems increases linearly with increasing cation concentration and 

the G values correlate well with the above mentioned relationship (Equation 2.7). As such, 

the strong agreement between the shear modulus and the 1/3 of E obtained from uniaxial 

compression measurements, confirms the validity of rheological measurements presented in 

this study.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.19 - Shear modulus (solid) and 1/3 Young‘s modulus (dashed) of κ-carrageenan (0.4 % w/v) gels at 

various KCl concentrations. Error bars represent S.D. (n=3)  
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The linear increase in moduli also implies the increasing cross linking density of polymer 

systems as per the theory of rubber elasticity:  

 

     

cM

RT
G




                                          Equation 2.8                                              

 

In this equation, G is shear modulus, ρ is density, R is gas constant, T is absolute temperature 

in Kelvin and Mc is the molecular weight between adjacent cross-links. The Mc is also 

approximately inversely proportional to the cross-linking density (Treloar 1967). Therefore 

an increasing G establishes an increase in cross-linking density of κ-carrageenan systems 

with increasing KCl concentration.  

 

Also of interest were the data obtained from the uni-axial compression of large samples 

(sample volume of 45mL). The E values calculated from these data did not correlate well 

with the shear modulus values, indicating a limitation in the above mentioned relationship 

(Equation 2.7) to smaller sample volumes, perhaps owing to the longer equilibration time 

required for large samples.   

 

The effect of increasing concentration of KCl on the rupture strain of κ-carrageenan systems 

demonstrated the formation of brittle gels (Figure 2.20). This correlates well with the data 

obtained from the probe penetration method (Section 2.4.4), and confirms the reduction in κ-

carrageenan gel elasticity with increasing KCl concentration.   

 

The dynamic moduli of ι-carrageenan systems were not compared to the E values due to the 

soft nature of these systems, which render them unsuitable for accurate analysis using the 

uni-axial compression method. 
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Following validation of the protocol used for rheological measurements, the linear 

viscoelastic range (LVR) of the carrageenan dispersions was determined. The LVR of 

carrageenan systems was observed between 0.1 and 1 Pa. Within this region, the resultant 

strain was directly proportional to the applied stress (Figure 2.21). Conducting rheological 

experiments within the LVR allows the comparison of different materials through the known 

constants and functions of rheology. Mechanical spectra as well as time and temperature 

sweeps of carrageenan systems were then obtained at 0.3 Pa (within the LVR), where the 

dynamic moduli would only be dependent on the applied frequency.  

Figure 2.20 - Effect of KCl concentration on the rupture strain of κ-carrageenan (0.4% w/v) gels. Error bars 

represent S.D. (n=3) 
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The mechanical spectra of κ-carrageenan systems (Figure 2.22) depict, increasing G‘ of the 

systems with an increasing concentration of added K
+
 and at lower equilibration 

temperatures. Moreover, the dynamic moduli of all the systems with added K
+
 were 

independent of the frequency range studied (0.1-10 Hz).   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21 - Stress-strain plot of κ-carrageenan (○) and ι-carrageenan (◊) in the absence of added cations (solid 

lines) and in the presence of KCl (0.06 % w/v) and CaCl2.2H2O (0.06 % w/v) respectively (dashed lines) 
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Frequency sweeps of ι-carrageenan also depict increasing storage moduli (G‘) with 

increasing cation concentrations (Figure 2.23). However G‘ reached a maximum and was 

independent of the added cation concentration beyond a CaCl2.2H2O concentration of 0.12 % 

(w/v). Temperature did not have significant effect on the G‘ of ι-carrageenan systems at high 

A 

B 

Figure 2.22 - Mechanical spectra of κ-carrageenan (0.4 % w/v) without added KCl (◊) and with 0.06 (Δ), 0.12 

(□) and 0.2 (○) % w/v of KCl at 22°C (A) and 4°C (B); G‘ – filled and G‘‘ – open symbols 
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Ca
2+

 concentrations. This illustrates that ι-carrageenan may have reached an equilibrium 

status of network organisation at 0.12 % (w/v) of CaCl2.2H2O. In addition, the cross-linked ι-

carrageenan systems have a considerably lower G‘ compared to κ-carrageenan systems with 

added K
+ 

ions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 2.23 - Mechanical spectra of ι-carrageenan (0.4 % w/v) without added CaCl2.2H2O (◊) and with 0.06 (Δ), 

0.12 (□) and 0.2 (○) % w/v of CaCl2.2H2O  at 22°C (A) and 4°C (B); G‘ – filled and G‘‘ – open symbols 
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A linear polymer molecule such as carrageenan in dilute solution has a continuously 

changing configuration. The average configuration of these polymers in dilute solutions is 

determined by the relative energy minima of the various isomeric configurations as well as 

thermodynamic interactions of the polymer molecule with the solvent. Therefore at low 

frequencies the polymer has more time to change its conformation within a period of cyclic 

deformation, which in turn contributes to relatively low dynamic moduli. On the other hand, 

at relatively high frequencies the response of polymer molecules to stress is only limited to 

stretching and bending of chemical bonds. Consequently the G‘‘ will increase with increasing 

frequency, showing an apparent increase in dynamic viscosity of the systems owing to the 

volume occupied by the immobile polymer coils (Ferry 1980). This is illustrated in both κ- 

and ι-carrageenan systems without added cations. The increase in G‘ to values closer to G‘‘ 

in these systems at high frequencies also demonstrates polymer entanglement, which further 

restricts the changes in polymer configuration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24 - Time sweeps of κ-carrageenan with 0.12 % w/v KCl (black) and ι-carrageenan with 0.12 % w/v 

CaCl2.2H2O (red) at 1Hz and 22°C 
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In addition to temperature and frequency, the time of equilibration also has a significant 

influence on the measured rheological properties of carrageenan systems. This was most 

prominent in the κ-carrageenan systems, where approximately 30 minutes of equilibration 

was required to achieve stability in G‘ measurements (Figure 2.24). The equilibration time 

was also affected by the incorporated KCl concentration, as the time required for G‘ to 

plateau increased with increasing KCl concentration (Figure 2.25). Conversely, ι-carrageenan 

with 0.12 % w/v of Ca
2+

 gels equilibrated within 10-15 minutes at 22 °C, and further 

increases in calcium ion concentration had no effect on the equilibration time nor the G‘ of ι-

carrageenan systems. This demonstrates the optimum polymer to cation ratio in the ι-

carrageenan systems, and an increasing cross-linking density with increasing KCl 

concentration in the κ-carrageenan system within the range of KCl tested.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25 - Time sweeps of κ-carrageenan at various KCl concentrations at 1Hz and 22 °C; 0.12 (□), 0.14 (Δ), 

0.16 (◊), 0.18 (x) and 0.2 (○) % w/v 
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2.5 Conclusion 
 

In this chapter, κ- and ι-carrageenan were characterised in terms of their gelling properties in 

the presence of potassium and calcium ions, both of which are found at relatively high 

concentrations in the ocular fluids. The gelation of carrageenans was affected by temperature 

and polymer concentration as well as the type and concentration of counter ions present in the 

system. The κ-carrageenan gelation is favoured in the presence of potassium ions, whereas ι-

carrageenan prefers calcium ions. Considerable differences in the physical properties of the 

two carrageenan systems were also observed. At room temperature, κ-carrageenan forms 

hard, brittle gels with syneresis in the presence of potassium ions, while ι-carrageenan forms 

soft, cohesive and more elastic gels in the presence of calcium ions. As such, the application 

of these carrageenans can vary from drug release modifiers to topical gel formulations.  

 

Comparable results were also obtained from the texture profile analyser and the rheometer. 

However, the sensitivity of the probe penetration method in detecting mechanical properties 

of the κ-carrageenan systems was reduced due to the syneresis observed in these gels with 

storage and equilibration. The Young‘s modulus of κ-carrageenan gels was approximately 3 

times the shear modulus recorded at 3 hours of equilibration. This confirmed the elimination 

of slip with the use of sanded parallel plate method for systems under investigation. Textural, 

rheological and microstructure data demonstrated a threshold value for the amount of cations 

that can be incorporated into a given concentration of carrageenan. Increasing the counter ion 

concentration beyond this threshold had a negative impact on the investigated carrageenan 

systems. Consequently, fine-tuning of the carrageenan to cation ratio can be used to 

formulate a semi-solid system with requisite physical characteristics at a given temperature. 

 

The data also illustrated that the temperature sensitivity of κ-carrageenan systems was higher 

than that of ι-carrageenan. Accordingly, at physiological temperature, ι-carrageenan 

displayed the highest apparent viscosity as well as pseudoplasticity.  As such, ι-carrageenan 

may be of great value in the design of in situ gelling formulations. Incorporation of an 

additional polymer to enhance the viscosity and gelling properties of the selected carrageenan 

system will be evaluated in the next chapter (Chapter 3). 
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3. Formulation Optimisation – Novel 

Carrageenan and Methylcellulose 

Binary System  
 

3.1 Introduction 
 

As discussed in Chapter 2, carrageenan is an anionic polysaccharide which undergoes sol-gel 

transition at low temperatures and in the presence of various cations. However, at the 

physiological temperature of 37 °C, the selected carrageenan formulations have considerably 

low viscoelasticity. Therefore, a binary system composed of both carrageenan and 

methylcellulose is proposed in this study to enhance the viscoelastic properties of the 

carrageenan at physiological conditions.  

 

Methylcellulose (MC) is the simplest derivative of cellulose (Figure 3.1), with the degree of 

methyl substitution typically varying between 1.7 and 2 (22-30 % methoxyl). This ratio 

provides optimum water solubility to MC. Owing to its thermo-reversible gelling properties 

and biocompatibility, MC is widely used as a thickener or binder in pharmaceuticals, food, 

ceramics and paint (Sarkar 1979; Tate et al. 2001; Bodvik et al. 2010).  

 

 

 

 

 

 

 

 

 

 

 

Gelation of aqueous MC dispersions at elevated temperatures is mainly caused by 

intermolecular hydrophobic association of methyl groups. In the solution state at lower 

Figure 3.1 - Chemical structure of a methyl substituted dimer (cellulose) of 

methylcellulose polymer 

n 
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temperatures, the polymers are well hydrated and exist as an entangled network. As the 

temperature of the dispersion is elevated, the water of hydration surrounding the polymers 

(cage-like structures) begins to collapse. Eventually at a given temperature, when sufficient 

dehydration occurs, hydrophobic association of the polymers occur. This leads to the 

formation of an infinite network structure or gelation of the MC dispersion. However, further 

increase in temperature can lead to complete polymer dehydration and precipitation (Sarkar 

1979; Haque and Morris 1993; Sarkar and Walker 1995).  

 

Gelation temperature and gel characteristics of MC are known to vary considerably with 

polymer concentration, molecular weight and additives. Sarkar (1979) demonstrated a linear 

relationship between gelation temperature and polymer concentration, where an increase in 

polymer concentration results in reduction in gelation temperature. It has also been shown 

that low molecular weight MC exhibits lower gelation temperature than a high molecular 

weight MC at the same concentration. This observation has been attributed to the rod-like 

structure of low molecular weight MC, as they are likely to form hydrophobic aggregates 

rapidly, compared to the high molecular weight MC which exists as random coils. 

Nonetheless, the high molecular weight MC gels exhibit considerably higher gel strength and 

elasticity (Wang and Li 2005). 

 

The gelation temperature of MC can be considerably altered by the use of additives such as 

electrolytes, sucrose and glycerol. These additives depress the gelation temperature of MC 

aqueous dispersions, owing to their high affinity to water molecules, which leads to the 

dehydration of MC molecules (Sarkar 1979). The effect of electrolytes on the sol-gel 

transition of MC has been shown to be consistent with the Hofmeister series, a classification 

of ions in order of their ability to alter the structure of water. The Hofmeister series follows 

the order SO4
2-

 > HPO4
2-

 > Cl
-
 > NO3

-
 > Br

-
 > I

-
 > SCN

-
. The ions to the left of the series are 

termed kosmotropes and have been proven to accelerate the sol-gel transition of MC. On the 

other hand, the ions to the right of the series (chaotropes) have been shown to delay the 

gelation of MC (Hirrien et al. 1998; Kundu and Kundu 2001; Xu et al. 2004). In addition, 

cations have been shown to have much weaker effects on the structure of water, thereby 

exerting negligible effects on MC gelation temperature (Xu et al. 2004; Xu et al. 2004).  
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The effect of alcoholic additives, such as glycerol, on the gelation temperature of MC has 

also been demonstrated. Similar to the electrolyte-MC systems, glycerol lowers the sol-gel 

transition temperature of MC dispersions. Moreover, a linear correlation between the glycerol 

volume ratio and the gelation temperature has been demonstrated. However, glycerol reduces 

the strength of resultant MC gels, which may correspond to its dual role as a plasticiser. In 

contrast, other alcoholic additives such as ethanol and propylene glycol have been shown to 

enhance the water solubility of MC and thus increase its gelation temperature (Kuang et al. 

2006). 

 

The phenomenon of altering the gelation temperature of MC has been exploited by many to 

formulate polymeric systems that undergo sol-gel transition at physiological conditions. Bain 

et al. (2009) demonstrated the reduction in gelation temperature of MC to 32 °C with the 

incorporation of fructose and sodium citrate, both commonly used as pharmaceutical 

excipients. The resultant formulation was successfully evaluated as an in situ gelling 

ophthalmic delivery system for ketorolac tromethamine.  

 

Studies have also shown the possibility of acquiring polymeric systems with diverse 

properties by combining two or more polymer dispersions with diverse gelling mechanisms. 

For example, MC has been combined with anionic polymers such as alginate and carrageenan 

as well as pH sensitive polymers such as carbopol to obtain favorable thermo reversible 

gelling characteristics (Liang et al. 2004; Sultana et al. 2006; Tomsic et al. 2008). Such 

systems allow the entrapment of drugs and proteins without affecting their bioactivity.    

 

Liang et al. (2004) formulated a novel temperature and pH sensitive hydrogel by combining 

MC with alginate at a specific weight ratio. However, the authors reported the gelation 

temperature of the system to be unaffected by the amount of alginate incorporated. It was 

suggested that the two polymers form an entangled network-like structure. Gelation 

temperature of these combination systems was altered by blending salts such as CaCl2, 

Na2HPO4 or NaCl. The authors demonstrated that the MC and alginate binary system with 

added NaCl exhibited favourable pH sensitivity as well as thermo-reversibility. Similarly, 

Tomsic et al. (2008) demonstrated the effect of κ-carrageenan on the gelation temperature of 

MC. It was proposed that carrageenan, being an anionic polyelectrolyte, would alter the 

gelation temperature of MC and enable the formulation of a double gel. Such a system 
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behaves as a gel at both low and high temperatures. However, the data did not demonstrate a 

significant variation in MC gelation temperature at a κ-carrageenan to MC ratio of 1:1. 

Consequently, this binary system illustrates an entangled network and a possible weakening 

of the degree of cross-linking of the two polymers. Nonetheless, the authors demonstrated a 

narrow temperature regime (~47
 
°C) where the binary mixture was found to be in solution 

state. This was later utilised to incorporate internally self assembled particles, and modulate 

their release characteristics (Tomsic et al. 2009). 

 

In this chapter, various ratios of carrageenan (κ and ι) and MC were evaluated as a platform 

for ophthalmic drug delivery. In addition, KCl and CaCl2.2H2O were added at predetermined 

concentrations (as demonstrated in Chapter 2) to the formulations under investigation to 

determine the effect of these cations on the gel properties. Thus data obtained from these 

characterisation studies will identify the most suited polymeric system for the proposed route 

of drug delivery. The specific aims of this chapter are to: 

 

 Evaluate the viscoelastic properties of the selected binary systems 

 Determine the FT-IR spectra of the binary systems 

 Investigate the pH and syringeability of the formulations 

 Evaluate the mucoadhesiveness of the formulations 

 Determine the sterility of polymer samples 

 Understand the stability of the polymers at physiological temperature  
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3.2 Materials 
 

Carrageenan, Genuvisco type x 930-03 (κ) and type x 931-03 (ι) were kindly gifted from CP 

Kelco (Lille Skensved, Denmark). Methylcellulose was purchased from Sigma Aldrich 

(Steinheim, U.S.A.) and was of Ph. Eur. grade (26 to 33 % methoxyl substitution). KCl and 

CaCl2.2H2O were of analytical grade and purchased from Scharlau Chemie (Barcelona, 

Spain). Ion exchanged, distilled Milli Q water (Millipore, Bedford, USA) was used in the 

preparation of polymer dispersions and salt solutions.  

3.3 Methods 

3.3.1 Preparation of Binary Polymer Systems 
 

Stock solutions of MC (2 % w/v) and carrageenan (1 % w/v) were prepared by dissolving the 

polymers in hot water (ca. 70 °C) under continuous stirring. The MC stock solution was 

removed from heat when the polymer was well dispersed and stirred for 2 hours at ambient 

temperature (ca. 22 °C). MC stock solution was then stored at 4 °C overnight prior to further 

use. Similarly, the carrageenan stock solutions were stirred for 2 hours while maintaining the 

temperature at ca. 70 °C and then stored at ambient temperature (ca. 22 °C) overnight prior to 

dilution. 

 

Binary systems with a total polymer concentration of 0.8 % (w/v) were prepared by weighing 

the appropriate amount of MC into glass beakers and then adding the appropriate amount of 

carrageenan solution. The polymer mixture was stirred well prior to dilution with Milli Q 

water. For formulations with added cations, appropriate volumes of salt solution (2 % (w/v) 

KCl or CaCl2.2H2O) were added after the dilution of the polymer system with water. The 

formulations were then stirred for 5 minutes and stored at 4 °C overnight prior to analysis. 

The MC to carrageenan ratios investigated in this study are 20:80, 40:60, 50:50, 60:40 and 

80:20. 

3.3.2 Rheological Characterisation 
 

The dynamic viscoelastic properties of the carrageenan formulations were measured using an 

AR-G2 controlled stress rheometer (TA instruments, U.S.A) fitted with parallel plate 

geometry (40 mm diameter). Sand paper (KMCA wet/dry P120) was attached to the 
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geometry to minimise slipping of the sample during measurements. Samples were allowed to 

equilibrate at the specific temperature for 5 minutes prior to analysis. A gap of 1 mm was 

used and a solvent trap was used to minimise sample evaporation during measurements.  

 

The linear viscoelastic region (LVR) of each formulation was determined by stress sweeps 

(0.01 – 5.570 Pa) at a frequency of 1 Hz at 22 °C, 37 °C and 60 °C. Mechanical spectra 

(frequency sweeps) for each formulation were then obtained over a frequency range of 0.1-10 

Hz at 22 °C, 37 °C and 60 °C. For rheological synergy calculations all measurements at 37 

°C were done in triplicate. The dynamic viscoelastic functions (G´ and G´´) were also 

measured as a function of temperature during a heating and cooling cycle between 4 °C and 

80 °C at a rate of 1 °C.min
-1

. All measurements were carried out in the LVR at low shear 

strains and at a frequency of 1 Hz. 

 

The apparent viscosity of the formulations were measured at 22 ± 0.1 °C and 37 ± 0.1 °C 

using a Brookfield DV-III+ cone and plate rheometer (Brookfield Engineering Laboratories 

Inc., U.S.A). The rheometer was fitted either with a CP-40 or CP-52 spindle (depending on 

the viscosity of the formulation) and operated with the Brookfield Rheocalc software. 

Formulations were equilibrated for 5 minutes at the testing temperature prior to commencing 

measurements. All measurements were performed in triplicate.   

3.3.3 FT-IR Spectroscopy 
 

FT-IR spectra of selected formulations were recorded using a Bruker Tensor 37 spectrometer 

(Bruker Optics Inc, U.S.A), equipped with a diamond ATR system. All spectra were recorded 

at 128 scans and at a resolution of 2 cm
-1

. Prior to each scan, a background scan using the 

same parameters was recorded. 

3.3.4 Visual Appearance of Polymer Dispersions 
 

The macroscopic appearance of the systems at physiological temperature was evaluated by 

placing glass vials containing the polymeric systems in a 37 °C shaking water bath for 1 hour. 

Systems were categorised as gels, viscous solutions or solutions by inverting the vials by 

180°.  
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3.3.5 Evaluation of pH and Syringeability  
 

The pH of the polymer dispersions was determined using a calibrated SevenEasy™ pH meter 

(Mettler Toledo GmbH, Switzerland).  

 

The syringeability, or the force needed to expel the formulations out of a syringe, was 

determined using a TA-XT Plus texture analyser (Stable Microsystems Ltd., England). All 

formulations were prepared as outlined in Section 3.3.1 and stored at 4 °C for 24 hours in 

beakers or 5 mL BD syringes (Becton, Dickinson and company, U.S.A). All syringes were 

filled to the 5 mL mark and care was taken to remove all air bubbles. To determine the effect 

of shear on syringeability, the gels equilibrated at 4 °C in beakers were re-dispersed by 

shaking for 10 seconds prior to filling in to 5 mL BD syringes for testing. Tests were 

performed in compression mode and a probe was used to push the plunger to a distance of 10 

mm at a rate of 1 mm.s
-1

. Force needed to push the plunger was recorded as a function of 

distance (volume). All measurements were done in quadruplicate.   

3.3.6 Evaluation of Mucoadhesive Properties  
 

The in vitro model developed by Needleman and Smales  (1995) was adapted to evaluate the 

duration of mucoadhesion of the selected polymeric systems. Bare bovine sclera (sclera 

devoid of extra-ocular fatty tissue, retina and the choroid) was glued to an iron mesh that was 

attached to a cylindrical base. This was then attached to a modified plastic falcon tube and 

filled with Ringers solution up to the sclera. The tube was then placed in a shaking water bath 

(water bath SBD 50) at 37 °C for 10 minutes to equilibrate. A small quantity of the 

formulation to be tested was placed on the sclera. The polymer systems or PBS were 

equilibrated on the sclera at 37 °C for 30 minutes. After equilibration, a glass cover slip 

(rinsed in acetone) was placed on top of the polymeric system or PBS and a constant pressure 

was applied for 10 seconds. The system was again equilibrated for 10 minutes and filled with 

Ringers solution. The tube containing the sclera and formulation with the cover slip was then 

placed horizontally in the shaking water bath and the speed was set to 200 RPM. Each tube 

was observed for the detachment of the cover slip every 2 minutes for the first 30 minutes 

and then every 15-20 minutes for up to 4 hours. Measurements were done in triplicate.  
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3.3.7 Determination of Polymer Sterility 

 
The polymer sterility was evaluated using blood agar plates (Fort Richard laboratories Ltd, 

NZ). Polymer solutions and binary systems were prepared as described in Section 3.3.1. The 

polymeric systems (individual and binary) were then filtered using 0.5 μm filter needles and 

small quantities of the polymer dispersions were placed on the agar plates. The samples were 

then streaked on the plates and the inoculated plates were incubated at 37 °C. Plates were 

observed after 24 hours and 48 hours. The plate inoculation was done in a well cleaned fume 

hood and the plate lids were only opened partially to place the sample, to minimise the 

introduction of airborne microorganisms into the culture plates.  

3.3.8 Polymer Stability at Physiological Temperature 
 

Stability of carrageenan and methylcellulose at physiological temperature was evaluated 

using SEC-MALLS to determine the effect of temperature on molecular weight and the 

possibility of polymer degradation at the ocular surface. The polymer solutions and the binary 

systems were prepared as described in Section 3.3.1 in triplicate. The samples were then 

stored at 37 °C for 4 weeks. Prior to analysis, all samples were diluted in 0.02 % (w/v) NaN3. 

Chromatographic conditions used are described in Section 2.3.2.  

3.4 Results and Discussion 

3.4.1 Rheological Characterisation 
 

The effects of polymer concentration and temperature on the storage modulus (G‘) and loss 

modulus (G‘‘) of polymer systems were investigated by carrying out temperature sweeps in 

the LVR (Figure 3.2, Figure 3.3 and Figure 3.4). The carrageenan systems at a polymer 

concentration of 0.4 % (w/v) demonstrated the typical rheological behaviour of a liquid 

(Figure 3.2 A and B). Throughout the temperature range of interest, the G‘‘ was considerably 

higher than the G‘ of the systems. However, for κ-carrageenan, a sudden drop in G‘‘ was 

observed at about 12 °C. Thereafter a monotonic decline in G‘‘ was observed.  

 

Over the temperature range studied, the G‘ of MC (both 0.5 % and 1 % w/v) was 

considerably greater than the G‘‘ (Figure 3.2 C and D). This indicates more viscous and 

elastic behaviour of the MC systems compared to the carrageenan systems at low polymer 
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concentrations. For the 0.5 % (w/v) MC system, three distinct regions can be observed in the 

heating process. In the initial region, from 4-25 °C, both G‘ and G‘‘ of the system remained 

constant. As the temperature was further increased, the G‘ increased monotonically until 

about 70 °C. G‘‘ also demonstrated a general upward trend. Beyond this temperature, both 

curves increased slowly and reached their respective plateaus. The 1 % (w/v) MC systems 

behaved somewhat differently to the lower concentration, and exhibited four distinct regions 

in the heating process. Initially, the G‘ of the system was independent of the temperature, but 

the G‘‘ gradually decreased with temperature. In the second region, G‘ showed a gradual 

increase, while G‘‘ remained constant. Beyond 60 °C both moduli increased dramatically and 

reached their corresponding plateaus.  

 

Few methods have been reported in the literature to identify the sol-gel transition of systems 

by using rheological data. The most commonly used is the crossover point of G‘ and G‘‘ as 

an indication of this transition (Ferry 1980). The temperature at which the ratio of G‘ to G‘‘ is 

independent of frequency has also been described as an indication of sol-gel transition 

(Chambon and Winter 1985). Conversely, Li et al. (2002) described the temperature at which 

the G‘ shows a sharp increase to be an indicator of sol-gel transition of MC systems. The 

authors have correlated this well with the endothermic peaks obtained from micro-DSC 

measurements.  

 

In this study, a sharp increase in G‘ was only observed for the 1 % (w/v) MC dispersion. 

Nonetheless, for both MC dispersions the measured G‘ was considerably higher than the G‘‘. 

Both at 4 °C and at ambient temperature (ca. 22 °C), these dispersions can be visually 

classified as viscous solutions, with the 1 % (w/v) dispersion being considerably more 

viscous. Therefore, as the G‘ of both dispersions remain constant during the initial phase of 

heating, the G‘>G‘‘ data may represent a viscous MC dispersion. As the G‘ increases with 

temperature, the MC dispersions become increasingly viscous and may form a soft semi-solid 

that can be easily destroyed with shear. However, the sharp increase in G‘ in the 1 % (w/v) 

MC dispersion may represent the formation of a true, or mature, gel. Conversely, the gradual 

increase in G‘ at low polymer concentrations may indicate the slow hydrophobic association 

of the polymer until it reaches a plateau, where a three dimensional polymer network is 

formed. At higher polymer concentrations, the hydrophobic association may occur 

spontaneously at a particular temperature, as illustrated by the sharp increase in G‘.  
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The area of hysteresis of the two moduli is considerably higher for MC dispersions than for 

carrageenan dispersions. This suggests that the dissociation of thermally induced 

hydrophobic interactions during the cooling process is not an exact reversal of polymer 

interactions. Such behaviour is common to nearly all polymeric systems, where long 

equilibrium states are vital for polymer association and dissociation (Li et al. 2002). 

Hysteresis was only evident in the κ-carrageenan dispersion at low temperatures, owing to the 

low polymer concentrations used in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The binary polymer systems were prepared by maintaining the total polymer concentration 

constant at 0.8 % (w/v). This concentration was selected as per data discussed in Chapter 2, 

where a minimum of 0.4 % (w/v) carrageenan was required to form a gel in the presence of 

low concentrations of cations. Initially, temperature sweeps of the selected binary systems 

     G‘ 

     G‘‘ 
    G‘ 

    G‘‘ 

     G‘ 

     G‘‘ 

     G‘ 

     G‘‘ 

Figure 3.2 - Temperature sweeps of κ-carrageenan (0.4 % w/v) (A), ι-carrageenan (0.4 % w/v) (B) and MC (0.5% 

w/v (C) and 1% w/v (D)) 
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were carried out to determine the effect of carrageenan on the sol-gel transition of MC 

(Figure 3.3 and Figure 3.4). Rheological evaluation of the different composite systems 

illustrates the varying rheological behaviour of the systems.  

 

In the 20:80 mixture of MC to κ-carrageenan, two gel regions can be observed over the 

temperature range studied (Figure 3.3A). The G‘ measured was greater than the G‘‘. 

However, at about 14 °C, a sharp decrease in G‘ and G‘‘ was observed, illustrating the gel-sol 

transition of the system. At about 30 °C, another phase change can be observed, with the 

initiation of a second increase in G‘. G‘ continued to increase monotonically until about 

70 °C. Thereafter the rate of increase in G‘ reduced but a G‘ plateau did not appear. This 

suggests that within the temperature range used in this study, a complete gel network 

structure of the system was not formed at higher temperatures. A sharp increase in G‘ was not 

observed at high temperatures for this composite system, perhaps due to the low 

concentration of MC (0.16 % w/v).  

 

In the binary system of MC to κ-carrageenan at a ratio of 40:60, an initial sharp gel-sol 

transition of the system was not observed, but G‘ remained greater than G‘‘ throughout the 

temperature range studied (Figure 3.3B). A slight decline in G‘ was observed at about 21 °C 

and was followed by an increase in G‘ from about 30 °C. Thereafter the system behaved 

similarly to the 20:80 mixture, but the G‘ at 80 °C was approximately 1.5 times that of the 

20:80 mixture, corresponding to the increased concentration of MC.  

At a ratio of 50:50 (Figure 3.3C), the G‘ at 4 °C was only slightly higher than the G‘‘; and tan 

δ was approximately 1. This indicates the reduction in viscoelasticity of the binary system at 

low temperatures with the decreasing concentration of carrageenan. As the temperature was 

raised, the dynamic moduli reduced until about 25 °C. Thereafter, a similar trend to the 

previous two mixtures was observed. But the G‘ at all temperatures was less than that of 

40:60 system, which may be due to a dampening effect of carrageenan. Tomsic et al. (2008) 

also reported a slight weakening of the dynamic moduli of a methylcellulose and carrageenan 

binary system at a ratio of 50:50, compared to the individual systems. The authors proposed 

this to be due to the different gelling mechanisms of the two polymers. In addition, the 

dampening effect may be due to the more liquid nature of carrageenan at higher temperature. 

The coil conformation of κ-carrageenan in solution phase may act as a barrier to hydrophobic 

association of MC in the binary system.  
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     G‘‘ 

×  G‘ 

+  G‘‘ 

 

 

Figure 3.3 – Temperature sweeps of MC and κ-carrageenan binary systems at ratios of 20:80 (A), 40:60 (B), 50:50 

(C), 60:40 (D) and 80:20 (E) 
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Figure 3.3D shows that at a MC to κ-carrageenan ratio of 60:40, G‘ and G‘‘ at low 

temperatures (4 – 10 °C) are comparable. When the system is heated above 10 °C, G‘ began 

to increase whereas G‘‘ decreased at a steady rate. At about 60 °C, a sharp increase in G‘ can 

be observed, illustrating spontaneous hydrophobic association of the binary system. 

However, neither a G‘ nor a G‘‘ plateau was observed within the chosen temperature range, 

suggesting incomplete formation of the three dimensional gel network below 80 °C.  

The 80:20 binary mixture of MC to κ-carrageenan demonstrated typical solution properties at 

low temperatures (G‘ < G‘‘) (Figure 3.3E). As the temperature was increased above 17 °C, 

the elastic properties of the system began to gradually increase with the G‘ and G‘‘ cross over 

point being observed at 17 °C. A sharp increase in G‘ and G‘‘ was observed for this system at 

about 60 °C, but a plateau was not observed within the temperature range studied.  

MC and ι-carrageenan mixtures behaved similarly to the MC and κ-carrageenan mixtures 

over the temperature range studied. The temperature sweeps demonstrated three main 

regions: an initial constant G‘ region, then a monotonic increase in G‘ and a plateau region at 

higher temperatures for some systems (Figure 3.4). For the MC and ι-carrageenan mixtures of 

20:80 and 40:60, a slightly higher G‘ was observed at low temperatures. However, none of 

the systems demonstrated multiple gelling regions as observed for the MC-κ-carrageenan 

binary systems. The hysteresis observed for the MC and ι-carrageenan mixtures was also less 

than that of the MC-κ-carrageenan mixtures. In addition, the G‘ was considerably less for 

most MC and ι-carrageenan systems compared to the MC and κ-carrageenan mixtures (Table 

3.1). The high net negative charge, which contributes to weak gel properties of ι-carrageenan 

as well as coiled conformation of carrageenan at higher temperatures, may have contributed 

to the reduced viscoelasticity of these systems. Nonetheless, considerable variation in 

dynamic moduli between the binary systems compared to that of individual polymer 

dispersions suggests the presence of inter-polymer interactions.  
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Figure 3.4 – Temperature sweeps of MC and ι-carrageenan binary systems at ratios of 20:80 (A), 40:60 (B), 50:50 (C), 

60:40 (D) and 80:20 (E) 
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Table 3.1 - Storage moduli (G‘) of various MC and carrageenan binary systems at 37 °C and 80 °C 

 

Polymer system G‘ (Pa) at 37 °C G‘ (Pa) at 80 °C 

MC 0.5 % (w/v) 4.18 113.40 

MC : κ-carrageenan 

(0.16 % : 0.64 %) 
10.50 59.63 

MC : ι-carrageenan  

(0.16 % : 0.64 %) 
8.29 39.25 

MC : κ-carrageenan 

(0.32 % : 0.48 %) 
8.65 91.19 

MC : ι-carrageenan  

(0.32 % : 0.48 %) 
7.93 33.04 

MC : κ-carrageenan 

(0.40 % : 0.40 %) 
4.73 80.47 

MC : ι-carrageenan  

(0.40 % : 0.40 %) 
3.56 58.91 

MC : κ-carrageenan 

(0.48 % : 0.32 %) 
8.88 189.80 

MC : ι-carrageenan 

(0.48 % : 0.32 %) 
4.36 90.82 

MC : κ-carrageenan 

(0.64 % : 0.16 %) 
8.84 200.00 

MC : ι-carrageenan 

(0.64 % : 0.16 %) 
4.87 213.90 

 

 

To further elucidate the presence of an interaction between MC and carrageenan, the systems 

containing MC to carrageenan at a ratio of 40:60 (0.32 % w/v of MC and 0.48 % w/v of 

carrageenan) were chosen. This system was chosen due to the relatively high G‘ at 37 °C and 

the presence of an adequate concentration of carrageenan, which would facilitate the 

interaction of the binary system with cations. Thereby the resultant system would be both 

temperature and ion sensitive. 

 

Frequency sweeps of the selected MC and carrageenan systems (40:60) were carried out at 

22 °C, 37 °C and 60 °C (Figure 3.5). At 22 °C, the MC and κ-carrageenan (MC:κ-CG) 

system behaved as an entangled network. However, the MC and ι-carrageenan (MC:ι-CG) 

system demonstrated more elastic properties at lower frequencies (G‘>G‘‘) (Figure 3.5B). 

This system began to deform at higher frequencies (10 Hz), elaborating the weak network 

structure at 22 °C. At higher temperatures (37 °C and 60 °C), both systems behaved as semi-

solids or highly elastic systems with a low tan δ, owing to the more prominent elastic 

characteristics of MC at higher temperatures.  
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Figure 3.5 - Frequency sweeps of MC-KC (40:60) (A) and MC-IC (40:60) (B) at 22 °C (□), 37 °C (Δ) and 60 °C 

(◊). G‘ (storage modulus) and G‘‘ (loss modulus) are represented by the filled and blank symbols, respectively. 
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Additive effects, or the MC gel ‗strengthening‘ effects, of carrageenan at 37 °C were 

determined using the equations (Equation 3.1 and Equation 3.2) outlined by Madsen et al. 

(1998).  

 

           ∆ G‘ = G‘(polymer mix) – (G‘(MC) + G‘(carrageenan))                         Equation 3.1 

 

       ∆ G‘‘ = G‘‘(polymer mix) – (G‘‘(MC) + G‘‘(carrageenan))                  Equation 3.2 
 

 

The mean dynamic moduli for each system were calculated from the mechanical spectra 

obtained over 0.1-10 Hz (Figure 3.6). The mean values were then substituted to the above 

equations to determine the rheological synergism (∆ G‘ or ∆ G‘‘) as shown in Table 3.2.  

 

 

Figure 3.6 - Frequency sweeps of selected polymeric systems at 37 °C (note the linear axis) 
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The frequency sweeps demonstrates considerably low G‘ values for the carrageenan systems 

with added cations compared to those of MC (Figure 3.6). G‘ of the binary systems without 

any added cations did not show considerable variation to that of MC alone. However, when 

the selected cations were added to the binary systems, a considerable increase in G‘ was 

noticed. Moreover, these systems demonstrated strong frequency dependence, most likely to 

be due to physical entanglement of the polymers. 

 
Table 3.2 - Dynamic parameters of various systems obtained from frequency sweeps at 37 °C, data presents 

mean value ± (S.D.) (n=3) 

 

Polymer system G‘ (Pa) G‘‘ (Pa) Tan δ ∆G‘ (Pa) ∆G‘‘ (Pa) 

ι-CG 0.48 % (w/v) 

 
-0.06 (0.27) 0.34 (0.15) -1.02 (3.35)   

ι-CG 0.48 % (w/v) 

with Ca
2+ 

(0.06 % w/v) 

 

1.44 (1.0) 1.63 (0.24) 1.76 (1.4)   

κ-CG 0.48 % (w/v) 

 
0.12 (0.22) 0.27 (0.09) -0.23 (2.13)   

κ-CG 0.48 % (w/v) 

with K
+
 (0.06 % w/v) 

 

0.29 (0.34) 0.79 (0.08) 1.77 (0.55)   

MC 0.32 % (w/v) 

 
14.47 (1.45) 1.77 (0.09) 0.12 (0.01)   

MC 0.32 % (w/v) 

with K
+
 (0.06 % w/v) 

12.42 (0.12) 1.38 (0.19) 

 

0.11 (0.02) 

 

  

 

MC 0.32 % (w/v) 

with Ca
2+ 

(0.06 % w/v) 

 

13.51 (2.03) 

 

1.75 (0.19) 

 

0.13 (0.02) 
  

      

MC:ι-CG  

(0.32% : 0.48%) 

 

11.42 (2.16) 3.08 (0.09) 0.28 (0.06) - 2.99 (2.62) 1.65 (0.20) 

MC:κ-CG  

(0.32% : 0.48%) 

 

15.34 (1.91) 3.33 (0.27) 0.22 (0.04) 0.75 (2.41) 1.29 (0.30) 

MC:ι-CG  

(0.32% : 0.48%) 

with Ca
2+ 

(0.06 % w/v) 

 

20.09 (0.5) 5.42 (0.25) 0.27 (0.01) 4.18 (1.83) 2.02 (0.36) 

MC:κCG  

(0.32% : 0.48%) 

with K
+
 (0.06 % w/v) 

 

20.54 (2.46) 3.30 (0.72) 0.16 (0.02) 5.78 (2.88) 0.74 (0.73) 
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Table 3.2 shows that carrageenan was able to alter the viscoelastic moduli or the loss tangent 

of methylcellulose in the absence and presence of added cations. However, more favourable 

changes were observed in the binary systems with added cations. In these systems, a large 

∆G‘ as well as ∆G‘‘ was observed, whereas in the systems without any added cations, only an 

increase in ∆G‘‘ was observed. Moreover, syneresis was not observed in the MC:κ-CG 

systems with added K
+
.  

 

The dynamic moduli of MC dispersions with added salts (K
+
 and Ca

2+
) did not show 

considerable variation to MC dispersions in the absence of added salts (Figure 3.6). This 

demonstrates that the salts, at the concentration used in this study, did not enhance the 

hydrophobic interactions of MC. Nonetheless, when these salts were added to the binary 

systems, a dramatic increase in viscoelasticity of the systems can be observed. The lack of 

additive effects of carrageenan in the absence of added cations may be due to the coil 

conformation of these polymers at higher temperatures. This conformation enables the 

polymer to minimise electrostatic repulsion due to sulphate groups. When cations are 

incorporated into carrageenan dispersions, the polymers are likely to remain in the helix 

conformation at relatively high temperatures. Therefore the present data may indicate a 

conformation dependent additive effect of carrageenan. It can be postulated that in the 

presence of cations, carrageenans are able to enhance gel strength of MC either by increasing 

the hydrophobic interactions between MC polymers or via hydrogen bonding between 

hydroxyl groups and ether groups.  

 

Such conformation dependent interactions between carrageenan and gelatine and casein as 

well drug molecules have been reported (Caram-Lelham and Sundelöf 1996; Augustin et al. 

1999; Michon et al. 2002; Spagnuolo et al. 2005). As discussed by Michon et al. (2002), in 

coil conformation the average distance between sulphate groups of the carrageenan 

disaccharide units is about 1 nm, a distance that is too long for strong long range 

intermolecular forces to occur. Conversely, in the helix conformation, the sulphate groups are 

positioned around the helix with 0.66 nm between two aligned sulphate groups (Nilsson et al. 

1989). Therefore in helix conformation, the poly-anionic functionality of carrageenan may 

become prominent, facilitating long range inter-molecular attractions. 
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Interestingly, the apparent viscosity measurements of the systems demonstrated MC 

0.32 % (w/v) dispersion to be the least viscous system at 37 °C (Figure 3.7). Moreover, the 

MC:ι-CG system with added calcium exhibited the highest viscosity at low shear rate. Figure 

3.7 also shows that the area of hysteresis observed for all systems is relatively small. It was 

noted that both at 22 °C and 37 °C, the MC and carrageenan systems reformed their gel 

network after deformation by shaking. Such thixotropic behaviour is necessary for 

pharmaceutical formulations due to the ease of administration and improved stability. 

Moreover, at a shear rate of 375 s
-1

, the viscosity of all systems decreased to values less than 

80 mPa.s
-1

, a value that is preferred for injectables.  

 

  

As discussed in Section 2.4.6, the pseudoplasticity of the systems was evaluated both at 

22 °C and 37 °C (Figure 3.8). The MC:ι-CG (40:60) system with added Ca
2+

 demonstrated 

the highest pseudoplasticity at both temperatures followed by the MC:κ-CG (40:60) system 

Figure 3.7 - Effect of shear rate on the viscosity of methylcellulose and selected binary systems at 37 °C. The filled 

symbols represent the up curve and the blank symbols represent the down curve. Error bars represent S.D. (n=3) 
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with K
+
. These shear flow data further elaborate the MC gel ‗strengthening‘ effects of 

carrageenan in the presence of selected counter-ions.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2 FT-IR Spectroscopy 
 

IR spectroscopy with attenuated total reflectance (ATR) technology was used to determine 

the changes in intermolecular interactions of MC due to carrageenan. However, owing to the 

aqueous nature of these polymeric systems, an intense absorption of IR by water can be 

observed between 3000-3500 cm
-1

 and 1500-1800 cm
-1

 (Figure 3.9). Nonetheless, the region 

between 1000 cm
-1

 and 1200 cm
-1

 has been shown to be sensitive to structural changes of 

polysaccharides. The intensity of peaks in this region is dependent on the degree of order as 

well as hydrogen bonding (Filho et al. 2007; Buslov et al. 2008).  This region contains strong 

absorption bands, primarily due to the stretching vibrations of C-O-C and C-O bonds of the 

polysaccharides. Buslov et al. (2008) identified several bands in this region which vary with 

the temperature, illustrating these bands represent variations in hydrogen bonding and 

hydrophobic interactions of MC during gellation. These bands include 1028, 1052, 1077, 

Figure 3.8 - Flow index of selected polymer systems at 22 °C and 37 °C. Error bars represent S.D. (n=3) 



Chapter 3 | A Novel Carrageenan and Methylcellulose Binary System 

118 | P a g e  

 

1090, 1111, 1123, 1138 and 1154 cm
-1

, with a considerable shift observed for 1052, 1090 and 

1138 cm
-1

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.10A and Figure 3.10B show the spectral changes of the binary systems when 

compared to the individual polymer systems. The main bands observed in the MC spectra are 

1038.8, 1049.5, 1068.7, 1077.3, 1090.9, 1113.9 and 1132.9 cm
-1

. These bands are similar to 

those observed by Buslov et al. (2008). However, the intensities of these peaks were not as 

great as what has been reported, owing to the low concentration of MC analysed (Figure 

3.11). The sulphated polysaccharides, ι- and κ-carrageenan, demonstrated a different peak 

distribution despite the presence of C-O-C and primary alcohol C-O bonds. This is likely to 

be due to the presence of sulphate groups on neighbouring carbon atoms which may affect 

the stretching vibrations of the C-O. ι-carrageenan with added Ca
2+

 exhibited IR bands at 

1026.7, 1038.8, 1072.4, 1093.7 and 1131.5 cm
-1

, whereas κ-carrageenan with added K
+
 

revealed IR bands at 1036.3, 1049.1, 1069, 1075.4, 1092.6, 1105 and 1127.7 cm
-1

. Therefore, 

a shift of these bands in the binary system would indicate the presence of inter polymer 

 I:\Thil - PhD\Formulation\FTIR\MC-CG\FT-IR\16-4-10 (2)\MC-IC Ca2+ (2).0          MC-IC Ca2+ (2)          semi solid

 I:\Thil - PhD\Formulation\FTIR\MC-CG\FT-IR\16-4-10 (2)\MC-KC K+ (2).0          MC-KC K+ (2)          semi solid
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Figure 3.9 - Typical FT-IR spectra of an aqueous carrageenan system (green line) and the carrageenan powder         

(ι-carrageenan - blue and κ-carrageenan – black). The selected region (square) outlines the fingerprint region of 

carrageenan IR spectra 
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interactions (Ostrovskii et al. 1999; Sekiguchi et al. 2003; Buslov et al. 2008). The main peak 

shifts (> 2 cm
-1

) observed for the binary systems are tabulated in Table 3.3. 
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Figure 3.10 – FT-IR spectra of a MC dispersion (blue), ι-carrageenan with Ca
2+

 dispersion (graph A – green), κ-

carrageenan with K
+
 dispersion (graph B – green) and the binary systems -  MC:ι-CG with Ca

2+
 (graph A – 

black) and MC:κ-CG with K
+
 (graph B – black) at ambient temperature (~22 °C) 
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Table 3.3 - Fundamental IR bands identified for the binary systems, arrows indicate the direction of peak shift 

from the band in individual polymer system 

 

MC:ι-CG (40:60) with Ca
2+ 

MC:κ-CG (40:60) with K
+
 

Band (cm
-1

) Original band (cm
-1

)  Band (cm
-1

) Original band (cm
-1

) 

1052.5 ←1049.5 (MC) 1024.1 N/A 

1092 ← 1090.9 (MC) 

→1093.7 (ι-CG) 

1033.4 →1038.8 (MC) 

→1036.3 (κ-CG) 

1098.7 →1110.6 (ι-CG) 1052.4 ←1049.5 (MC) 

←1049.1 (κ-CG) 

1108.7 →1114 (MC) 1070.3 ←1068.7 (MC) 

←1069 (κ-CG) 

1128.4 →1132.9 (MC) 

→1131.5 (ι-CG) 

1111.6 →1114 (MC) 

1134.7 N/A 1119.2 N/A 

  1126.8 →1132.9 (MC) 

→1127.7 (κ-CG) 

  1160.9 N/A 
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Figure 3.11 – FT-IR spectra of MC 0.32 % w/v (blue) and MC 2 % w/v (black) at ambient temperature (~22 °C) 
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Figure 3.12 - Baseline corrected IR spectra of selected polymeric systems. A - reveals the changes in IR spectra of 

MC:ι-CG (40:60) binary system in comparison to the individual polymer systems; B - shows the changes in IR 

spectra of MC-κ-CG (40:60) binary system in comparison to the individual polymer systems. 
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Figure 3.12A and Figure 3.12B are baseline corrected spectra for the individual polymer 

systems and the binary systems. The spectra demonstrate key changes in IR peaks of 

polymers in the 1050-1150 cm
-1

 region, which can be attributed to the stretching of C-O and 

C-O-C bonds in the polymers. The observed peak shifts can be attributed to carrageenan-

methylcellulose interactions.  

 

Buslov et al. (2008) demonstrated shifts in the fundamental bands of MC with increasing 

temperature, especially in the sol-gel transition region. These include the shift of 1052, 1090 

and 1138 cm
-1

 to 1056, 1097 and 1030 cm
-1

 respectively.  Therefore the data presented in 

Table 3.3, suggest that incorporation of carrageenan to MC facilitates shifts in IR absorption 

of MC similar to those observed at higher temperatures (gelling temperature). In addition, 

Buslov et al. (2008) demonstrated changes in the intensity of bands at 1028, 1052 and 1077 

cm
-1

. It was suggested that these changes are likely to be due to intermolecular hydrogen 

bonding between MC molecules involving unsubstituted primary hydroxyl groups. Such 

hydrogen bonding is likely to alter the conformation of MC molecules owing to rotational 

isomerism around the C-O-C bond.  

3.4.3 Visual Appearance of Polymer Dispersions 

 
Figure 3.13 shows that the MC:ι-CG (40:60) binary system is a solution in the absence of any 

added cations at 37 °C, and that the addition of calcium ions increases the viscosity of the 

system. The binary system with 0.06 % (w/v) Ca
2+ 

is a very viscous solution, as confirmed by 

the appearance of air bubbles within the system and also the rheological behaviour described 

earlier (Section 3.4.1). It was observed that further increase in the calcium ion concentration 

(>0.08 % (w/v) or 5.4 mM of CaCl2) leads to the formation of a soft gel at 37
 
°C. These gels 

are thixotropic, such that the gel structure reforms within minutes after shearing the system. 
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In contrast, ι-carrageenan only forms a viscous solution at a calcium concentration of 0.08 % 

(w/v) and a minimum of 0.10 % (w/v) of CaCl2 (6.8 mM) is needed to form a gel at 37 °C 

(Figure 3.14). This indicates a physical interaction between ι-carrageenan and 

methylcellulose in the binary system. Moreover, owing to the low concentrations of calcium 

present in the extracellular fluid (1.3 mM) and in tear fluid (0.6 mM), such minute variation 

in calcium ion sensitivity may play a significant role in in situ gelation of the selected 

polymer system.  

 

 

 

 

 

MC:ι-CG 

No cations 

MC:ι-CG  

+ 0.02 % 

w/v Ca2+ 

MC:ι-CG  

+ 0.04 %  

w/v Ca2+ 

MC:ι-CG  

+ 0.06 % 

w/v Ca2+ 

MC:ι-CG  

+ 0.08 % 

w/v Ca2+ 

MC:ι-CG  

+ 0.10 % 

w/v Ca2+ 

MC:ι-CG  

+ 0.12 % 

w/v Ca2+ 

ι-CG  

+ 0.06 % 

w/v Ca2+ 

ι-CG  

+ 0.08 % 

w/v Ca2+ 

ι-CG  

+ 0.10 % 

w/v Ca2+ 

Figure 3.13 - Physical appearance of MC:ι-CG (40:60) systems after storage at 37 °C for 1 hour 

Figure 3.14 - Physical appearance of ι-

carrageenan  (0.48 % w/v) systems after 

storage at 37 °C for 1 hour 
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Conversely, the MC:κ-CG (40:60) binary systems only formed partial gels at high potassium 

ion concentrations (Figure 3.15). At 0.06 % (w/v) KCl (8.04 mM), the polymer system was 

slightly viscous and increasing the cation concentration was shown to form gel clumps, rather 

than a homogenous gel. Interestingly, syneresis was not observed in the binary systems with 

cations (at ≤ 37°C), indicating the formation of a less brittle gel in the presence of MC. This 

property may be of high relevance to the food industry. Yet again, κ-carrageenan without MC 

needed higher concentrations of KCl to form a gel at 37 °C (Figure 3.16).  
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+ 0.06 % 

w/v K+ 

κ-CG  

+ 0.08 % 

w/v K+ 

κ-CG  

+ 0.10 % 

w/v K+ 

Figure 3.15 - Physical appearance of the MC:κ-CG (40:60) systems after storage at 37 °C for 1 hour 

Figure 3.16 - Physical appearance of κ-carrageenan 

(0.48 % w/v) systems after storage at 37 °C for 1 hr 
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3.4.4 Evaluation of pH and Syringeability  

 
Table 3.4 – pH values of selected polymer systems 

 

Polymeric system pH 

MC:κ-CG (40:60) with KCl (0.06 % w/v) 7.06 

MC:ι-CG (40:60) with CaCl2 (0.06 % w/v) 7.04 

 
The pH values of the polymer systems demonstrate the neutral nature of these gels, as such 

these systems are less likely to cause ocular irritancy (Table 3.4). Syringeability, or the force 

required to expel the formulation out of a syringe, will determine the ease of formulation 

administration, as the proposed route of delivery is the periocular route. Figure 3.17 shows 

that the force required to push the plunger of a pre-filled gel syringe is nearly two folds 

higher than that for water filled syringes. However, shearing of the systems prior to testing 

lowers the force required to push the gels to values similar to that for water. This further 

elaborates the pseudoplastic nature of the systems under investigation.  

Figure 3.17 – Syringeability of selected polymeric systems equilibrated for 24 hrs in syringes (pre-filled) at 4 °C 

and systems re-dispersed at ambient temperature. Error bars represent S.D. (n=4) 
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3.4.5 Evaluation of Mucoadhesive Properties 

 
In addition to the physical and rheological properties, mucoadhesiveness is an important 

property of ophthalmic formulations. Mucoadhesion refers to the adhesion of a substrate to a 

mucus layer that usually covers the epithelium of a tissue. Such adhesion of a formulation 

improves the retention of the formulation at the target site, minimises drug loss and provides 

optimum contact with the absorbing surface to enhance tissue permeability of incorporated 

molecules (Leung and Robinson 1988).  

 

Various techniques are currently utilised to quantify the mucoadhesiveness of formulations. 

These can be classified into two groups, those that measure the force required to detach a 

substrate from its adhesive surface and those that measure the duration of mucoadhesiveness. 

The force required for detachment can be measured in tensile mode, where the applied force 

acts in the axial direction, or in the shear mode, where force acts in a tangential direction. The 

texture analyser, or  tensiometer, is the most commonly used apparatus for tensile force 

testing, whereas a rotating cylinder method is usually used to measure the duration of 

adhesion of a formulation (Davidovich-Pinhas and Bianco-Peled 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Modified Falcon tube 

Bovine sclera 

Iron mesh 

O-ring 

Figure 3.18 - Mucoadhesion testing rig used to measure the duration of adhesion 



Chapter 3 | A Novel Carrageenan and Methylcellulose Binary System 

127 | P a g e  

 

Duration of mucoadhesion is considered to be more relevant to the proposed route of 

administration of the gels (transscleral route), as only shear forces are likely to be present 

between the formulation and the mucosal surface due to rotation of the eye. Consequently, in 

this study, a rotating cylinder method was used to evaluate the duration of adhesion of the 

gels to bovine sclera (Figure 3.18). A similar apparatus was used by Needleman and Smales 

(1995) to determine the duration of mucoadhesion of hydrogels to hamster cheek-pouch 

mucosa. The authors validated the method and observed the failure of adhesion to occur at 

the mucosa-adhesive (polymer) interface rather than the adhesive-cover slip interface.  

 

The results (Table 3.5) demonstrated a considerable difference between PBS and the gel 

formulations. A noticeable difference between the two binary systems was also observed, 

albeit with some variability in the recorded duration of mucoadhesion for MC:κ-CG (40:60) 

gel.  

 
Table 3.5 - Duration of mucoadhesion of the selected polymer systems to bovine sclera 

 

 

Significant difference observed between the two binary systems can be attributed to the 

anionic nature of the carrageenans (Roy et al. 2009). It has been reported that an increase in 

available charge groups of a polymer results in an increase in water uptake by the polymer 

matrix. This causes an increase in mesh size (openness of the polymer network) and chain 

mobility, resulting in an increase in polymer-mucin interaction, either by physical 

entanglement or hydrogen bonding (Leung and Robinson 1988). As such, the binary system 

containing ι-carrageenan is likely to have greater degree of interaction with the mucin on 

bovine sclera, resulting in a longer duration of adhesion. The results of mucoadhesive 

duration are also in line with the texture characteristics of ι-carrageenan discussed in Chapter 

2, where ι-carrageenan demonstrated relatively high adhesive and cohesive properties in 

comparison to κ-carrageenan. However, this experimental design is limited by the excess 

amount of water present in the system, which may not reflect the amount of water at the 

 Duration of adhesion 

(minutes) 
 

PBS MC:κ-CG (40:60) with K
+ 

(0.06 % w/v) 

MC:ι-CG (40:60) with Ca
2+ 

(0.06% w/v) 

<2 <2 >240 

<2 2-4 >240 

<2 6-8 >240 
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ocular surface as well as the magnitude of displacing forces. Nevertheless, the duration of 

adhesion provides a good indication of the polymer retention at the ocular surface.  

3.4.6 Evaluation of Polymer Sterility 
 

Figure 3.19 shows that the agar plates of individual polymer dispersions were devoid of 

microbial growth for 24 hours (Figure 3.19 (A)), but at 48 hours the methylcellulose 

inoculation showed some growth.  

 

The carrageenan dispersions were devoid of microbial growth at 48 hours of incubation. The 

combination systems demonstrated some growth at 24 and 48 hours, possibly due to the 

presence of methylcellulose. Interestingly, the MC:ι-CG (40:60) system displayed 

considerably less or restricted microorganism growth compared to the MC:κ-CG (40:60) 

binary system. This may be related to the reported antimicrobial properties of anionic 

carrageenans (Maguire et al. 2001; Rinaudo 2008).  
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Figure 3.19 - Images of blood agar plates inoculated with selected polymer dispersions: Individual systems (A 

and D), MC:ι-CG with Ca
2+

 (B and E), MC:κ-CG with K
+
 (C and F) and the negative (N) and positive (P) 

controls. The images of negative and positive plates are at 24 hours of incubation. MC – methylcellulose; IC – ι-

carrageenan; KC – κ-carrageenan 
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3.4.7 Polymer Stability at Physiological Temperature 
 

As discussed in Chapter 2 (Section 2.4.2), SEC-MALLS technique provides an accurate 

measure of molecular weight of a sample. Thus it was used to evaluate the changes in 

molecular weight of the polymers under investigations after storage at 37 °C for 4 weeks. 

Molecular weight has been used as an indicator of polymer stability as degradation of the 

polymer leads to changes in molecular weight. Current evidence shows the effect of gastric 

conditions, radiation and homogenisation on the stability of carrageenans and methylcellulose 

(Capron et al. 1996; Myslabodski et al. 1996; Aliste et al. 2000; Floury et al. 2002; 

Yokoyama et al. 2002). However, evidence describing the effect of physiological temperature 

on the stability of either carrageenan or methylcellulose is scarce. Temperature can be 

considered the main factor that influences the stability of the binary system under 

investigation once administered to the periocular space.  

 

Figure 3.20 and Figure 3.21 show the typical elution profiles of the polymer dispersions 

before and after storage at 37 °C. The molecular weights calculated for both ι-carrageenan 

and methylcellulose were within the range reported in the literature (Bongaerts et al. 1999; 

Funami et al. 2007), but that for methylcellulose was at the lower end of the range. A 

significant change in the molecular weight of the polymers was not observed with storage at 

37 °C for 4 weeks (Table 3.6), despite the observed shifts in the elution profiles (Figure 3.20 

and Figure 3.21).  

 

Table 3.6 - Average molecular weight and polydispersity (PD) of the polymer dispersions before and after 

storage at 37 °C for 4 weeks (n=3) 

 

System Mw (g mol
-1

) (± S.D.) PD (Mw/Mn) (± S.D.) 

ι-carrageenan 431966 (± 79281) 1.03 (± 0.01) 

ι-carrageenan (4 weeks; 37°C) 361800 (± 6245) 1.04 (± 0.01) 

MC:ι-CG (40:60) – peak 1 400867 (± 28525) 1.04 (± 0.02) 

MC:ι-CG (40:60) – peak 2 55837 (± 11061) 1.75 (± 0.59) 

MC:ι-CG (40:60) – peak 1 (4 weeks; 37°C) 412233 (± 43008) 1.02 (± 0.01) 

MC:ι-CG (40:60) – peak 2 (4 weeks; 37°C) 70480 (± 17123) 5.88 (± 4.12) 

 

 

A considerable variation in the polydispersity of the second peak (methylcellulose peak) of 

the binary systems was observed. This may be due to the broadening of the elution peak in 

some replicates.  
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Figure 3.20 - Elution profiles of ι-carrageenan at week 0 (red) and 4 weeks after storage at 37 °C (green) 

Figure 3.21 - Elution profiles of MC:ι-CG (40:60) at week 0 (red) and 4 weeks after storage at 37 °C (green) 
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3.5 Conclusion 
 

The main objective of this chapter was to evaluate the applicability of a novel polymeric 

system composed of methylcellulose and carrageenan in ocular drug delivery. Such a 

polymer combination would enhance the retention of an incorporated drug at the target site 

owing to physical changes in the polymeric systems with temperature and ionic strength.  

 

Various combinations of the polymer systems were evaluated in terms of their rheological 

properties. The viscoelastic properties of the binary systems at 37 °C suggested a synergistic 

effect of the polymers in the presence of selected cations. As such, the proposed interaction 

between methylcellulose and carrageenan may be dependent on the conformation of 

carrageenan at higher temperatures. This inter-polymer interaction was confirmed by FT-IR 

spectra, where the polymer mix demonstrated noticeable peak shifts and changes in peak 

intensity. Nonetheless, further studies are warranted to explore the changes in IR spectra at 

physiological temperature. Thermodynamic studies utilising a micro-DSC would also provide 

a tool to affirm the inter-polymer interactions.  

 

Rheological data suggested that the methylcellulose and carrageenan combination at a ratio of 

40:60 would be the most promising for ocular drug delivery. As such, this ratio was selected 

for further characterisation in terms of syringeability, mucoadhesiveness and stability. These 

systems are viscous solutions at room temperature, but are able to transform to semi-solids at 

37 °C in the presence of Ca
2+

 or K
+
 ions, depending on the type of carrageenan used. Both κ- 

and ι-carrageenan demonstrated similar viscoelastic properties when combined with 

methylcellulose at 37 °C. However the ι-carrageenan with methylcellulose combination 

showed superior in vitro mucoadhesiveness and pseudoplasticity.     

 

Consequently, the ion and temperature sensitivity, high pseudoplasticity, mucoadhesion, and 

the soft gel nature render the methylcellulose and ι-carrageenan (40:60) composite system a 

potential platform for controlled delivery of macromolecules. Such a system may provide 

aqueous, high efficiency loading of bioactive macromolecules, such as oligonucleotides and 

proteins. 
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4. Release Characteristics of 

Carrageenan Aqueous Dispersions 

and Scleral Permeability 
 

4.1 Introduction 
 

As discussed in the previous chapters, both carrageenan and methylcellulose are stimuli-

responsive gel systems. Therefore variations in temperature or ionic strength may alter the 

release of molecules incorporated in these systems. Moreover, the amount of imbibed water, 

the cross-link density and pore interconnections as well as the size, shape and hydrophilic or 

hydrophobic character of incorporated solutes influences solute permeation into and out of 

the polymer matrices (Lee and Chiu 2003). Various models are reported to describe the 

release of drugs incorporated in hydrophilic polymer systems as a function of time. These 

models can be categorised into diffusion controlled, swelling controlled or chemically 

controlled models (Lin and Metters 2006).  

 

The widely applicable mechanism of drug release from polymeric systems is diffusion, which 

can be modelled using Fick‘s law. Fick‘s first law describes the flux of a solute in terms of 

the concentration gradient, whereas Fick‘s second law predicts the changes in solute 

concentration with time. The modelling of swelling controlled drug release behaviour 

involves moving boundary conditions, where the release interface of the hydrogel moves as 

the hydrogel swells at physiological conditions. Alternatively, the chemically controlled 

release mechanism involves reactions occurring within the hydrogel (e.g. chemical cleavage 

of polymers), which determine the rate of release of an incorporated solute (Lin and Metters 

2006).  

 

The drug release properties of various formulations can be compared using statistical 

analysis, model independent and model fitting methods. The statistical analysis method is 

based on analysis of variance at a single time point or multiple time points. In the model 

independent method, the ratios of cumulative amount of drug released or percentage drug 

released or the area under the curve of release profiles can be compared. Pair-wise 
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comparison of the release profiles can also be done by calculating the difference factor, the 

similarity factor (Moore and Flanner 1996) or the Rescigno index (Rescigno 1992). Various 

mathematical models have been developed to compare the release profiles of formulations 

using the model dependent method. The widely used diffusion based models include First 

order release, Higuchi and the Korsmeyer-Peppas models (Costa and Sousa Lobo 2001).  

 

The first order kinetic model was proposed by Gibaldi and Feldman (1967) and is usually 

expressed as: 

 

                    Equation 4.1

     

 

 

In this equation, Qt is the amount of solute released in time t, Q0 is the initial amount of solute 

in the formulation/polymer matrix and k is the first order release constant. Therefore a plot of 

log of Qt against time will be linear and the slope of this plot will give an indication of the 

first order release constant (Costa and Sousa Lobo 2001).  

 

The Higuchi model describes the release of solute incorporated in a matrix in terms of Fick‘s 

law, where diffusion is dependent on the square root of time. The Higuchi model can be 

expressed by Equation 4.2: 

 

                      Equation 4.2

    

 

 

In this equation, KH is the diffusion constant. Higuchi‘s model can be applied to various 

pharmaceutical dosage forms, including sustained release products, matrix tablets and 

transdermal delivery systems (Costa and Sousa Lobo 2001). 
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As some release profiles cannot be explained by Fickian diffusion, Korsmeyer et al. (1983) 

developed a simple empirical formula relating exponentially the amount of drug released to 

elapsed time (Equation 4.3). 

 

 

         Equation 4.3

     

 

In this equation, ft is the fraction of drug released, ―a” is a constant which incorporates 

structural and geometric characteristics of the formulation and n is the release exponent. 

Therefore an n of 0.5 would indicate Fickian diffusion (as per Higuchi model). An exponent 

value between 0.5 and 1 indicates anomalous transport and a value of 1 indicates zero order 

release. Modified forms of Equation 4.3 have also been developed to accommodate a lag 

time, l (Equation 4.4) or burst release, b (Equation 4.5), which is observed with some 

pharmaceutical formulations (Costa and Sousa Lobo 2001). Mt/M∞ in the following equations 

refers to the fractional release of a solute.  

 

 

                              Equation 4.4

  

 

             

  

           

                                             Equation 4.5

              

 

 

Nonetheless, the diffusion of a drug within and release from the formulation often involves 

multiple steps or parallel processes. Such complexity reduces the efficiency of 

aforementioned models to fully interpret the release mechanism. As such, various empirical 

equations are also used to adequately describe the release kinetics of a dosage form; including 

Weibull model, Hixson-Crowell model and the Baker-Lonsdale model.  Non-linear 

regression of experimental data using computer programs also provides better understanding 

of release kinetics from a specific dosage form (Costa and Sousa Lobo 2001).  
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Following drug release from the dosage form, permeability of the drug across target tissue is 

a vital factor that influences the pharmacokinetics of a drug. As discussed in Section 1.2.2.1, 

the sclera is the initial barrier to diffusion of drugs administered via the periocular route. The 

primary mechanism of drug permeation across the sclera is passive intercellular transport. 

Consequently, the tortuosity of the sclera as well as molecular radius of the drug plays a great 

role in the rate of solute permeation across the sclera (Prausnitz 1998).  

 

To date, numerous in vivo, in vitro and ex vivo studies have been performed to determine the 

scleral permeability of solutes with various molecular weights. In vivo studies using live 

animals provide a comprehensive understanding of the ocular bioavailability of a molecule 

due the presence of various solute clearance and metabolism pathways. Rabbits are usually 

used as a model for ocular drug delivery owing to the physiological similarities to human 

eyes (Worakul and Robinson 1997; Lee et al. 2008).  Nonetheless, animal studies are 

criticised for ethical and economical reasons. As such, animal experiments are usually 

reserved for end stage testing of pharmaceuticals.     

 

In vitro transport studies involve primary cell cultures of retinal pigmented epithelium (RPE) 

owing to their significance in drug transport to the retina. Cell culture models allow the 

determination of the barrier function of tissues, passive and active transport of molecules, 

metabolic pathways and in vitro toxicity of drugs. Use of human cell lines also avoids the 

problems associated with species variation (Hornof et al. 2005). However, use of cell lines 

have the drawback of cell overgrowth, variation in morphological and biochemical 

characteristics and the absence of cellular interactions between RPE cells and underlying 

retina or the overlying Bruch‘s membrane and choroid (Kansara and Mitra 2006).  

 

Ex vivo models are often used to obtain preliminary data with regards to the permeability of a 

drug across the tissue. The use of excised ocular tissue for  ex vivo studies is a well adapted, 

simple and fast technique that can be used to investigate the mechanistic aspects of posterior 

segment drug delivery (Kansara and Mitra 2006). The data obtained can be used to design 

appropriate in vivo experiments. Enucleated eyes are usually obtained from pigs, cows or 

sheep. Pig eyes resemble the human eye to the highest degree with regards to the scleral 

thickness (Table 4.1) as well as physiological parameters. Both cow and sheep eyes have 

circumscribed areas of tissue without pigmentation and have a fibrous tissue termed tapetum 
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lucidum to improve vision in low-light conditions. Consequently, the tapetum lucidum may 

restrict the diffusion properties of a solute across the cow or sheep sclera to the retina (Steuer 

et al. 2004). Nonetheless, both cow and sheep eyes can be easily obtained and are of value in 

determining the permeability of a solute across the sclera and to determine the significance of 

pigment in solute transport.  

 

Table 4.1 - Average thickness (µm) of human, porcine and bovine sclera 

 

Region 
Human (Olsen et al. 

1998) 

Porcine (Olsen et al. 

2002) 

Bovine (Cheruvu 

and Kompella 2006) 

Limbus 530 800 920 

Equator 390 560 646 

Optic nerve 900-1000 1000-1200 >1000 

 

Perfusion chambers or diffusion apparatuses of various sizes have been used to determine 

solute permeability across ocular membranes. The two main types of apparatuses used are 

Ussing chambers and modified Franz cells. The Ussing chamber (Figure 4.1) was developed 

by Hans Ussing in 1951 to determine the active NaCl transport across frog skin (Ussing and 

Zerahn 1951). Today, this method is used for the measurement of electrolyte, nutrient and 

drug transport across every epithelium in the body, including the intestine, airways, 

reproductive tract, eye and cultured epithelial cells. The basic design of an Ussing chamber is 

two half chambers separated by a biological membrane. The chambers are filled with 

physiological buffers and the temperature is maintained at 37 °C using a water jacket. 

Carbogen, a gas mixture of 95 % oxygen (O2) and 5 % carbon dioxide (CO2) is used to 

maintain the O2 and CO2 tension at physiological levels and to provide a gas lift circulation in 

the half chambers.  The transepithelial voltage potential of the biological membrane is 

continuously measured by a potentiometer and electrodes connected to the chambers by salt 

bridges. A short circuit current is also applied across the membrane using calomel electrodes 

to clamp the voltage potential to zero, which allows the measurement of transepithelial 

resistance. As such, the Ussing chamber method provides a continuous validation of tissue 

integrity and viability (Clarke 2009). Consequently, Ussing chambers are used by many to 

measure drug transport across the RPE, which contains a high density of tight junctions 

(Tsuboi et al. 1984; Miller and Edelman 1990; Koyano et al. 1993; Kimura et al. 1996; 
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Amaral et al. 2005; Pitkanen et al. 2005; Zhang et al. 2006). Carrier mediated drug delivery 

across the RPE and retina has also been studied using this system (Kansara and Mitra 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sclera, on the other hand, is a thick collagen matrix and the transepithelial resistance is of 

less significance to solute transport across the sclera. Consequently, many authors have 

utilised a simple horizontal diffusion apparatus (Figure 4.2) to determine the solute 

permeability across the sclera (Ambati et al. 2000; Cruysberg et al. 2002; Simpson et al. 

2002; Gilbert et al. 2003; Cruysberg et al. 2005; Mora et al. 2005).  This simple design 

maintains the temperature at 37 °C and can also be utilised to place a dosage form of interest 

in the donor compartment, which allows the simulation of both drug release from the 

formulation and drug permeation across the membrane.  

 

 

Figure 4.1 - Schematic of an Ussing chamber. Ag-AgCl electrodes are used for short circuiting (Isc) and calomel 

electrodes are used for voltage (Vt) measurement. The electrodes are connected to the chamber via 3M KCl agar 

bridges. The red disc resembles the biological membrane that separates the two vertical chambers. Modified from 

Clarke, L. (2009) 

Carbogen 

Water jacket  

Carbogen 
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Accordingly, this chapter will explore the effect of cations on drug release characteristics of 

carrageenan aqueous dispersions and the value of iterative curve fitting in the analysis of 

release data. Moreover, in vitro and in vivo studies will be utilised to determine the scleral 

permeability of small and large molecular weight solutes. The data will allow predicting 

changes in solute release from carrageenan dispersions upon variation in ionic strength as 

well as designing in vivo studies to evaluate the efficacy of transscleral drug delivery. As 

such the specific objectives of this chapter are to: 

 

 Understand the effect of cations on drug release kinetics of carrageenan systems 

 Evaluate the relevance of iterative curve fitting methods to solve non-linear models of 

release 

 Investigate the effect of polymeric system and solute molecular weight on ex vivo 

bovine scleral permeability  

 Determine the in vivo transscleral permeability of an AsODN  

 

 

 

 

Donor chamber 

Receptor chamber 

Sampling port 

Water jacket 

Figure 4.2 - An illustration of a standard horizontal diffusion apparatus (Franz cell) 
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4.2 Materials 
 

Polymers (carrageenan and methylcellulose) and salts used for the preparation of aqueous 

polymer dispersions are described in Section 2.2. Sodium fluorescein (MW 376.27 g.mol
-1

) 

and FITC-dextran (MW 10000 g.mol
-1

) were purchased from Sigma-Aldrich (St Louis, 

U.S.A.). A fluorescent tagged (Cy3) antisense oligonucleotide (5‘ Cy3-GTA ATT GCG GCA 

GGA GGA ATT GTT TCT GTC-3‘) with a molecular weight of 9815 g.mol
-1

 was supplied 

by Sigma Aldrich (St Louis, USA) as lyophilised power. The HPLC grade lyophilised 

powder was reconstituted in phosphate buffered saline (PBS). AsODN stock solution (in 10 

µl aliquots) was then stored at -80 °C until needed. Dialysis tubing (regenerated cellulose 

with a MW cut off of 12400 Dalton) was purchased from Sigma Aldrich (St Louis, U.S.A.). 

Fresh bovine eyes for the permeability studies were obtained from Auckland Meat Processors 

Ltd (Auckland, New Zealand) and were kept in ice during transfer to the laboratory. Buffers 

used for the experiments were: 

 PBS (without salts) – Na2HPO4 (0.64 g.L
-1

) and KH2PO4 (0.15 g.L
-1

) were RNAse free 

and purchased from Sigma Aldrich (St Louis, U.S.A.) 

 PBS (1M; pH 7.4) – NaCl (8 g.L
-1

), KCl (0.2 g.L
-1

), Na2HPO4 (1.44 g.L
-1

) and KH2PO4 

(0.24 g.L
-1

) were purchased from Scharlau Chemie (Barcelone, Spain) 

 Balanced Salt Solution (BSS) (pH 7.4) – NaCl (6.4 g.L
-1

), KCl (0.75 g.L
-1

), CaCl2.2H2O 

(0.48 g.L
-1

) and MgCl2.6H2O (0.3 g.L
-1

) were purchased from Scharlau Chemie 

(Barcelona, Spain). Sodium acetate trihydrate (3.9 g.L
-1

) was purchased from Sigma 

Aldrich (St Louis, U.S.A.) and citric acid monohydrate was from Dr Paul Lohmann 

(Emmerthal, Germany).  

 Bicarbonated ringers solution (pH 7.4) – NaCl (7.14 g.L
-1

), Na2HPO4 (0.07 g.L
-1

), 

CaCl2.2H2O (0.21 g.L
-1

) and anhydrous glucose (1.80 g.L
-1

) were purchased from 

Scharlau Chemie (Barcelona, Spain). NaHCO3 (2.10 g.L
-1

) was purchased from Biomed 

Ltd (Auckland, New Zealand). MgSO4.7H2O (0.31 g.L
-1

) was purchased from Labserv 

Global Sciences Ltd (Auckland, New Zealand) and HEPES (2.38 g.L
-1

) was purchased 

from Sigma Aldrich (St Louis, U.S.A.).   

 

All chemicals are of analytical grade and were used as received.  
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4.3 Methods 

4.3.1 Effect of Cations on Solute Release Characteristics of 

Carrageenan 
 

Aqueous carrageenan dispersions were prepared as described in Section 3.3 and 0.5 µg.mL
-1

 

of sodium fluorescein (fluorescein) was incorporated into the dispersion by simple mixing. κ-

carrageenan dispersions were prepared in the presence of 0.06 % (w/v) KCl, 0.12 % (w/v) 

KCl and 0.06 % (w/v) CaCl2. Conversely, ι-carrageenan dispersions were prepared in the 

presence of 0.06 % (w/v) CaCl2, 0.12 % (w/v) CaCl2 and 0.06 % (w/v) KCl. These cations 

were selected according to the specificity of carrageenan to the valency of cation 

incorporated, as discussed in Chapter 2. Both types of carrageenan dispersion were also 

prepared without the addition of any salts and also with both KCl and CaCl2 at a ratio of 1:1 

(0.06 % w/v: 0.06 % w/v). The aqueous dispersions were stored at 25 °C for 24 hours prior to 

analysis. Release of fluorescein from the dispersions was investigated using a standard Franz 

cell diffusion apparatus (Logan instruments Corp., Somerset, U.S.A.) with a diffusion area of 

1.77 cm
2
. Temperature was maintained at 37 ± 1 °C by a water jacket (VTC-220 heat 

circulator, Logan Instruments Corp., Somerset, U.S.A.). Receptor chambers were filled with 

BSS (pH 7.4) and a magnetic stirrer was placed in each receptor chamber to enable adequate 

mixing. The donor and receptor chambers were separated by a cellulose membrane with a 

12400 Dalton cut-off. Prior to use, the cellulose membranes were washed with running water 

for 3-4 hours to remove glycerol. The membranes were then treated with 0.3 % (w/v) solution 

of sodium sulfide at 80 °C for 1 minute to remove sulfur compounds, washed with water (60 

°C) and treated with a 0.3 % (v/v) sulfuric acid solution. This was followed by rinsing the 

membranes with hot water (~60 °C). The treated membranes were then stored at 4 °C in 20 % 

(v/v) ethanol to prevent the growth of cellulolytic microorganisms (protocol as per 

manufacturer). The treated membranes were rinsed in BSS prior to clamping on the diffusion 

apparatus. 

 

Aqueous dispersions (1 g) were loaded onto the donor compartments and 200 µL samples 

were removed from the receptor compartments at predetermined intervals. The volume of 

receptor chambers were maintained at constant levels by replacing the volume removed with 

fresh pre-warmed buffer. Withdrawn samples were diluted with 1M sodium hydroxide 

(NaOH) prior to analysis. Samples were analysed using a fluorescence spectrophotometer 
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(SpectraMax M2, Molecular Devices, Sunnyvale, USA), employing excitation and emission 

wavelengths of 490 nm and 510 nm, respectively. The fluorescence intensity was calculated 

according to the standard curve (Appendix II). Experiments were done in quadruplicate.  

 

The proportion of fluorescein released from samples over 8 hours was plotted against time 

and the area under the curve (AUC) of each of the resultant release profiles was calculated 

according to the trapezoidal method. Data was also fitted to three kinetic equations, namely, 

Higuchi (Equation 4.2), Korsmeyer-Peppas (Equation 4.4) and dual first-order release 

(Equation 4.7) models, in an attempt to elucidate the release mechanism from the 

formulations under investigation. The dual first-order release model was optimised through 

Origin Pro 8 software (OriginLab Corporation, Northampton, U.S.A.) and the models were 

iterated using the Levenberg-Marquardt method. Kinetic parameters obtained as well as AUC 

data were then analysed using a one way ANOVA followed by Tukey‘s pairwise comparison 

at 99 % confidence interval using SPSS 16.0 software (SPSS Inc, Illinois, U.S.A.).   

4.3.2  Effect of Solute Molecular Weight on Scleral Permeability 

 

The adherent muscles of freshly excised bovine eyes (from cattle aged 12-18 months) were 

removed and the cleaned eyes were stored in moist chambers (prepared with soft tissue 

moistened in bicarbonate ringers solution) at 4 °C and were used within 24 hours of 

enucleation.  The anterior segment of the eyes was removed with a circumferential cut behind 

the limbus, then the vitreous was gently removed and the posterior segment of the eyes was 

separated into two halves. Tissues were then rinsed in PBS and the retina and choroid-RPE 

were gently peeled off to obtain the bare sclera. Scleral sections were thoroughly rinsed in 

PBS to remove any remaining choroid-RPE sections to minimise the contamination of 

fluorescence measurements. Approximately 2 × 2 cm pieces of sclera was cut from the 

equator region of the bovine eyes and mounted on Franz cell diffusion apparatus (apparatus 

described in Section 4.3.1) with the vitreal side facing the receptor chamber. All permeability 

studies were conducted with bicarbonate ringer‘s solution (pH 7.4) at 37 °C. 

 

The tissue was equilibrated at 37 ± 1 °C for 30 minutes and the air bubbles at the sclera-

buffer interface were removed by gently tilting the diffusion apparatus. After equilibration, 

polymer system (1 g) or buffer solution (1 mL), containing either sodium fluorescein (40 

µg.mL
-1

) or 10 kDa FITC-dextran (1000 µg.mL
-1

), was placed in the donor chamber. The 
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Franz cell apparatus was completely covered with foil paper to minimise bleaching of the 

samples. Samples (300 µL) were removed from the receptor compartments at predetermined 

intervals and the volume removed was replaced with fresh pre-warmed buffer. Withdrawn 

samples were diluted with 1M NaOH prior to analysis. Samples were analysed using a 

fluorescence spectrophotometer (SpectraMax M2, Molecular Devices, Sunnyvale, USA). The 

excitation wavelength for both molecules was 490 nm and the emission wavelength for 

fluorescein and FITC-dextran was 510 nm and 520 nm, respectively (determined using 

wavelength scans). The fluorescent intensity was calculated according to standard curves 

(Appendix II). Experiments were done in replicates of five.  

 

The apparent permeability constant (Ktrans) of the systems was calculated using the following 

equation (Cruysberg et al. 2002; Simpson et al. 2002): 

 

 

                             Equation 4.6 

 

 

 

In this equation, Rtotal is the total amount of a solute permeated across the sclera over a given 

interval of time, t (seconds) and A is the area (cm
2
) of the sclera available for solute 

permeation. D is the concentration of the solute in donor compartments, thus the Ktrans is 

normalised by donor concentration of the solute.  

 

Data were analysed using one way ANOVA with Tukey‘s post hoc test, with p < 0.05 

denoting significance, using SPSS 16.0 software for windows (SPSS Inc., U.S.A). 

4.3.3 In Vivo Scleral Permeability of an AsODN Following Sub-

Tenon Injection 
 

Preliminary in vivo studies were undertaken to determine the effect of peri-ocular clearance 

and choroidal circulation on the bioavailability of AsODN. This pilot study will provide a 

foundation for the design of in vivo experiments to evaluate the polymeric formulations for 

transscleral drug delivery. 

 

DAt

R
K total

trans

1
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Sprague-Dawley (SD) rats were raised under standard conditions (22-24 °C; 50-60 % relative 

humidity and 12 hour light/dark cycle) specified by the animal ethics committee (AEC) of the 

University of Auckland.  Animal care and all animal experiments were conducted in 

accordance with the guidelines provided by the AEC (AEC approval number – R738).  

Animals (n = 2) were anaesthetised by intraperitoneal (IP) injection of 0.1 mL of an 

anaesthetic mixture [6:4 mixture of ketamine hydrochloride (100 mg.mL
-1

) and 

medetomidine hydrochloride (1 mg.mL
-1

)] per 100 g of body weight using a 30G needle 

(Becton Dickinson and company, NJ, USA). Anaesthetised animals were placed on a 

warming mat under a surgical microscope. Using forceps, the conjunctiva (and the adjacent 

membranes) was gently lifted and then using a sterile 30G needle 100 µL of Cy3 tagged 

AsODN (2 µM) diluted in PBS was slowly injected into the sub-tenon space of both eyes. Rat 

tenon capsule is difficult to be distinguished due to small eye size, but the needle position 

was confirmed by gently feeling the globe with the needle, and care was taken not to 

perforate the eyes. Following periocular injections, 1-2 drops of chloramphenicol (1 %) eye 

drops were instilled on the rat eyes to prevent infection.  

 

At the completion of the procedure, 0.1 mL of atipamezole:saline (1:9) mixture (0.05mg of 

atipamezole) was given by subcutaneous (SC) injection to the rats for the partial reversal of 

medetomidine induced anaesthesia. Rats were monitored regularly after surgery and were 

placed under standard conditions for 24 hours. At 3-4 hours after surgery and at 24 hours 

after surgery the eyes were examined for signs of infection or inflammation. After 24 hours 

of AsODN administration, the animals were humanely sacrificed by carbon dioxide 

asphyxiation and the eyes were enucleated for analysis. The eyes were rinsed with PBS, 

embedded in Tissue-Tek O.C.T (optimum cutting temperature) compound and slowly frozen 

by placing at -20 °C overnight. The blocks were then mounted onto specimen holders and 20 

µm sections were cut from the temporal to nasal side using a cryostat (Microm HM550, 

Thermo Scientific, Germany). The sections were placed on tissue slides (Superfrost Plus, 

Thermo Scientific, Germany) and protected from light to minimise fluorophore bleaching. 

These were then immediately viewed under a confocal microscope (Olympus BX61, 

Olympus Europa GmbH, Hamburg). Images were acquired using a 20× objective lens from 

the brightest XY plane.  
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4.4 Results and Discussion 

4.4.1 Effect of Cations on Solute Release Properties of 

Carrageenan Systems 

The release profiles of fluorescein from a buffer solution and various carrageenan dispersions 

are shown in Figure 4.3 (A and B) and the corresponding AUC values are shown in Table 

4.2.  

The AUC values demonstrated that the amount of fluorescein released from carrageenan 

aqueous dispersions is significantly (p<0.01) lower than that of control solution. Moreover, 

the release of fluorescein from ι-carrageenan with 0.12 % (w/v) CaCl2 and κ-carrageenan 

with 0.12 % (w/v) KCl is significantly lower than that of other carrageenan formulations 

(p<0.01). The apparent reduction in fluorescein release from these carrageenan systems is 

owing to the increase in system viscosity (Section 2.4.6). As described by the Stokes-Einstein 

equation, it is well known that the diffusion coefficient of a molecule is inversely 

proportional to the viscosity of the medium.  

 

Conversely, the ι-carrageenan dispersion with 0.06 % (w/v) of CaCl2 exhibited significantly 

higher AUC values (p<0.01) than the ι-carrageenan dispersion without added cations. As 

discussed in Section 2.4.6, the viscosity of ι-carrageenan dispersion with 0.06 % (w/v) of 

CaCl2 at 37 °C is approximately three fold higher than that in the absence of added cations. 

Consequently, the apparent increase in fluorescein release from this ι-carrageenan system can 

be attributed to the reduced net charge repulsion between the solute and the polymer as well 

as increased tortuosity of the system (Figure 2.12). The fluorescein release profiles of κ-

carrageenan systems in the absence of added cations and in the presence of 0.06 % (w/v) of 

KCl or CaCl2 are also consistent with the observed high tortuosity of these systems. This is in 

agreement with reports from both Walther et al. (2006) and Loren et al. (2009), which 

showed an increase in diffusion of molecules incorporated in κ-carrageenan gels with an 

increase in void or pore size.  
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Figure 4.3  - Release profiles of fluorescein from the buffer solution and various carrageenan dispersions. Error 

bars represent S.D. (n=4) 
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Table 4.2 - Area under the percentage drug released versus time curve (AUC) of formulations (n=4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Accordingly, the release of a solute incorporated in carrageenan dispersions is influenced by 

its inherent characteristics such as viscosity, net charge, amount of imbibed water, average 

pore size, pore size distribution and pore interconnections (Lee and Chiu 2003; Lin and 

Metters 2006). 

 

The effect of incorporation of both potassium and calcium at a ratio of 1:1 in the carrageenan 

systems was also investigated, but the release data did not demonstrate any synergistic effect 

of the two cations. The aqueous solution demonstrated slow release despite the expected 

rapid release, suggestive of rate-limiting behaviour of the semi-permeable cellulose 

membrane that was used to separate the donor and receptor compartments.  Moreover, the 

release profiles demonstrated that at 8 hours none of the carrageenan formulations has 

proceeded to the maximum, as the receptor and donor compartments may have reached 

equilibrium.  

 

Release data obtained fits the Higuchi model reasonably well (R
2
>0.99), and this empirical 

model shows that diffusion dictates the release of fluorescein from the carrageenan polymer 

matrix (Table 4.3). Furthermore, statistical analysis of the data shows that the rate of release 

Formulation AUC ± S.D. (%.hr.cm
-2

) 

Control solution (BSS) 483.4 ± 11.3 

κ-Carrageenan 363.7 ± 5.50 

κ-Carrageenan with K
+
 (0.06 % w/v) 359.8 ± 7.00 

κ-Carrageenan with K
+
 (0.12 % w/v) 322.9 ± 12.0 

κ-Carrageenan with Ca
2+

(0.06 % w/v) 384.6 ± 20.5 

κ-Carrageenan with K
+
:Ca2

+
(1:1) 370.2 ± 8.60 

ι-Carrageenan 324.7 ± 17.2 

ι-Carrageenan with K
+ 

(0.06 % w/v) 313.9 ± 11.8 

ι-Carrageenan with Ca
2+ 

(0.06 % w/v) 366.8 ± 12.8 

ι-Carrageenan with Ca
2+ 

(0.12 % w/v) 303.6 ± 8.70 

ι-Carrageenan with K
+
:Ca

2+
(1:1) 381.0 ± 10.5 
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of fluorescein from carrageenan dispersions is significantly (p<0.01) lower than that of 

control solution.  

 

 Table 4.3 - Diffusion constant (KH) obtained from Higuchi model (n=4) 

 

Formulation KH (± S.D.) Adjusted R
2 

Control Solution (BSS) 35.7 (±0.8) 0.983 

κ-Carrageenan 28.8 (±0.2) 0.999 

κ-Carrageenan with K
+
 (0.06 % w/v) 28.7 (±0.4) 0.999 

κ-Carrageenan with K
+
 (0.12 % w/v) 24.1 (±1.1) 0.991 

κ-Carrageenan with Ca
2+

 (0.06 % w/v) 31.2 (±0.2) 0.997 

κ-Carrageenan with K
+
: Ca

2+ 
(1:1) 29.2 (±0.2) 0.999 

ι-Carrageenan 26.3 (±1.3) 0.999 

ι-Carrageenan with K
+
 (0.06 % w/v) 24.1 (±0.8) 0.993 

ι-Carrageenan with Ca
2+ 

(0.06 % w/v) 30.9 (±0.2) 0.998 

ι-Carrageenan with Ca
2+

 (0.12 % w/v) 23.1 (±0.6) 0.993 

ι-Carrageenan with K
+
: Ca

2+ 
(1:1) 29.9 (±0.9) 0.998 

 

 

To further understand the mechanism of fluorescein release from the carrageenan systems, 

data were fitted to the Korsmeyer-Peppas model and a dual first-order release model. A 

significant difference between the release exponent of the control solution and the polymer 

formulations was observed with the Korsmeyer-Peppas model (p<0.01) (Table 4.4). 

Moreover, the calculated release exponent was above 0.5 for all polymer systems, illustrating 

an involvement of more than one diffusion process in the release of incorporated solutes from 

carrageenan dispersions.  
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Table 4.4 - Kinetic parameters (A – formulation constant; tlag – lag time; n – release exponent) obtained from 

Kosmeyer-Peppas model (n=4) 

 

Formulation A(±S.D.) tlag (hr) 

(±S.D.) 

n (±S.D.) Reduced 

Chi square 

(±S.D.) 

Adjusted R
2 

(±S.D.) 

Control Solution 

(BSS) 

24.9 (±3.6) 0.6 (±0.3) 0.3 (±0.07) 11.2 (±4.3) 0.959 (±0.015) 

κ-Carrageenan 12.8 (±0.6) 0.2 (±0.02) 0.6 (±0.02) 0.3 (±0.2) 0.998 (±0.001) 

κ-Carrageenan with 

K
+
 (0.06 % w/v) 

12.8 (±1.1) 0.2 (±0.08) 0.6 (±0.04) 0.7 (±0.9) 0.996 (±0.005) 

κ-Carrageenan with 

K
+
 (0.12 % w/v) 

11.5 (±0.7) 0.2 (±0.03) 0.6 (±0.04) 1.6 (±0.4) 0.988 (±0.004) 

κ-Carrageenan with 

Ca
2+

 (0.06 % w/v) 

12.6 (±2.6) 0.1 (±0.07) 0.6 (±0.09) 0.6 (±0.5) 0.996 (±0.002) 

κ-Carrageenan with 

K
+
: Ca

2+ 
(1:1) 

12.9 (±0.8) 0.2 (±0.01) 0.6 (±0.03) 0.5 (±0.3) 0.997 (±0.002) 

ι-Carrageenan 11.5 (±0.7) 0.2 (±0.003) 0.6 (±0.02) 0.3 (±0.1) 0.998 (±0.001) 

ι-Carrageenan with 

K
+
 (0.06 % w/v) 

11.7 (±0.9) 0.2 (±0.01) 0.5 (±0.04) 1.2 (±0.3) 0.989 (±0.004) 

ι-Carrageenan with 

Ca
2+

 (0.06 % w/v) 

12.4 (±0.8) 0.2 (±0.02) 0.6 (±0.03) 0.5 (±0.07) 0.997 (±0.001) 

ι-Carrageenan with 

Ca
2+

 (0.12 % w/v) 

10.6 (±0.5) 0.2 (±0.02) 0.6 (±0.02) 0.6 (±0.4) 0.994 (±0.003) 

ι-Carrageenan with 

K
+
: Ca

2+ 
(1:1) 

13.3 (±0.4) 0.2 (±0.008) 0.6 (±0.02) 0.8 (±0.4) 0.995 (±0.002) 

 

 

The lag time, or time required for fluorescein to establish a uniform concentration gradient, 

obtained through the Korsmeyer-Peppas model, however, appeared to be an over-estimation 

of the expected values and the lag times apparent from the release profiles (Figure 4.3).  
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Consequently, a dual first-order release model (Equation 4.7) was constructed to ascertain the 

mechanisms (anomalous transport) affecting the release of fluorescein from these systems.  

 

 

             Equation 4.7 

 

 

In this equation, Qt is the amount of solute released in time, t (hr) and k1 and k2 are release 

rate constants. A1 and A2 are the proportion of solute released at the corresponding release 

rate. A tlag parameter was also incorporated to determine the effect of lag time on the release 

profiles.    

 

The values calculated for each parameter are shown in Table 4.5. Typically, the coefficient of 

determination (r
2
) provides an indication of the variability of a statistical model to the 

experimental values. However, an increase in the number of parameters leads to an increase 

in r
2
 values illustrating a better fit of the statistical model. As such, the reduced chi square 

values, which are not affected by the number of parameters, are reported to give an indication 

of the goodness of fit of Equation 4.7.  The reduced chi square values of the dual first-order 

release model are comparable to those of the Korsmeyer-Peppas model (Table 4.4), 

indicating that the new model also fits the experimental data well (Appendix II).  

 

Statistical analysis of the initial rate of release (k1) of fluorescein from the polymer systems 

showed ι-carrageenan, ι-carrageenan with 0.06 % Ca
2+ 

and κ-carrageenan with 0.06 % Ca
2+

 to 

have significantly higher k1 values than the control solution (p<0.05). Moreover, the k1 value 

of ι-carrageenan with 0.06 % Ca
2+ 

system was significantly higher than that of ι-carrageenan 

with 0.06 % K
+
 system (p<0.05).   
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Table 4.5 - Kinetic parameters obtained from dual first-order release model (n=4) 

 

Formulation A1 

(±S.D.) 

K1 

(±S.D.) 

A2 

(±S.D.) 

K2 

(±S.D.) 

tlag (hr) 

(±S.D.) 

Reduced Chi 

square 

(±S.D.) 

Adjusted 

R
2 

(±S.D.) 

Control 

Solution (BSS) 

29.7 

(±2.1) 

0.4 

(±0.05) 

20.3 

(±4.5) 

0.4 

(±0.04) 

0.04 

(±0.03) 

0.9 (±0.9) 0.996 

(±0.003) 

κ-Carrageenan 8.9 

(±4.3) 

1.5 

(±0.9) 

60.8 

(±16.4) 

0.1 

(±0.04) 

0.03 

(±0.05) 

0.2 (±0.2) 0.998 

(±0.001) 

κ-Carrageenan 

with K
+
  

(0.06 % w/v) 

12.1 

(±2.4) 

0.8 

(±0.09) 

69.4 

(±12.9) 

0.1 

(±0.01) 

0 0.1 (±0.1) 0.999 

(±0.001) 

κ-Carrageenan 

with K
+
  

(0.12 % w/v) 

14.6 

(±1.6) 

0.7 

(±0.1) 

87.6 

(±10.7) 

0.04 

(±0.01) 

0.03 

(±0.03) 

1.8 (±0.2) 0.987 

(±0.002) 

κ-Carrageenan 

with Ca
2+

  

(0.06 % w/v) 

8.8 

(±4.1) 

1.5 

(±0.3) 

100 

(±0) 

0.1 

(±0.007) 

0.06 

(±0.04) 

0.5 (±0.2) 0.997 

(±0.001) 

κ-Carrageenan 

with K
+
: Ca

2+ 

(1:1) 

12.5 

(±5.1) 

1.3 

(±1.2) 

78.2 

(±24.8) 

0.1 

(±0.05) 

0.02 

(±0.03) 

0.3 (±0.2) 0.998 

(±0.001) 

ι-Carrageenan 6.7 

(±3.3) 

1.4 

(±0.6) 

56.7 

(±15.7) 

0.1 

(±0.06) 

0.04 

(±0.04) 

0.2 (±0.1) 0.999 

(±0.001) 

ι-Carrageenan 

with K
+
    

(0.06 % w/v) 

14.5 

(±2.1) 

0.4 

(±0.1) 

27.3 

(±9.9) 

0.2 

(±0.1) 

0.01 

(±0.02) 

0.8 (±0.6) 0.993 

(±0.006) 

ι-Carrageenan 

with Ca
2+

   

(0.06 % w/v) 

7.2 

(±1.7) 

1.3 

(±0.3) 

84.9 

(±26.1) 

0.1 

(±0.05) 

0.04 

(±0.02) 

1.0 (±0.4) 0.995 

(±0.002) 

ι-Carrageenan 

with Ca
2+

  

(0.12 % w/v) 

10.8 

(±2.0) 

0.9 

(±0.2) 

94.8 

(±10.4) 

0.04 

(±0.004) 

0.08 

(±0.04) 

0.3 (±0.3) 0.997 

(±0.003) 

ι-Carrageenan 

with K
+
: Ca

2+ 

(1:1) 

11.8 

(±5.9) 

0.7 

(±0.2) 

66.1 

(±29.5) 

0.1 

(±0.08) 

0 0.4 (±0.3) 0.998 

(±0.002) 
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As such, the k1 values may not be completely dependent on the viscosity of the polymeric 

systems. High initial release rates of fluorescein from ι-carrageenan may be due to the 

Donnan‘s exclusion theory, where ions of the same charge are excluded from a system owing 

to electrostatic repulsion (Hoffman 2001). Addition of cations to the system may have 

lowered the electrostatic repulsion, but the simultaneous increase in system tortuosity 

(average pore size, pore interconnections and pore size distribution) may have resulted in the 

apparently higher k1 values for the ι-carrageenan system with 0.06 % (w/v) Ca
2+

.  

Interestingly, the κ-carrageenan with added Ca
2+

 (0.06 % w/v) polymer system also 

demonstrated significantly higher k1 values, which might be owing to the increased tortuosity 

accompanied by the lower viscosity when compared to the κ-carrageenan systems with added 

K
+
.  

 

Conversely, a significantly lower secondary release rate constant (k2) was observed for all 

carrageenan systems compared to the control solution. However, the k2 values were not 

significantly different between various carrageenan dispersions, despite the variation in 

viscoelastic properties. Accordingly, k2 may be dependent on the swelling of polymer 

systems and the movement of release front over time (Lin and Metters 2006).  

 

The tlag values of the control solution and the carrageenan systems are comparable (p>0.05). 

The average tlag value obtained from the first-order model was found to be 1.2 minutes, but 

these values varied considerably between formulations. Consequently, Equation 4.7 was 

iterated without the tlag parameter and the values obtained for all other parameters were 

similar to the values reported in Table 4.5. As such, the lag time has negligible effects on 

these release profiles.   

4.4.2 Effect of Solute Molecular Weight on Scleral Permeability 
 

As discussed in Section 4.1, the Ussing chambers are the most suited equipment for the 

measurement of solute permeability across tissue. However, pilot studies conducted did not 

show a significant variation in scleral resistance over the study time and fluorescein 

permeability across bovine sclera was comparable in both experiments (Ussing chamber vs 

Franz cell). Moreover, the Franz cell set up is convenient and simulates the volume difference 

between the vitreous and the peri-ocular space. As such, the Franz cell set up was used to 
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determine the effect of polymeric systems and solute molecular weight on scleral 

permeability.  

 

As shown in Figure 4.4 (A and B), after 30-60 minutes of solute loading there was a flux of 

the incorporated solute across the sclera, except for when fluorescein was incorporated in the 

MC:κ-CG (40:60) systems. The lag time observed for the MC:κ-CG (40:60) polymer system 

was about 2 hours, perhaps owing to the relatively high viscosity of this system or 

measurement error. Figure 4.5 shows the semi-solid nature of the MC:ι-CG (40:60) polymer 

system at the completion of a 24 hour permeation study. This shows the formulation retention 

at the site of injection when compared to a solution. Regardless of the variation in viscosity 

between the control solution and the polymer dispersion, there was no significant difference 

in the permeability of solute (fluorescein or FITC-dextran) across the sclera.  

 

The calculated permeability coefficient (Ktrans) for fluorescein was comparable between the 

various formulations (Table 4.6), but the Ktrans for the 10kDa FITC-dextran molecule was 

significantly lower (p<0.05) than that of fluorescein. As such, the results confirm the 

significance of molecular weight on scleral permeability.  

 

Scleral permeability of fluorescein has been reported for human, rabbit and bovine species 

(Ambati et al. 2000; Cruysberg et al. 2002; Cheruvu and Kompella 2006), with the rabbit 

sclera exhibiting the highest Ktrans values (84.5±16.1  × 10
-6

 cm.s
-1

). The reported values for 

bovine and human scleral permeability are comparable, at 6.77 × 10
-6

 cm.s
-1

 (Cheruvu and 

Kompella 2006) and 5.21 × 10
-6

 cm.s
-1

 (Cruysberg et al. 2002), respectively. However, these 

values are considerably higher than the fluorescein Ktrans calculated in this study (Table 4.6). 

In addition, previously reported Ktrans (human sclera) values for 10kDa FITC-dextran are also 

tenfold higher than the values obtained from this study (Olsen et al. 1995). Such variations in 

calculated Ktrans values are likely to be owing to the experimental set up (vertical vs 

horizontal diffusion apparatus) as well as the disparity in scleral thickness between species 

(Table 4.1) and between animals of the same species. Moreover, the scleral thickness varies 

around the globe, giving rise to further sources of experimental variability.  
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Figure 4.4 - Cumulative percentage of fluorescein (A; n=4) and FITC-dextran (B; n=5) permeated across bovine 

sclera over time (error bars represent SEM) 

A 

B 
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Table 4.6 – The permeability coefficient of fluorescein or FITC-dextran across bovine sclera (n=4 for 

fluorescein and n=5 for FITC-dextran) 

 

Formulation Permeability Coefficient × 

10
-7

 (cm s
-1

) 

(± SEM) 

Fluorescein – buffer 10.43 (2.1) 

Fluorescein – MC:ι-CG (40:60) with Ca
2+

 (0.06 % w/v) 7.82 (1.7) 

Fluorescein – MC:κ-CG (40:60) with K
+
 (0.06 % w/v) 6.93 (0.3) 

10kDa FITC-dextran – buffer 4.95 (0.3) 

10kDa FITC-dextran – MC:ι-CG (40:60) with Ca
2+

 (0.06 % w/v) 3.79 (0.6) 

 

A pilot study with Cy3-AsODN was also carried out to evaluate the scleral permeability of 

the therapeutic entity of interest. Figure 4.6 illustrates the permeation pathway of this Cy3 

tagged oligonucleotide across the bovine sclera, and as shown a considerable quantity of the 

drug had permeated approximately 200 µm across the sclera. Determination of fluorescence 

in the donor and receptor compartments elucidated that approximately 50 % of the loaded 

drug concentration was within the sclera at 6 hours. As such, the data indicate that the 

oligonucleotide of interest is able to diffuse across the sclera.  

 

Figure 4.5 - Appearance of buffer (A) and the polymeric system (B) on a bovine sclera at the completion of an ex 

vivo study.  Note the retention of the fluorescein loaded MC:ι-CG (40:60) with Ca
2+

(0.06% w/v) gel on the sclera (B) 
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Nevertheless, the permeability data may not be an accurate indication of the in vivo drug 

bioavailability, owing to the lack of clearance pathways such as orbital lymphatics, choroidal 

blood flow, uveoscleral outflow and inner and outer retinal barriers. But these ex vivo 

measurements can be used as a guide for the design of in vivo experiments by assisting with 

the selection of formulation, the concentration of solute to be used and by providing a 

guideline for the time points to be studied.  

 

Figure 4.6 – Confocal image of a bovine sclera 6 hours after being mounted on an Ussing chamber with 

Cy3-AsODN in the donor chamber. The arrow indicates the direction of molecule permeation and the 

dotted line indicates the sclera-choroid border; V indicates vitreal side. Note the high concentration of the 

Cy3-AsODN at the scleral surface and the detection of AsODN in the mid region of the sclera. 
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4.4.3 In-Vivo Scleral Permeability of an AsODN Following Sub-

Tenon Injection 
 

As discussed in Section 4.4.2, the ex vivo studies only assessed the rate at which a molecule 

would traverse an excised bovine sclera and the value of semi-solid polymeric system in 

transscleral drug delivery. As such, in vivo studies using rats were conducted to gain better 

understanding of the distribution of an AsODN once injected onto the sclera.  

 

Figure 4.7 illustrates the diffusion of Cy-3 tagged AsODN (MW~10kDa) across the equator 

region of a rat sclera with a high level of the AsODN being detected in the choroid 24 hours 

after injection onto the sclera. A high concentration of AsODN was also detected in the 

orbital tissue and Tenon‘s capsule, demonstrating the loss of a large portion of the 

administered dose by non-specific tissue distribution. However, this may also act as a drug 

depot, with continuous diffusion of the molecules from these tissues into the sclera. 

Furthermore, Figure 4.7B depicts the presence of some AsODN in the outer retinal layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 4.7 -  Confocal microscopy images of the equator region of rat eyes showing Cy3-AsODN distribution 24 hours after 

sub-tenon injection. The dotted line indicates the position of the RPE. S, sclera and V, vitreous; Note the accumulation of 

Cy3-AsODN at the choroid or just before the RPE 24 hours after sub-tenon injection (A), in some equator regions AsODN 

was also detected in the outer retinal layer (B), beyond the RPE.  
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In contrast, AsODN was not detected in the retina itself in the posterior regions of the eyes 

(Figure 4.8). This is likely to be due to the variation in scleral thickness around the eye globe, 

with the sclera being thinnest at the equator (Olsen et al. 1998). As such, AsODN may be 

detected in the retinal layer of the posterior region at later time points. 

 

Figure 4.8 also illustrates the accumulation of the AsODN at the choroid which indicates the 

barrier function of the RPE and/or the Brunch‘s membrane in the diffusion of AsODN into 

the retinal layers. Figure 4.8A clearly indicates the presence of AsODN in the endothelial 

cells of the choroidal blood vessels (arrows), which are the target site for the down regulation 

of the gap junction protein of interest, as discussed in Section 1.5.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Images of the optic nerve region (Figure 4.9) of the AsODN injected eyes show the inability 

of the molecule to diffuse into the optic nerve. This may be owing to the fatty tissue 

surrounding the optic nerve, which resists the diffusion of hydrophilic AsODN. This is of 

significance for Cx43 AsODN delivery to the posterior eye, as Cx43 gap junction protein is 

found in the optic nerve (particularly in astrocytes) in its healthy state (Enoki et al. 1996; 

A B 

Figure 4.8 - Confocal microscopy images of the posterior region of rat eyes showing Cy3-AsODN distribution 24 

hours after sub-tenon injection. The arrows indicate the blood vessels in choroid; S, sclera and V, vitreous. Note 

that AsODN has not entered the retinal layers and penetration appears to be restricted to the sclera and choroid by 

the RPE and/or Bruch‘s membrane at 24 hours. Large amount of AsODN can also be detected in the peri-ocular 

tissue at the injection site (A) and AsODN was distributed around the eye globe, as illustrated by figure B – a 

section from the nasal side (opposite to the injection site) 
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Kerr et al. 2010). Injection of Cx43 AsODN into the sub-tenon space is therefore unlikely to 

interfere with the normal functioning of the optic nerve (ON). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.10 is an image of a rat eye (right eye) sectioned from the mid region. The image 

indicates that the tenon capsule and orbital tissue at the injection site (temporal region – left 

side of the image) contain a high concentration of the AsODN 24 hours after injection. The 

cross sectional image also demonstrates that the distribution of the Cy3-AsODN across the 

scleral surface occurred with an accumulation in the choroid 24 hours after injection. 

Interestingly, the AsODN was not detected in the anterior eye structures (cornea or lens) at 24 

hours.  

 

Figure 4.9 - Confocal microscopy images of the optic nerve (ON) region of a 

rat eye showing Cy3-AsODN distribution 24 hours after sub-tenon injection. 

Note that AsODN has not penetrated the optic nerve itself and injection of 

Cx43 AsODN into the sub-tenon space is therefore unlikely to interfere with 

the normal functioning of the ON 
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In contrast, Amaral et al. (2005) and Gehlbach et al. (2003) demonstrated the distribution of 

proteins with a MW of ~50 KDa through the retina as well as the anterior segment. Amaral et 

al. (2005) studied the in vivo distribution of two large fluoresceinated proteins, pigment 

epithelium derived factor (PEDF) and ovalbumin, using rats. The authors reported the 

appearance of the proteins in the retina as early as one hour after sub-conjunctival injection, 

followed by a gradual reduction in the concentration over 24 hours. However, when the 

ovalbumin was administered in the form of a periocular implant, homogenous distribution of 

the protein was only detected at 24 hours. Conversely, Gehlbach et al. (2003) reported only 

minor staining for PEDF in the mouse retina, 6 hours after subconjuctival injection. However, 

the authors reported an explicit retinal PEDF signal 24 hours after injection. This variation in 

distribution may be accounted for by the disparity in the amount of PEDF injected, as the 

Figure 4.10 - Confocal composite image of a rat eye (cross section from the mid region) showing the distribution of 

Cy3-AsODN 24 hours after injection on to the sclera. The dotted line illustrates the location of the RPE (between 

the choroid and the retina). Note the distribution of AsODN along the sclera and accumulation at the RPE/Bruch‘s 

membrane. AsODN was not detected in the anterior tissues of the eye. 
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amount injected by Amaral et al. (2005) was nearly 20 fold higher than that by Gehlbach et 

al. (2003). Nonetheless, our findings demonstrate a considerable difference in the distribution 

of AsODN when compared to proteins of large molecular weight. This may be attributed to 

the tertiary structure of proteins as well as the presence of transporters in the RPE, or 

differences in detection sensitivity.  

 

Amrite et al. (2008) reported the inability of nanoparticles (20 nm) to enter the ocular tissue 

of rats due to rapid clearance through the lymphatic system. This clearance seemed to have 

affected the AsODN solution to a lesser extent, as a considerable amount of the AsODN was 

detected in the choroid. Consequently, the in vivo data show that the administration of 

AsODN as a simple solution via the transscleral route has its benefits, as the molecule is 

prevented from entering the ON, which should ideally not be perturbed, and is prevented 

from rapid elimination via the lymphatic system.  

 

It is also of importance to note the distribution of AsODN when administered via the 

intravitreal route. Numerous studies have investigated the efficacy of intravitreal injections in 

delivering AsODNs to the posterior segment of the eye (Rakoczy et al. 1996; Leeds et al. 

1998; Normand et al. 2005; Thaler et al. 2006; Andrieu-Soler et al. 2007; Hagigit et al. 

2010). Currently formivirsen, a 21-mer AsODN, is available in the form of an intravitreally 

administered solution for the treatment of CMV retinitis (Bejanian et al. 1999). Both 

Rakoczy et al. (1996) and Thaler et al. (2006) reported a lag time of 3 days for 19 and 20 

nucleotide length, phosphorothionate protected AsODNs respectively, to reach the RPE of 

rats once injected into the vitreous. In contrast, a recent study by Hagigit et al. (2010) 

reported the appearance of subtherapeutic concentrations  of a 17-mer AsODN, incorporated 

in a nano-emulsion and aqueous solution, in the posterior choroid of rabbits one hour after 

intravitreal injection. Similarly, Andrieu-Soler et al. (2007) reported the appearance of a 25-

mer AsODN in rat choroid one hour after intravitreal injection with the help of iontophoresis. 

In the absence of iontophoresis, the AsODN could only be located in the ganglion cell layer 

of the retina.  As such, the intravitreal route could also be utilised to deliver AsODN to the 

choroid, but this approach leads to the undesired transfer of AsODNs to nearly all retinal cell 

layers and a high therapeutic level may not be achieved in the choroid without the aid of 

iontophoresis.  
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In summary, the in vivo data demonstrate that the AsODN of interest is able to traverse the rat 

sclera and accumulate in considerable amounts within the choroid and as far as the RPE 24 

hours after sub-tenon injection. As such, the periocular route of administration is likely to be 

of great value in the delivery of the AsODN of interest to the choroid.  
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4.5 Conclusion 
 

This chapter investigated both the influence of cations on drug release properties of 

carrageenan based polymeric systems and the feasibility of transscleral route in delivering a 

30-mer AsODN to the choroid.  

 

The in vitro release data demonstrated that carrageenan provides a platform for sustained 

delivery of incorporated solutes. Moreover, variation in cation concentration (up to 0.12 % 

w/v), especially in ι-carrageenan dispersions, is likely to provide diverse drug release 

characteristics owing to the alterations in polymer viscosity, tortuosity and imbibed water 

content. The release data fitted well with the widely used Higuchi and Korsmeyer-Peppas 

models. As such, the solute release from the polymer systems was likely to be affected by 

more than one diffusion process. The dual first-order model identified two distinguished 

diffusion constants for the carrageenan systems, with the initial diffusion constant (k1) being 

significantly higher than the second diffusion constant.  Considerable variation in k1 between 

carrageenan systems elucidated that the initial solute release phase may be governed by the 

tortuosity, viscosity and the net charge of the polymeric systems. Consequently, the parallel 

processes that may simultaneously contribute to the release of a drug from hydrated polymer 

systems render standard kinetic models of limited value.  

 

The ex vivo studies confirmed scleral permeability to be the rate limiting step in drug 

transport to the choroid via the transscleral route, with a lag time of 0.5-1 hour. Molecular 

weight is also of great importance in scleral permeability, with an inverse correlation being 

observed between molecular weight and permeability. The amount of solute permeated across 

the sclera when incorporated in polymeric systems was comparable to that of an aqueous 

solution. As such, the binary system of choice (MC:ι-CG (40:60)) is likely to enhance the 

retention of a drug at the target site without influencing the permeability of the solute. 

 

Ex vivo data demonstrated that the AsODN of interest is able to traverse an excised bovine 

sclera. In vivo studies were done to determine the effect of clearance pathways (lymphatics 

and blood vessels) and ocular barriers on transscleral drug delivery. The data demonstrated 

the accumulation of a considerable amount of the 30-mer AsODN in the choroid of the rats 

24 hours after sub-tenon injection. The scleral thickness is of significance in solute transport, 
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as demonstrated by the appearance of AsODN in the retinal sections only at the equator 

region of the rat eyes. Nonetheless, AsODN was not detected in the optic nerve or the 

anterior tissues of the rat eyes. As such, in vivo data in line with ex vivo data demonstrate the 

transscleral route as a promising and a relatively well targeted route for choroidal drug 

delivery. This route will enhance choroidal bioavailability of the therapeutic entity and will 

minimise adverse effects associated with non-specific tissue uptake (i.e. retina and optic 

nerve). However, further studies are warranted to determine the efficacy of polymeric 

systems in minimising formulation reflux and improving the clinical response (Chapter 5).  
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5. In Vivo Evaluation of Cx43 AsODN 

Efficacy - Cx43 Expression in an 

ARMD Rat Model and 

Transscleral Delivery of an AsODN 
 

5.1 Introduction 
 

Choroidal neovascularisation (CNV) is the most prominent pathological feature of wet 

ARMD which causes severe vision loss and is the key target of currently available treatment 

options. Animal models of CNV resembling wet ARMD in humans are of utmost 

significance in the understanding of CNV pathogenesis and evaluation of pharmaceuticals.  

Perforation of Bruch‘s membrane using a laser beam is the most commonly used method to 

induce CNV in an animal. This method utilises a slit lamp to target a laser beam through the 

lens on to the posterior eye to form lesions around the optic disc.  These lesions lead to the 

rapid formation of stable CNV (Miller et al. 1990; Jiang and Chiou 2007).  Nonetheless, the 

laser beam can damage the overlying retinal tissue and complicate the evaluation of the 

retinal damage secondary to CNV (Lassota et al. 2007). Moreover, this model lacks the other 

morphological characteristics of the human disease and has been shown to regress 

spontaneously 3 weeks after photocoagulation (Fukushima et al. 1997; Baba et al. 2010).  

 

Surgical perforation of Bruch‘s membrane can also be utilised to induce CNV in animals. 

Lassota et al. (2007) demonstrated the induction of CNV in pigs by surgically perforating 

Bruch‘s membrane with and without the removal of retinal pigmented epithelium (RPE) cells 

and by merely removing the RPE. They reported the appearance of CNV membranes 14 days 

after surgery in all eyes. In this surgical model, the atrophy of the neuroretina overlying the 

CNV membranes has been reported, in addition to the loss of retinal stratification and intra-

retinal glial proliferation following CNV formation. Nonetheless, the morphology of the 

CNV membranes varied with the surgical procedure used. Lassota et al. (2007) reported a 

thicker CNV membrane with high cellular content (composed mainly of macrophages) in 

eyes with only a damaged Bruch‘s membrane. RPE cells were also identified in these 
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membranes and the membranes were well vascularised with many endothelial lined blood 

vessels. Similarly, CNV membranes excised from ARMD patients are composed of 

macrophages, RPE, erythrocytes, fibrocytes and vascular endothelium (Grossniklaus et al. 

1992; Spraul et al. 1999; Grossniklaus et al. 2005; Lassota et al. 2007). As such, the porcine 

model of CNV induced by surgical perforation of Bruch‘s membrane resembles the human 

disease to a large extent. However, this method requires the performance of a vitrectomy, 

which is technically demanding and is likely to affect the pharmacokinetics of drugs applied 

to the vitreous owing to the reduced vitreal volume.   

 

Transgenic animal models of CNV are also of value in the understanding of disease 

pathogenesis and have proved effective in the screening of new therapeutics (Elizabeth 

Rakoczy et al. 2006). Apolipoprotein B100 (APO B100) is a lipoprotein that is associated 

with LDL cholesterol particle formation in humans. As such, Espinosa-Heidmann et al. 

(2004) showed that APO-B100 transgenic mice, which over express APO B100, display a 

high frequency of moderate basal laminar deposits (BLD), a feature of ARMD, after 

treatment with blue green light. Similarly, Malek et al. (2005) established an APO E4 mouse 

model that developed diffuse sub-RPE deposits, drusenoid deposits, thickened Bruch‘s 

membranes and alterations in RPE followed by marked CNV in extreme cases. These 

characteristics are dependent on the age of mice and a high fat cholesterol rich diet.  Mice 

deficient in either monocyte chemo attractant protein-1 (Ccl2
-/-

) or its cognate C-C 

chemokine receptor-2 (Ccr2
-/-

) also develop BLD at the age of 9 months under normal diet 

and light conditions (Ambati et al. 2003). Interestingly, both Ccl2
-/- 

and Ccr2
-/-

 murine 

models display characteristics of both dry and wet ARMD. These include drusen, lipofuscin, 

Bruch‘s membrane thickening, RPE degeneration and outer nuclear layer loss followed by 

CNV and retinal haemorrhage. Other transgenic mouse models of ARMD include ELOVL4 

and mcd/mcd, both of which develop lipofuscin, RPE atrophy and abnormal 

electroretinograms (ERGs), and rho/rtTA-TRE/VEGF and VLDLR models, which develop 

retinal neovascularisation. Accordingly, transgenic mouse models provide the means to 

determine the pathophysiology of ARMD, although these mice need to be aged 10-15 months 

prior to use as a model of ARMD. Moreover, the corresponding genes that cause the retinal 

changes in these mice have not been directly associated with the human disease (Albert et al. 

2010).  
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Deposition of lipids (drusen) in Bruch‘s membrane is also a well documented pathological 

feature of ARMD. Accordingly, Tamai et al. (2002) developed a CNV model by injecting 

linoleic acid hydroperoxide into the subretinal space of rabbits. Recently, Baba et al. (2010) 

evaluated this protocol in rats by subretinal injection of 13(S)-Hydroperoxy-9Z, 11E-

octadecadienoic acid (HpODE). HpODE is an oxidized lipid that exists under normal 

conditions in the cell membranes of the human body. Elevated levels of HpODE are reported 

to be found in aged Bruch‘s membranes. Baba et al. (2010) reported a dose dependent 

formation of CNV following subretinal injection of HpODE, with an optimal dose of 30 µg. 

Both Tamai et al. (2002) and Baba et al. (2010) also reported prominent retinal and RPE 

damage without CNV with high concentrations of oxidised lipids. Neovascularisation was 

most prominent 3-4 weeks following subretinal injection of lipids. Nonetheless, spontaneous 

regression of the CNV was noted 5 weeks after the treatment. Prior to CNV, HpODE 

stimulated the inflammatory cascade with the recruitment of ED1-positive monocytes within 

3 days of injection. As such, this model resembles human ARMD to a great extent with an 

initial loss of RPE, infiltration of inflammatory cells and subsequent CNV formation and 

subretinal fluid accumulation.     

 

Exposure to light is also considered a great risk factor in the manifestation of ARMD. Even 

though light energy is essential for visual function, an excessive amount of light has been 

shown to damage the retinal neurosensory cells (Albert et al. 2010) (Figure 5.1). The effect of 

light exposure on the retina was first ascertained by Noell et al. (1966). The authors adapted 

three different procedures to determine the mechanism by which the light induces retinal 

damage in albino rats. In the first group, the rats were placed in a wire mesh cage and were 

exposed to fluorescent light with a luminance of 1200-2500 lux, depending on the distance 

from the cage wall. In the second procedure, anaesthetised animals were exposed to 

monochromatic light through a grating monochromator equipped with a 200 w direct current 

xenon-mercury compact arc lamp. In the third procedure, the monochromatic light source 

was a 100 w zirconium arc illuminated over a larger surface area. The authors demonstrated a 

dramatic and persistent reduction in ERGs of the animals exposed to light for 24 hours 

compared to animals kept in the dark (control group).  The persistent reduction in ERGs was 

shown to be the result of irreversible damage of the retina of the experimental animals. This 

study also demonstrated a correlation between retinal damage and body temperature of the 

animals, with an increase in body temperature leading to greater retinal damage. Minimal 
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retinal damage was observed at a body temperature of 37.5 °C, whereas the maximum retinal 

damage was observed at 39 °C. In addition to body temperature, the period of exposure had a 

linear relationship with the extent of retinal damage. Importantly, the authors also 

demonstrated the damaging reaction to continue even in the dark once it had reached a certain 

threshold (Noell et al. 1966). 

 

Yu et al. (2007) also investigated the effect of light exposure on the retinal morphology of 

Sprague-Dawley (SD) rats at two different stages of development. The authors used an 

illuminance of 2700 lux and reported no significant effect on the retina of adult rats after 2 

hours of light exposure. However, a significantly greater effect was observed with 24 hours 

of light exposure in young rats (p20) when compared to adult rats. Conversely, O‘Steen et al. 

(1974) reported greater susceptibility of 16-24 week old rats to light damage compared to 3-4 

week old rats. Yu et al. (2007) also established lactose dehydrogenase (LDH) as a marker of 

retinal photoreceptor degeneration, with 24 hours of light exposure leading to a significant 

decrease in LDH levels of SD rats (Yu et al. 2007). The exact molecular events which occur 

in light induced retinal damage are not yet fully established. Moreover, this short term intense 

light exposure has not been reported to induce CNV.  
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Figure 5.1 - Schematic presentation of retinal changes induced by intense light exposure over various periods of time (B-F) in comparison to the control (A). 

At a three-hour exposure (B), the outermost tips of photoreceptors develop vacuoles. At 24-hour light exposure (C), photoreceptors begin to swell and become 

tortuous. Synaptic ends of the photoreceptors also show pathological changes and the RPE shows an increase in myeloid bodies. One month of cyclic light 

exposure (D) causes the total loss of photoreceptors and the reduction in ONL. Some proliferating RPE cells can also be observed at this time point. After 

three months of cyclic light exposure (E), total loss of the ONL and an increase in the number of proliferating RPE cells can be observed. Bruch‘s membrane 

is also breached in some areas and CNV formation is seen in multiple areas. After six months of cylic light exposure (F), CNV formation has extended to the 

ganglion cell layers and the RPE cells grow into the ganglion cells disrupting the retinal architecture. ILM, inner limiting membrane; INL, inner nuclear layer; 

ONL, outer nuclear layer; RPE, retinal pigmented epithelium.  
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More recently, Albert et al. (2010) demonstrated the induction of CNV in albino rats exposed 

to long term intense (3000 lux) cyclic light. The authors studied both SD and Wistar rats to 

determine experimental variation with strain of rats used. In contrast to previous studies, the 

authors placed the treatment groups under 12 hour light/dark cycles to avoid alterations to the 

normal physiology of the rats. As such, the main difference between the treatment and control 

groups was the intensity of light exposed, with control groups being exposed to only 70 lux 

of light. The authors studied histological changes in rat eyes after 1, 3 or 6 months of cyclic 

light exposure. The data demonstrated a total loss of both inner and outer segments of 

photoreceptors and a reduction in the thickness of the outer nuclear layer of the rats exposed 

to intense cyclic light for 1 month. Bruch‘s membrane remained intact, but the RPE showed 

focal areas of cell proliferation. The authors reported this to be accompanied by an early 

phase of sub-RPE neovascularisation in the Wistar rats. An increase in the period of exposure 

to 3 months was reported to lead to a total loss of the outer nuclear cell layer and the inner 

and outer segments of the photoreceptors. Moreover, the authors observed bleached areas in 

Bruch‘s membrane and CNV formation in this treatment group. Albert et al. (2010)  reported 

the most extensive CNV formation and disruption of inner nuclear layer after 6 months of 

intense cyclic light exposure. The extent of damage varied between the two rodent strains, 

with the SD rats displaying less severe histopathological features as well as slow progression. 

 

Consequently, Albert et al. (2010) have established an animal model that more closely 

resembles the features of human exudative ARMD. The pathological processes progress from 

an initial loss of photoreceptors, followed by alterations in the RPE layer, and on to total loss 

of outer nuclear layer and partial loss of inner nuclear layer. At the end stage, this rat model 

displays both sub-RPE and sub-retinal neovascularisation and disruption of Bruch‘s 

membrane (Figure 5.1). As such, an intense light induced retinal degeneration model will 

prove useful for the evaluation of molecular and cellular mechanisms coupled to various 

stages of ARMD, as well as for the effective screening of new therapeutic entities.  

 

As discussed in Section 1.3.1.3, inhibition of CNV within the retina by vascular endothelial 

growth factor (VEGF) inhibitors has been a vital milestone in the treatment of patients with 

exudative ARMD. However, ranibizumab (Lucentis
®
), the current mainstay treatment for 

exudative ARMD, has only been shown to provide significant improvement of vision in 

about 30 % of treated patients (Hernandez-Pastor et al. 2008). In addition, adverse effects 
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associated with frequent intravitreal injections and continuous inhibition of VEGF in the 

retina is of increasing concern. Therefore, the development of novel treatments with more 

specific targeting of the pathological features associated with the early phases of ARMD is of 

utmost importance to the efficient management of this disease.  

 

Accordingly, this chapter aims to evaluate the effect of intense light on levels of the gap 

junction protein, Cx43, in the choroid of rats, and the efficacy of an in situ gelling polymeric 

system in delivering Cx43 AsODN to the choroid of treated rats. The specific objectives of 

this chapter are to: 

 

 Compare the Cx43 levels in the choroid of control rats and rats kept under intense 

light for 24 hours 

 Assess the changes in histology after light damage and treatment with Cx43 specific 

AsODN 

 Evaluate the efficacy of polymeric systems in delivering macromolecules to the 

choroid via the transscleral route 
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5.2 Materials  
 

Polymers (carrageenan and methylcellulose) and salts used for the preparation of aqueous 

polymer dispersions are described in Section 2.2. Cx43 antisense oligonucleotide (5‘-GTA 

ATT GCG GCA GGA GGA ATT GTT TCT GTC-3‘) with a molecular weight of 9815 

g.mol
-1

 was supplied by Sigma Aldrich (MO, USA) as lyophilised power. The HPLC grade 

lyophilised powder was reconstituted in phosphate buffered saline (PBS) solution without 

NaCl or KCl salts to obtain a 500 µM solution. 10 µL aliquots of the stock AsODN solution 

were then stored at -80 °C until needed.  

Sterile needles (30 G) and syringes (1 mL) were purchased from Becton Dickinson and 

company (NJ, U.S.A.). Tissu-Tek
®
 Optimum Cutting Temperature (O.C.T.) compound, 

manufactured by Sakura Finetek (CA, U.S.A.) was obtained from ProSciTech (Queensland, 

Australia). Superfrost plus microscope slides and cover slips (22 × 60 mm) were supplied by 

Menzel-Glaser (Braunschweig, Germany). Normal goat serum was purchased from GIBCO
®
 

(Invitrogen Co., New Zealand). Horse serum, Triton-X and DAPI (4',6-diamidino-2-

phenylindole) were purchased from Sigma Aldrich (MO, U.S.A.). Citifluor AF1 anti-fading 

mountant media was purchased from CitiFluor Ltd (Leicester, England) and DPX mountant 

media was supplied by BDH chemicals Ltd (Poole, England).  

 

The primary and secondary antibodies used, their supplier and the dilutions used for the 

labelling of fixed tissues are listed in Table 5.1.  

 

Table 5.1 - Details of primary and secondary antibodies used for immunohistochemistry 

 

Antibody name Supplier Dilution 

Primary antibodies 

Rabbit anti Cx37 Gift from S Coppen National 

Heart and Lung Insitute, London, 

England 

1:300 

Guinea Pig anti Cx40 Gift from R Gourdie Medical 

University of South Carolina, 

U.S.A.  

1:500 

Rabbit anti Cx43 Sigma Aldrich 1:2000 

Goat anti Cx45 Chemicon 1:500 

Mouse anti rat Cd45 Serotec 1:100 
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Mouse anti rat ED1 Serotec 1:100 

Mouse anti myeloperoxidase (MPO) Abcam 1:10 

Secondary antibodies   

Goat anti rabbit Alexa 488 Invitrogen 1:400 

Goat anti guinea Pig Cy3 Chemicon 1:500 

Donkey anti goat Cy3 Jackson Immuno Research 1:500 

Goat anti mouse Alexa 488 Invitrogen 1:300 

 

Other solutions used for the experiments were: 

 PBS (1M; pH 7.4) – NaCl (8 g.L
-1

), KCl (0.2 g.L
-1

), Na2HPO4 (1.44 g.L
-1

) and KH2PO4 

(0.24 g.L
-1

) were purchased from Scharlau Chemie (Barcelone, Spain) 

 Paraformaldehyde (PFA; pH ~7) solution (4 %) – PFA (40 g.L
-1

) and PBS to volume  

 Eosin Y stock solution (1 %) – Eosin Y (10 g.L
-1

), 95 % ethanol (800 mL) and distilled 

water (200 mL) 

 Eosin Y working solution (0.25 %) – Eosin Y stock solution (250 mL), 80 % ethanol (750 

mL), Glacial acetic acid (5 mL) 

 Haematoxylin solution – Potassium (50 g), hematoxylin (1 g), sodium iodate (0.2 g), citric 

acid (1 g), distilled water (1000 mL) 

5.3 Methods 

5.3.1 Light Induced Damage of Rat Eyes and Treatment with 

AsODN 
 

Sprague-Dawley (SD) rats (150-200g) used in this study were born and raised at the 

University of Auckland‘s animal breeding facility under standard conditions (22-24 °C; 50-

60 % relative humidity and 12 hour light/dark cycle) specified by the Animal Ethics 

Committee (AEC).  Animal care and all animal experiments were conducted in accordance 

with the guidelines provided by the AEC (AEC approval number – R738).  

Intense light exposure studies were commenced immediately after the animals were 

transported to the laboratory. An illuminance of 2700 lux within the animal cages was created 

by placing fluorescent white light lamps directly above the cages (~30 cm above the base of 

the cage). Prior to placing the animals in the cages, the cages were prepared by minimising 

the amount of bedding within the cage. Each cage held no more than 3 rats and adequate 
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amounts of food and water were placed in the cages. All experiments were started at 

approximately the same time in the morning (~10am) and all rats, except for the control 

group, were placed under intense light for 24 hours.  

 

To determine the effect of intense light on the histology and gap junction expression of the 

choroid, rats were sacrificed by carbon dioxide asphyxiation immediately after light 

exposure. Eyes were enucleated and were processed as described in Section 5.2.2. For 

AsODN treatment of the light damaged eyes, animals (n = 8) were anaesthetised by 

intraperitoneal (IP) injection of 0.1 mL of an anaesthetic mixture [6:4 mixture of ketamine 

hydrochloride (100mg.mL
-1

) and medetomidine hydrochloride (1 mg.mL
-1

)] per 100 g of 

body weight using a 30G needle. The anaesthesia was done immediately after the animals 

were removed from the light exposure chambers. Anaesthetised animals were then placed on 

a warming mat under a surgical microscope. Using forceps, the conjunctiva (and the adjacent 

membranes) was gently lifted and then using a sterile 30G needle 100 µL of Cx43 AsODN 

(2 µM), either in PBS (n = 4) or the MC:ι-CG (40:60) with Ca
2+

 (0.06 % w/v) aqueous 

dispersion (n = 4), was slowly injected onto the posterior sclera of the left eye. The 

contralateral eye was not manipulated and was kept as a control. It is important to note that in 

rats the Tenon‘s capsule is difficult to distinguish owing to the small size of rat eyes. 

Nonetheless, the injection was made onto the posterior sclera (with needle position confirmed 

by gently feeling the globe with the needle) as with sub-tenon injections, and care was taken 

not to perforate the eyes. Following periocular injections, 1-2 drops of chloramphenicol (1 %) 

eye drops were instilled to the rat eyes to prevent infection.  

 

At the completion of the procedure, 0.1mL of atipamezole:saline (1:9) mixture (0.05mg of 

atipamezole) was given by subcutaneous (SC) injection to the rats for the partial reversal of 

medetomidine induced anaesthesia. Rats were monitored regularly after surgery and were 

placed under standard conditions for 24 hours. At 3-4 hours after surgery and at 24 hours 

after surgery, the eyes were examined for signs of infection or inflammation. The animals 

were humanely sacrificed by carbon dioxide asphyxiation, 24 hours after Cx43 AsODN 

administration and the eyes were enucleated for analysis. 
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5.3.2 Tissue Collection and Processing 
 

Enucleated eyes were rinsed in PBS and were then fixed in 4 % PFA for 30 minutes. Eyes 

were then rinsed in PBS and cryo-protected in sequential 10 %, 20 % and 30 % sucrose 

solutions for 10 minutes, 20 minutes and overnight respectively. The fixed tissue was then 

embedded in Tissue-Tek O.C.T media and rapidly frozen in liquid nitrogen. The frozen tissue 

blocks were stored at -80 °C until required for cryo-sectioning.  

For cryo-sectioning, tissue blocks were mounted onto specimen holders and were cut into 

12 µm sections using a Microm HM550 cryostat at -20 °C. Tissue sections were then placed 

on microscopy slides and were stored at -80 °C.  

5.3.3 Immunohistochemistry 
 

Selected tissue slides were removed from -80 °C and acclimatised to room temperature for 5 

minutes.  Slides were then washed three times in PBS, for 10 minutes each time, to remove 

the excess O.C.T. media. Slides were dried and 10 % normal goat serum (or horse serum) and 

0.1 % Triton-X100 in PBS were applied to the sections for 1 hour at room temperature. 

Tissue slides were then rinsed in PBS, dried and incubated with primary antibody diluted in 

PBS. Primary antibody incubation was performed overnight at 4 °C. Following this, slides 

were washed three times in PBS, for 10 minutes each time, and dried. Secondary antibody 

diluted in PBS was then applied to the sections for 2 hours at room temperature in the dark. 

Subsequently, slides were washed three times in PBS (10 minutes each time), dried and 

DAPI, a cell nuclei dye, diluted 1000 fold in PBS was applied to the sections for 30 seconds. 

Slides were finally rinsed with PBS and the tissue sections were mounted with CitiFluor to 

minimise fading and the cover slips were sealed with nail polish. The slides were stored at 

4 °C until needed for imaging.  

5.3.4 Haematoxylin and Eosin (H & E) Staining 
 

Selected slides were removed from -80 °C and acclimatised to room temperature for 5 

minutes. Slides were then placed in glass racks, and washed in PBS twice (10 minutes each 

time). The slides were rinsed in distilled water and then stained with haemotoxylin for 8 

minutes by immersing the glass rack in the haemotoxylin solution. The slides were then 

washed with warm water by placing them under slow running tap water for 10 minutes. 
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Slides were again rinsed in distilled water and then in 95 % ethanol by immersing the glass 

rack into an ethanol container 10 times. This was followed by staining sections with eosin Y 

solution for 1 minute. The tissue sections were then dehydrated by immersing in 95 % 

ethanol for 5 minutes, followed by 100 % ethanol for 10 minutes. Ethanol was replaced every 

5 minutes. Finally, the sections were cleared using zylene and mounted with DPX media.  

Slides were stored at room temperature for at least 12 hours prior to imaging.  

5.3.5 Imaging and Data Analysis 
 

Sections labelled with antibodies were imaged using a confocal microscope (Olympus 

Fluoview FV1000) with a 60× (oil) objective lens. Images were captured in the linear mode 

at a speed of 4 µs.pixel
-1

 using Kalman averaging. Z-stacks of the sections with a step size of 

1 µm (12 µm thickness) were captured and the images were compiled using the Olympus 

Fluoview 1000 (FV10) software. Cx43 counts within the choroid of the captured images were 

recorded using the ImageJ software (ImageJ 1.43U, National Institute of Health, U.S.A.). 

Cx43 counts in the control and AsODN treated choroids were compared and analysed using 

Students t-test (one tailed; unequal variance) with p < 0.05 denoting statistical significance.  

 

Sections labelled with H & E were imaged using a light microscope (Leica DMRA, Leica 

Microsystems, Heidelberg, Germany) and recorded using a Nikon DS-5MC digital camera 

with NIS elements imaging software (version 2.10). Light damaged and treated posterior eye 

images were then compared in terms of the number of infiltrating leucocytes.  

5.4 Results and Discussion  

5.4.1 Effect of Intense Light on the Choroid of SD Rats 
 

All treated animals appeared healthy after 24 hours of intense light exposure. However, the 

conjunctiva of eyes exposed to light was observed to be red and inflamed. The histology of 

the choroid of rats exposed to intense light was compared to that of control rats using H & E 

staining (Figure 5.2). Haematoxylin is a nucleic acid stain that is used to identify cell nuclei 

in tissue by the deep blue-purple colour. Eosin, on the other hand, is an acidic dye and stains 

nonspecific basic proteins, giving the cytoplasm and extracellular matrix various degrees of 

pink colour (Fischer et al. 2008). As such, the H & E staining provides a basic overview of 

the histological changes occurring in a tissue with a given pathological condition.  
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Figure 5.2 illustrates a dramatic increase in the number of cell nuclei staining in the light 

damaged eyes when compared to control eyes. Such staining in injured tissue can be 

attributed to infiltrating leukocytes. Leukocyte infiltration is one of the most noticeable signs 

of inflammation, a cascade of cellular activities that serve to repair injured tissue (Schmid-

Schönbein 2006).  

 

Both inferior and superior sections of the eyes were analysed to determine the effect of direct 

exposure to light, as the light source was held above the cage and greater damage to the 

inferior eye was expected. The number of leukocytes in the superior sections appeared to be 

considerably lower than that of inferior sections. 

In order to verify the increased number of cells as leukocytes and to identify the types of 

leukocytes present in these tissues, the tissue sections were labelled with CD45, MPO and 

ED1 antibodies. CD45, originally termed the leukocyte common antigen, is a leukocyte 

specific transmembrane glycoprotein (Saunders and Johnson 2010). Cells labelled with CD45 

Figure 5.2 - Histological evaluation of the choroid of control rats (A and B) and rats exposed to intense light for 

24 hours (C and D). Sections from both inferior (A and C) and superior (B and D) parts of the eye were 

compared. A and B, the inferior and superior choroid, respectively, of control SD rats appeared to have only a 

small number of cell nuclei (purple labeling); C, exposure to light has induced a dramatic cascade of cellular 

infiltration in the inferior sections, with a marked increase in the number of nuclei in the choroid and the sclera; 

D, the number of nuclei labeling in the superior choroid was considerably lower than that of the inferior, but 

was noticeably higher than that of control. Scale bars, 30µm. 
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can be verified as leukocytes - neutrophils, basophils, eosinophils, lymphocytes, monocytes 

or macrophages. Few CD45 labelled cells were noted in the control choroid but this number 

was amplified at least 5 fold in the light damaged eyes (Figure 5.3). A difference between the 

inferior and superior sections was not noted in these tissues. In addition, the removal of the 

light source did not seem to have regressed the inflammatory response, as seen by the 

consistently high leukocyte labelling in tissues collected from animals that were sacrificed 24 

hours after light damage (after removing the intense light from the cages) with no treatment 

to either eye.  

MPO (myeloperoxidase) is a peroxidase enzyme that is found on neutrophils. Recruitment of 

neutrophils to the site of injury occurs in the early stages of inflammation and the prime role 

of neutrophils is to kill microbes (Martin and Leibovich 2005). MPO antibodies were not 

detected in the control eyes, but a considerable number of cells labelled with MPO antibodies 

were detected in tissue obtained from light damaged eyes (Figure 5.4).  Moreover, the 

number of MPO labelled cells in the inferior regions was higher than that of the superior 

region. Interestingly, most of the neutrophils observed in the superior region were found to be 

on the scleral surface. Neutrophils were not observed in the choroids 24 hours after light 

damage, but they still appeared on the outer surface of the sclera.  

ED1 is a cellular marker for macrophages, phagocytes that arrive at the injured tissue 

following neutrophil infiltration. Figure 5.5 shows a remarkable number of macrophages in 

the light damaged choroids. The number of macrophages in the inferior choroid was 

considerably higher than that of the superior sections. A slight reduction in the number of 

macrophages was also observed 24 hours after the removal of the light source.  
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Figure 5.3 - CD45 expression, which identifies leukocytes, in the posterior eye of control rats (no damage), 

immediately after intense light exposure, and 24 hours after light damage. A considerable increase in leukocytes was 

observed with light damage. Cell nuclei labeled with DAPI (blue stain) and green staining represents the leukocytes; 

v- vitreal side, s – sclera, INF – inferior, SUP - superior. Scale bars: 30 µm. 
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Figure 5.4 - MPO expression, which identifies neutrophils, in the posterior eye of control rats (no damage), 

immediately after intense light exposure, and 24 hours after light damage. A considerable increase in neutrophils was 

observed after light damage. However the expression was limited to the outer sclera 24 hours after light damage. Cell 

nuclei labeled with DAPI (blue stain) and green staining represents the neutrophils; v- vitreal side, s – sclera, INF – 

inferior, SUP - superior. Scale bars: 30 µm. 
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Figure 5.5 - ED1 expression, which identifies macrophages, in the posterior eye of control rats (no damage), 

immediately after intense light exposure, and 24 hours after light damage. A dramatic increase in macrophages was 

observed with light damage and the expression regressed slightly 24 hours after light damage. Cell nuclei labeled 

with DAPI (blue stain) and green staining represents the macrophages; v- vitreal side, s – sclera, INF – inferior, SUP 

- superior. Scale bars: 30 µm. 
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Identification of considerably higher number of macrophages within the choroid of light 

damaged rats in comparison to the number of neutrophils suggests the progression of 

inflammatory response with increasing exposure to intense light. The inflammatory response 

did not retreat upon removal of the light source and placement of animals under normal 

conditions for 24 hours. As such, release of various cytokines, growth factors and angiogenic 

factors by these leukocytes may lead to further tissue damage and angiogenesis (Martin and 

Leibovich 2005). The presence of neutrophils and macrophages at the outer surface of the 

sclera may be owing to the inflammation of the conjunctiva in light exposed rats.  

 

Gap junction proteins are also involved in the orchestration of inflammation. As discussed in 

Section 1.4.2, Cx37, Cx40, Cx43 and Cx45 have been identified on the vasculature (Figueroa 

and Duling 2009). Moreover, leukocytes have also been reported to express Cx43, a gap 

junction protein that is used to activate and recruit leukocytes to the site of tissue insult 

(Oviedo-Orta et al. 2000; Oviedo-Orta et al. 2002). Consequently, we attempted to determine 

the level of expression of Cx37, Cx40, Cx43 and Cx45 in the choroid of rats with no light 

damage and with light induced retinal damage by immunohistochemistry.  Cx37 and Cx40 

expression was not observed on the tissue sections obtained, but Cx45 was expressed within 

the choroid of control rats (Figure 5.6). Cx45 expression was comparatively lower in the light 

damaged eyes, with the inferior sections showing the greatest reduction. As such, the 

inflammatory process within the injured eye may have altered the expression of Cx45 in the 

choroid. However, further studies, such as western blots are warranted to confirm the altered 

expression.   

 

On the other hand, Cx43 is a more ubiquitous gap junction and was expressed in the optic 

nerve, RPE and on the blood vessels of healthy rats (Figure 5.7). This is in accordance with 

previous findings demonstrating an abundance of Cx43 in astrocytes, RPE and endothelium 

of various species, including rats, humans and rabbits (Janssen-Bienhold et al. 1998; Kerr et 

al. 2010).  
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The optic nerve, which is composed of nerve fibres, connects the retina with the visual cortex 

in the brain. The role of Cx43 in the optic nerve is not yet fully understood, but altered levels 

of expression of Cx43 in the CNS have been shown in spinal cord injury, stroke and brain 

injury (for review see Kerr et al. 2010). The RPE is a highly specialised cell layer located 

between the choroid and retina that supports the homeostasis of overlying neurosensory 

retina. RPE cells of many vertebrates have been shown to express Cx43, yet information on 

the role of Cx43 within the RPE is scarce (Kojima et al. 2008). Current findings suggest a 

role for Cx43 in RPE cell differentiation (Kojima et al. 2008) and as a buffering system for 

extracellular potassium in the outer retina (Kerr et al. 2010). 

Figure 5.6 - Cx45 (red labeling) expression in the choroid and sclera of rat eyes with no damage (control) and 

light exposed for 24 hours.  Cx45 was observed to be expressed around the blood vessels in the control rat eyes, 

but the level of expression in the light exposed eyes was considerably lower. Inferior sections of the light 

damaged eyes displayed greater reduction in Cx45 expression than the superior section. All sections were stained 

with DAPI for cell nuclei identification (blue stain); v – vitreal side, s – sclera, INF – inferior, SUP – superior; 

Scale bars = 30 µm 
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Cx43 was observed to be expressed in the choroid in three distinct patterns, corresponding to 

the type of cell. As shown in Figure 5.8, Cx43 was present in endothelial cells of choroidal 

blood vessels as well as in a punctate manner along blood capillaries. A similar association 

between Cx43 and the vasculature has been previously reported by Christ et al. (1993) and 

Kerr et al. (2010). Cx43 on the vasculature is likely to mediate the dilation and constriction of 

blood vessels and allow intercellular communication to maintain tissue homeostasis (Kerr et 

al. 2010).  

Figure 5.7 - Cx43 expression (green stain) in the posterior eye of rats with no light damage (A & B) and light 

exposed for 24 hours (C & D). A: Intense labeling of the optic nerve (ON) and the RPE (indicated by arrows on 

all images) with Cx43 antibodies was observed in both control and light damaged rats. B: In control rat eyes the 

Cx43 expression was mainly limited to the endothelial cells of the blood vessels in the choroid. In addition Cx43 

was identified on RPE and in the sclera. C: An inferior section of a light damaged eye, demonstrating an up-

regulation of Cx43 expression within the choroid. D: A superior section of a light damaged eye demonstrating the 

up-regulation of Cx43 expression within the choroid as well as the sclera. All sections are counter stained with 

DAPI – a cell nuclei marker (blue labeling), v – vitreal side, s- sclera; Scale bars varies between images: A = 80 

µm, B-D = 30µm.   
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In addition to the expression of Cx43 along the capillaries, a distinct diffuse punctate Cx43 

immunoreactivity was also noted (Figure 5.8). In the healthy tissue, this is likely to be due to 

connective tissue fibroblasts (Kerr et al. 2010). Conversely, the eyes exposed to intense light 

for 24 hours demonstrated a remarkable increase in the density of diffuse punctate Cx43 

expression (Figure 5.8B).  Quantification of the Cx43 expression in the choroid of control 

and light damaged tissues showed a significant difference between the two groups (Figure 

5.9). Moreover, the up-regulation of Cx43 expression in the choroid was persistent after the 

removal of the light source. A slight reduction in the Cx43 counts was observed 24 hours 

after light insult, but the difference was not statistically significant. Elevated Cx43 expression 

correlates well with the leukocyte infiltration of the choroid upon light damage. As such, the 

diffuse punctate Cx43 immunoreactivity in the choroid of light damaged rat eyes is likely to 

be related to the activated leukocytes present in the choroid of these rats. Cx43 expression in 

both the inferior and superior choroids was evaluated (Figure 5.10) and there was a trend 

towards higher Cx43 levels in the inferior retina. This difference was not statistically 

significant with the small sample size here. Nonetheless, the data suggest a diffuse 

inflammatory process within the choroid of rat eyes damaged with intense light.  

Figure 5.8 - Cx43 expression within the choroid of healthy rats (A) and 24 hr light exposed rats (B and C). Cx43 

was expressed in three different patterns within the choroid. These include association with blood vessel endothelial 

cells (more clearly evident in C), linear punctate appearance (arrowheads in A), and diffuse punctate appearance (A-

C). The linear punctate immunoreactivity of Cx43 is likely to be owing to the presence of capillaries in the choroid, 

whereas the diffuse punctate appearance is likely to be associated with connective tissue fibroblasts in healthy rats. 

With light exposure (B), an increase in the diffuse punctate immunoreactivity was observed. This is likely to be due 

to the increased number of leukocytes in the choroid. A slight reduction in the diffuse punctate appearance of Cx43 

was observed 24 hours after light damage (C). s – sclera and scale bars = 30 µm 
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Figure 5.9 - Cx43 counts in the choroid of control SD rats and 24 hour light exposed SD rats; error 

bars represent S.D.; * denotes statistical significance (p < 0.05; n=3 per group) 

 

 

 

 

 

 

Figure 5.10 - Cx43 counts in the inferior and superior sections of 24 hour light exposed eyes. Error 

bars represent S.D. (n =3 per group) 

* 
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Similarly, an increase in Cx43 expression has been identified in other tissues, such as the skin 

(Mori et al. 2006), spinal cord (Cronin et al. 2008) and the lungs (Sarieddine et al. 2009) in 

response to inflammation. Consequently, Cx43 gap junction protein has been identified as a 

target for dampening the inflammatory response and to minimise tissue injury due to innate 

immune response. Moreover, research by Professor Colin Green and colleagues at the New 

Zealand National Eye Centre has identified a correlation between ARMD and Cx43 

expression, with the choroid of patients with ARMD showing a considerably higher density 

of Cx43 (unpublished data). As such, Cx43 may provide a new molecular target in the 

management of ARMD.  

5.4.2 Efficacy of Polymeric Systems in Transscleral Delivery of 

Cx43 AsODN  
 

In order to ascertain the efficacy of sub-tenon injections of Cx43 AsODN in successfully 

down-regulating the inflammatory response in the posterior tissue of light damaged eyes, the 

histology and the Cx43 expression in the control and treated eyes were compared. Only one 

eye of the light exposed rats was treated and the contralateral eye was left as the control for 

direct comparison of the eyes. This allows for a more accurate reflection of the efficacy of 

treatment, as the comparative eye can be expected to have the same level of light damage and 

it would reflect the natural regression of immune response with time. In addition, the 

effectiveness of the gel (MC:ι-CG (40:60)) formulation was compared to PBS by 

incorporating the AsODN in both media.  

Figure 5.11 shows the histological characteristics of an untreated eye (Figure 5.11A) and 

treated eyes (Figure 5.11B and Figure 5.11C). The images reveal a large number of cells 

within the choroid and the sclera of the untreated eye, correlating well with the inflammatory 

response initiated in the posterior eye owing to the light damage of the retina. Sub-tenon 

injection of AsODN incorporated in PBS resulted in a slight reduction in the hypercellularity 

of the choroid (Figure 5.11B). However, a considerable reduction in the number of invading 

cells within the choroid and sclera of eyes treated with AsODN incorporated in gel 

formulation was observed (Figure 5.11C). This suggests a dampening of the immune 

response within the sclera and choroid of light exposed animals by Cx43 AsODN.  
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To confirm the therapeutic activity of Cx43 AsODN within the choroid and sclera of light 

damaged eyes, Cx43 expression was also evaluated (Figure 5.12). The 24 hour post treatment 

time point was evaluated to determine the AsODN efficacy, as the preliminary studies 

showed a persistent inflammatory response 24 hours after light damage (Section 5.4.1) and 

the scleral permeability studies showed only a fraction of the applied AsODN reaching the 

RPE 24 hours after administration (Chapter 4). Moreover, this would minimise the number of 

animals needed for in vivo studies. A total of 6 animals were allocated to each treatment 

group (PBS vs MC:ι-CG), but animals with surgical complications, such as failure with 

anaesthesia reversal (n=1) or considerable reflux of AsODN incorporated media during 

administration (n=1), were eliminated from the final analysis. Consequently, the final 

analysis included a total of 4 animals per treatment group.  

Figure 5.11 - Effect of Cx43 AsODN treatment on the histology of posterior rat eye. A - Histology of the 

choroid of a rat eye 24 hours after light damage with no AsODN application. A large number of immune cells 

can be observed in the choroid of eyes with no treatment. B – Histology of the choroid of a rat eye, 24 hours 

after administration of AsODN in PBS. Only a slight reduction in cell nuclei staining is observed. C – The 

choroid and sclera of a light damaged eye treated with AsODN in MC:ι-CG formulation shows a considerable 

reduction in the number of cell nuclei staining. Scale bars – 30 µm 
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Figure 5.12 illustrates the comparative images of the Cx43 expression in control and AsODN 

treated eyes (inferior sections only). A dramatic reduction in the Cx43 protein expression in 

the sclera and the choroid of treated eyes can be observed, demonstrating the successful 

diffusion of the AsODN across the sclera to the choroid.  In addition, there appeared to be no 

effect of the AsODN on Cx43 expression in RPE cells.  Bruch‘s membrane or the RPE itself 

may have hindered the diffusion of AsODN beyond this barrier for at least 24 hours. Cx43 

expression within the optic nerve also appeared to be unaffected by the transscleral treatment 

with AsODN, perhaps owing to the fatty tissue surrounding the optic nerve hindering the 

diffusion of hydrophilic AsODN into that tissue. Consequently, this preliminary data 

demonstrates minimal interference of the normal functioning of the ocular tissue following 

Cx43 AsODN treatment via the transscleral route. However, further studies are needed at 

later time points to confirm that there is no effect of transscleral Cx43 AsODN delivery on 

protein expression in the RPE, retina and the optic nerve.  

 

A considerable difference in Cx43 expression between the two treatment groups (PBS and 

MC:ι-CG (40:60) gel formulations) was also observed (Figure 5.12). However, quantitative 

analysis is warranted to establish the difference between the two formulations. Consequently, 

ImageJ software was utilised to count the amount of punctate Cx43 labelling in the choroid of 

treated and untreated eyes. Figure 5.13 illustrates the average Cx43 counts per 1000 µm
2
 of 

choroid of the light exposed rats 24 hours after light damage with or without AsODN 

treatment.  
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Figure 5.12 - Cx43 expression (punctate green staining) in the posterior eye of light damaged rat eyes with no 

treatment (A & B) and 24 hours after AsODN treatment (C & D). Following light damage for 24 hours, the selected 

Cx43 AsODN formulation was injected on to the sclera of one eye (C-D) and the contra-lateral eye was kept as a 

control (A-B) for direct comparison of the effect of AsODN treatment. C illustrates Cx43 expression in the choroid 

and sclera of a light damaged eye following treatment with AsODN incorporated in PBS; D shows the expression of 

Cx43 in the choroid and sclera of a light damaged eye following treatment with AsODN incorporated in MC:ι-CG 

(40:60) formulation. A considerable reduction in Cx43 expression in the treated eyes can be observed. Cx43 

expression in the RPE appears to be unaffected by the Cx43 AsODN treatment. s – sclera and v – vitreal side; Scale 

bars = 30 µm 
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A considerable variation in the Cx43 counts between the two non-treatment groups was 

found (Figure 5.13). However, this variation was not statistically significant and is likely to 

be due to the extent of exposure of each eye to intense light. It was noted that some animals 

huddled together or at the corner of the cage to avoid light exposure. As such, the level of 

light exposure could vary between rats. Regardless of the level of exposure, inferior sections 

of eyes treated with AsODN in MC:ι-CG (40:60) formulation showed a statistically 

significant reduction (p<0.01) in Cx43 expression in the choroid when compared to the 

contra-lateral eyes (corresponding non treatment eyes) (Figure 5.13).  Superior sections from 

eyes in the MC:ι-CG treatment group showed greater variability, possibly owing to the 

variation in site of injection and due to gravitational force, as the polymeric formulation may 

have accumulated at the inferior globe to form a depot system. Regardless of the location of 

tissue (superior or inferior), the eyes treated with AsODN in MC:ι-CG (40:60) polymer 

systems showed a statistically significant (p<0.01) reduction compared to contralateral eyes 

(no treatment group).  

 

In contrast, the PBS-AsODN treated group did not show a statistically significant reduction in 

the Cx43 expression, although a trend toward reduced Cx43 levels was apparent (p>0.05). 

The deviation in Cx43 expression observed in the PBS treatment group is likely to be due to 

the reflux of solution from the injection site as well as lymphatic clearance of AsODN from 

the periocular space. On the other hand, MC:ι-CG formulation which is a viscous, 

mucoadhesive polymeric system, capable of adhering to the scleral surface at the injection 

site, may have reduced the prospect of reflux as well as lymphatic clearance and provided a 

platform for AsODN diffusion into the sclera. Thus the data demonstrate a more consistent 

delivery of AsODN into the inflamed tissue by MC:ι-CG formulation when compared to 

PBS.  
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Variable absorption due to formulation reflux is also apparent in the clinical use of Retaane
®
, 

a suspension of anecortave acetate. Anecortave acetate
 
is an analog of cortisol that is used to 

inhibit the angiogenic cascade in wet ARMD. It is the only ARMD treatment option that is 

administered via the sub-tenon route using a specially designed blunt cannula. Various 

clinical trials have demonstrated the efficacy of Retaane
®
 for the treatment of wet ARMD, 

but formulation reflux or incomplete placement has a significant impact on the clinical 

outcomes of treatment (Slakter et al. 2006; Russell et al. 2007; Ni and Hui 2009). Slakter et 

al. (2006) observed that the sub-tenon injection of Retaane
® 

was typically associated with 

trace amounts of formulation loss with the removal of the cannula. In addition, a mild or 

greater reflux was noted in about 55 % of patients. This residual backflow was observed 

despite the application of gentle pressure across the cannula during administration. Moreover, 

the study demonstrated a significant difference in the percent responders at 12 months 

* 

Figure 5.13 - Quantitave analysis of Cx43 expression in the choroid of light damaged SD rat eyes with no treatment 

and following treatment with AsODN gel (MC:ι-CG formulation) or PBS formulation.  INF – inferior and SUP – 

superior; * denotes statistically significant difference (p < 0.01) and error bars represent SEM (n = 4 per group) 

* 

* 
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between patients with and without reflux (39.4 % vs 50.5 %, respectively). Currently, a 

counter pressure device (CPD) is used in the clinical setting to address the issue of 

formulation reflux. The CPD is applied during the formulation administration and for at least 

10 seconds following the removal of the cannula (Russell et al. 2007). Nonetheless, a 

mucoadhesive, viscous polymeric formulation, such as MC:ι-CG (40:60), would perhaps be a 

better media to overcome the issue of reflux and to provide a platform for sustained delivery 

of incorporated drugs to the posterior eye.  
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5.5 Conclusions 
 

The key objectives of this chapter were to evaluate Cx43 expression in the choroid of a light 

induced ARMD rat model and to determine the efficacy of the selected polymeric system in 

delivering an AsODN across rat sclera. The results revealed a significant up-regulation of the 

expression of Cx43 in the choroid of rats exposed to intense light for 24 hours. The protein 

expression was diffuse, persistent and evident for at least 24 hours after the removal of the 

light source. The evidence here has, therefore, shed light on the involvement of the gap 

junction protein Cx43, in the orchestration of the inflammatory process associated with 

ARMD. The current mainstay treatment options for ARMD target the late stage disease 

processes, and are used to manage or slow the progression of the disease. Conversely, 

targeting Cx43 protein, which appears to be involved in orchestration and persistence of the 

initial inflammatory response, may provide an option to halt the progression of ARMD. 

However, further studies are warranted to analyse Cx43 expression in more rats exposed to 

intense light, to analyse the expression over longer periods, and to correlate these data with 

the human disease itself.  

 

The study also demonstrated the efficacy of sub-tenon injections in delivering 

macromolecules to the choroid of rats. Owing to the high permeability of the sclera, 

molecules are able to easily diffuse through this collagen structure into the choroid. However, 

the tight barrier properties of Bruch‘s membrane and/or the RPE prevented the diffusion of 

Cx43 AsODN further into the retina, preventing non-specific down-regulation of Cx43 in the 

sensory layers and RPE. Moreover, the present evidence suggests a polymeric formulation to 

be superior to a solution in delivering drugs via the transscleral route. The mucoadhesive and 

viscoelastic nature of the MC:ι-CG (40:60) formulation prevented formulation reflux and 

may have formed a depot on the posterior surface of the eye. Further studies, perhaps with 

magnetic resonance imaging (MRI) in conjunction with a contrast enhancing agent are 

necessary to localise the distribution of the formulation upon injection and to evaluate the 

period of residence in the peri-ocular space. Finally, the in vivo results indicate stability of 

AsODN in the selected polymeric system, but long term stability studies are now needed to 

fully evaluate this polymeric system as a platform for AsODN delivery. 
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6. General Discussion and 

Conclusions  
 

6.1 Summary of Findings 
 

Age-related macular degeneration (ARMD) is a growing concern for the health care systems 

in the world, owing to its increasing incidence and associated socio-economic impacts (Klein 

and Klein 2009; Rein et al. 2009). The cost of managing ARMD in Australia is currently $ 

2.9 billion per annum and is expected to increase to $ 6.5 billion by 2025 (Macular 

Degeneration Foundation Limited). The main risk factors for ARMD are age, smoking, blood 

pressure and diet. Genetics are also thought to play a major role in the development of 

ARMD. ARMD can be clinically categorised into two groups, the dry or atrophic form and 

the wet or neo-vascular form, which leads to irreversible blindness. Yet the available 

treatment options for wet ARMD are palliative and include photodynamic therapy and anti-

neovascular agents, such as corticosteroids and vascular endothelial growth factor (VEGF) 

inhibitors. Moreover, many patients do not respond to the available treatment options for wet 

ARMD. Conversely, anti-oxidant therapies are currently used to reduce the progression of 

dry ARMD (Ambati et al. 2003; Gehrs et al. 2006). As such, the identification of new 

molecular targets, development of new pharmaceuticals and the evaluation of new routes of 

drug delivery are of paramount importance in the global management of ARMD.   

 

Connexin 43 (Cx43) is a ubiquitous gap junction protein that has been found to maintain 

tissue homeostasis and be involved in tissue injury and inflammation (De Maio et al. 2002). 

Cx43 has been shown to be involved in the activation and recruitment of leukocytes to the 

site of tissue injury. As such, the therapeutic value in down-regulating the expression of Cx43 

has been demonstrated in skin wounds and corneal wounds as well as spinal cord injury 

(Mori et al. 2006; Cronin et al. 2008; Nakano et al. 2008; Rupenthal 2008). Such a clinical 

response by Cx43 down-regulation may be due in part to the dampening of inflammation in 

the initial stages of tissue repair, which minimises further tissue damage.  
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Inflammation in the posterior eye has been identified as a major pathological event in the 

development of ARMD (Nussenblatt and Ferris III 2007). Consequently, the attenuation of 

the immune responses in early stages of the disease by down-regulating Cx43 expression may 

prevent the development and/or the progression of ARMD. Protein down-regulation can be 

achieved by using short interference RNA (siRNA), aptamers or antisense 

oligo(deoxy)nucleotides (AsODN). An antisense approach is preferred for the down-

regulation of Cx43, owing to its transient effects. However, the use of AsODNs is limited, 

mainly due to issues with their stability (Nyce 1998).   

 

The unique physiology of the eye also poses a great barrier to effective delivery of molecules 

to the posterior eye. The systemic route is inefficient in delivering AsODN to the posterior 

eye because of the blood retinal barriers, rapid degradation of AsODN in blood and adverse 

effects associated with non specific tissue uptake. Similarly, topical administration (via the 

cornea) is complicated by the corneal barrier and tear fluid, which rapidly clears the 

administered dose. As such, many pharmaceuticals are administered via the intravitreal route, 

which allows the placement of a formulation in close proximity to the retina. Although this 

improves the retinal bioavailability of drugs and reduces systemic adverse effects, repeated 

intravitreal injections are associated with retinal haemorrhage, retinal detachment, 

endophthalmitis and increased intraocular pressure (Peyman et al. 2009). Moreover, variation 

in vitreal structure with age and the inner limiting membrane (ILM) of the eye affect the 

pharmacokinetics of administered molecules, leading to erratic responses from patients. As 

such the transscleral route (via sub-tenon injections), which allows the placement of a drug 

on the scleral surface, has gained much attention as an alternate route to posterior eye drug 

delivery (Thrimawithana et al. 2010). Thus, the main objectives of this thesis were to develop 

a simple polymer based delivery system for Cx43 AsODN, to determine the efficacy of the 

transscleral route in delivering AsODN to the choroid and to evaluate Cx43 as a therapeutic 

target for the treatment of ARMD.  

 

The reasons for choosing a polymeric system over other drug delivery systems in this study 

include the simplicity of AsODN incorporation in to an aqueous system that minimises 

molecule degradation during processing, and the viscosity of the polymeric system, which 

reduces problems encountered with formulation reflux following injection into the sub-tenon 

space. A polymeric system was also selected to reduce lymphatic clearance of AsODN from 
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the periocular spaces and to minimise AsODN uptake by the optic nerve which expresses 

Cx43 for normal functioning. Carrageenan was chosen as the polymer of choice due to its 

abundance and sensitivity to ions present in extracellular fluids, and the previously indicated 

stability of AsODN in carrageenan (Rupenthal 2008).   

 

The first experimental chapter of this thesis (Chapter 2) was devoted to characterising the 

cation specificity of selected carrageenans [kappa (κ) and iota (ι)] and to establish the 

viscoelastic characteristics of aqueous carrageenan dispersions. Initial phase behaviour 

studies identified a minimal polymer concentration of 0.1 % (w/v) for κ-carrageenan and 0.4 

% (w/v) for ι-carrageenan to undergo sol-gel transition in the presence of cations at room 

temperature (~22 °C). Such a low polymer concentration would reduce the likelihood of an 

acute inflammatory response to carrageenan at the injection site, considering the 

concentration of carrageenan used to induce paw oedema in rats (Vinegar et al. 1987; Sümen 

et al. 2001). Moreover κ-carrageenan was shown to rapidly undergo sol-gel transition in the 

presence of potassium ions, whereas ι-carrageenan favoured calcium ions. This cation 

selectivity led to the characteristic physical properties of the two carrageenan gels, with κ-

carrageenan forming strong, brittle gels with syneresis in the presence of potassium ions and 

ι-carrageenan forming soft and elastic gels in the presence of calcium ions. The distinctive 

microstructure of κ- and ι-carrageenan dispersions also correlated well with the demonstrated 

physical properties of the two systems.  

 

Characterisation of texture and viscoelasticity of the two forms of carrageenan dispersions at 

various cation concentrations demonstrated a maximum cation concentration (0.12 % w/v) 

that can be incorporated into the carrageenan dispersions (0.4 % w/v) without any negative 

impacts on resultant gel properties. Rheological data of the carrageenan dispersions also 

showed the temperature sensitivity of these gels, with the κ-carrageenan gels demonstrating a 

melting phenomenon and the ι-carrageenan gels indicating a gradual softening. Such 

distinctive temperature sensitivity of the two forms of carrageenan gels may perhaps be 

owing to the pseudo-crystalline structure (with a large honeycomb pattern) of κ-carrageenan 

gels and the small rectangular porous structure of the ι-carrageenan gels.  Accordingly the 

results of Chapter 2 established the desired ion sensitive properties of carrageenan dispersions 

and indicated ι-carrageenan dispersions to be of great value in designing an injectable 

formulation.  
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Binary polymeric systems composed of carrageenan and methylcellulose were then evaluated 

as potential injectable formulations, in order to improve the thermal sensitivity of selected 

carrageenan dispersions (Chapter 3). There are no previous reports on a binary system 

composed of methylcellulose and ι-carrageenan, so the results presented in this study add to 

the pool of knowledge on polymer interactions. Both rheological data and FT-IR spectra 

indicated a positive interaction between methylcellulose and carrageenan at a ratio of 40:60 

in the presence of selected cations. As such, the interaction between anionic carrageenan and 

the methylcellulose is likely to be dependent on the helix conformation of carrageenan.  

However, further characterisation of these polymeric systems with nuclear magnetic 

resonance (NMR) spectroscopy and transmission electron microscopy (TEM) imaging is 

warranted to elucidate the mechanism of interaction between carrageenan and 

methylcellulose. The syringeability of the combination systems was also evaluated and the 

data showed an increase in force needed to push the syringe plunger with the incorporation of 

cations into the binary systems. However, once re-dispersed or sheared the syringeability of 

the polymer dispersion improved dramatically. Due to the highly thixotropic nature of 

systems with ι-carrageenan, these were able to reform the gel structure following re-

dispersion.  Moreover, the selected methylcellulose and ι-carrageenan system (MC:ι-CG) 

demonstrated a considerably higher mucoadhesiveness than the methylcellulose with κ-

carrageenan system. As such, the data presented in Chapter 3 indicated that the MC:ι-CG 

(40:60) binary system was a suitable platform for delivering AsODN via the transscleral 

route.  

 

This thesis also outlined the application of iterative curve fitting to understand the drug 

release mechanism from polymeric systems. The new model (dual first-order model) 

identified two distinct release constants for the fluorescein release profiles from carrageenan 

dispersions. The initial release constant corresponds to the viscosity and tortuosity of the 

polymeric systems and a secondary release constant reflects the slow solute diffusion from a 

swollen polymer matrix. The scleral permeability was also evaluated to determine the rate at 

which AsODN would traverse the sclera upon sub-tenon injection. Initial experiments were 

performed in vitro using excised bovine sclera. Both an Ussing chamber and a standard Franz 

cell set-up were evaluated for this purpose. Preliminary data indicated that the Franz cell set 

up was a better choice for the evaluation of scleral permeability as it is convenient, simulates 

the physiological volume difference between the vitreous and peri-ocular space, maintains 
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system temperature at physiological levels and allows simple mounting of the relatively thick 

sclera between the two chambers. Moreover, the initial studies on Ussing chambers did not 

show considerable changes in the resistance of the sclera over time. In contrast, the Ussing 

chambers take longer to set-up and, because of the thickness of bovine sclera, it is difficult to 

properly mount an excised sclera between the two chambers. Furthermore, due to the large 

volume of the Ussing chambers at hand, the donor side needed a large amount of the AsODN. 

As such, the results presented in this thesis confirmed the standard Franz cell apparatus to be 

an effective alternative method to study solute permeation across the sclera. However, if the 

retinal pigmented epithelium (RPE) or the retina is to be included in permeability studies, the 

Ussing chambers would be the better choice.  

 

The permeability studies demonstrated small molecular weight sodium fluorescein to have 

twice as high a permeability coefficient as the 10kDa FITC-dextran. However, only about 

5-8 % of the FITC-dextran reached the vitreal side 24 hours after placement of the 

formulation on the bovine sclera. To determine the effect of peri-ocular lymphatics and 

choroidal circulation as well as the influence of the RPE, the permeability of Cy3 tagged 

AsODN was also assessed in vivo using rats. Interestingly, the confocal images showed the 

distribution of the AsODN along the sclera as well as an accumulation in the choroid within 

24 hours of sub-tenon injection. AsODN was also detected in small quantities in the outer 

retina closer to the equator region of the rodent eyes. As such, the Bruch‘s membrane or the 

RPE appears to be a tight barrier to AsODN diffusion into the retina; and is of great value in 

the delivery of Cx43 AsODN to the choroid because it prevents the non-specific down 

regulation of Cx43 in the retina and enhances the accumulation in the choroid. Moreover, 

Cy3 tagged AsODN was not detected in the optic nerve region of the rat eyes, illustrating the 

lack of toxicity associated with non specific tissue absorption. Consequently, the in vivo data 

illustrate the transscleral route to be an effective mode to deliver macromolecules to the 

choroid where inflammation is initiated. Nonetheless, the variation in pharmacokinetics of a 

drug between species should be considered, especially considering the relatively small 

thickness of rodent sclera.   

 

Finally, in vivo studies were undertaken to evaluate the effectiveness of polymer dispersions 

as transscleral drug delivery systems. A light induced rodent model of ARMD was used and 

the initial studies were undertaken to determine the effect of intense light on Cx43 expression 
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in the rat choroid. Immunohistochemical analysis of the tissues demonstrated a dramatic 

increase in Cx43 expression in the choroid of rats exposed to intense light. This increase in 

Cx43 expression correlated well with an increase in leukocytes in the posterior eye of these 

rats. As such, these preliminary data indicate an initiation of an inflammatory response in the 

choroid of rats exposed to intense light for 24 hours. The elevation in Cx43 expression 

remained constant for at least 24 hours after the removal of the light source. Consequently, 

this model of inflammation was used to evaluate the efficacy of MC:ι-CG (40:60) dispersion 

in delivering Cx43 AsODN to the choroid and was compared to Cx43 AsODN in a PBS 

solution. Quantification of immunostainings using digital image analysis showed a 

statistically significant difference between the eyes treated with Cx43 AsODN incorporated 

in the polymer dispersion and the eyes without any treatment (control eyes).  The observed 

reduction of Cx43 expression in the PBS treated eyes was not statistically significant, 

indicating the influence of formulation reflux and peri-ocular clearance on clinical response. 

6.2 Future Directions 
 

Even though the findings discussed in this thesis have shed light on the design of a polymeric 

system for transscleral drug delivery, some questions remain unanswered and a number of 

aspects discussed need optimisation.  

 

Due to the scarcity of literature on the physiology of the sub-tenon space and its ionic 

environment, the ionic composition of tear fluid and the extracellular fluids was taken as a 

guide in the characterisation of carrageenan dispersions. As such investigations into the ionic 

composition, mucus content, and the presence of metabolic enzymes in the sub-tenon space 

would provide tools for the better design of in vitro transscleral drug delivery experiments in 

the future. 

 

Although the rheological studies and FT-IR spectra revealed a conformation dependent 

interaction between methylcellulose and carrageenan, further characterisation of these 

systems with micro-DSC, NMR spectroscopy, transmission electron microscopy and Raman 

spectroscopy or IR spectroscopy over a wide temperature range is needed to investigate the 

extent and mode of polymer interaction.  
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Polymer characterisation also indicated the need for polymer sterilisation, but this was 

beyond the scope of this thesis as many sterilisation techniques lead to polymer degradation. 

Further studies are warranted to identify a suitable technique to sterilise these polymers. 

Tonicity modifiers and preservatives are also necessary excipients for ophthalmic 

preparations. Nonetheless, due to the interaction of many preservatives and tonicity modifiers 

with AsODN, this was overlooked in this study to prevent AsODN chelation and degradation. 

However, these aspects need to be carefully considered prior to clinical application of this 

formulation in order to prevent tissue irritation.  

 

Prior studies using the hen‘s egg test-chorioallantoic membrane had established that 

carrageenan showed no ocular irritancy when used at a concentration of 0.5 % (w/v) 

(Rupenthal 2008). However, the immunogenicity of the polymer dispersions can be 

confirmed by subcutaneous injections, to rule out the toxicity of polymers at the 

concentrations used (0.4 % w/v).  

 

Although in vivo studies indicated Cx43 AsODN to be stable in the polymeric dispersion for 

at least 24 hours, long term stability studies are warranted using high performance liquid 

chromatography (HPLC). This would indicate the shelf life of AsODN in the selected 

polymer dispersion.  

 

The efficacy of the transscleral route can be further elaborated by adding an intravitreal 

treatment group in the in vivo study. In addition, the level of Cx43 expression should be 

evaluated beyond 24 hours, to determine if multiple treatments with AsODN are necessary to 

dampen the inflammation.  Another interesting approach would be to re-expose the treated 

eyes to intense light to investigate if this new treatment strategy would prevent further 

inflammation and disease progression. Moreover, in vivo work with western blots is needed 

to confirm the up-regulation of Cx43 in the choroid as well as AsODN induced down-

regulation.  

 

Finally, assessment of human eyes with ARMD is needed to correlate these findings with the 

human disease. Confirmation of an up-regulation of Cx43 in ARMD would revolutionise the 

ARMD treatment strategy with the hope for a cure.  
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6.3 Conclusions 
 

This thesis evaluated the efficacy of a new polymeric dispersion in delivering 

macromolecules to the choroid via the transscleral route and as such has laid the foundation 

for future research in the fields of polymer science and posterior eye drug delivery.   

 

The studies on polymer characterisation introduced ι-carrageenan as a suitable platform for 

the formulation of injectables or topical gels. Conversely, κ-carrageenan can be reserved for 

modifying the release rate of solid dosage forms. The results also revealed an associative 

interaction between methylcellulose and carrageenan when carrageenan is in helix 

conformation. A blend of methylcellulose and carrageenan showed both ion and temperature 

sensitivity. It provides aqueous loading of therapeutics and as such could be a suitable 

polymeric carrier for AsODNs and bioactive proteins. The mucoadhesive properties of the 

methylcellulose and ι-carrageenan (40:60) blend also make it an ideal platform for mucosal 

drug delivery. 

 

This thesis also identified Cx43, a gap junction that is associated with many inflammatory 

disorders, as a novel molecular target for the prevention and management of ARMD. 

Although further studies are warranted to correlate these findings with the human disease, the 

identification of a new molecular target and the demonstration of the efficacy of the 

transscleral route in delivering macromolecules to the choroid will provide hope for the better 

management of this debilitating disease in the near future.  
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Figure AII.1 – Standard curve of sodium fluorescein 

Figure AII.2 – Standard curve of FITC-dextran (10kDa) 
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Figure AIII.1 – Fit of Korsmeyer-Peppas and dual first order release models to the experimentally determined amount 

of fluorescein released from a buffer solution. Error bars represent SD (n=4)  
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Figure AIII.2 - Fit of Korsmeyer-Peppas and dual first order release models to the experimentally determined 

amount of fluorescein released from κ-carrageenan (A) and κ-carrageenan with K
+
 (0.06%) systems. Error 

bars represent SD (n=4)  
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Figure AIII.3 - Fit of Korsmeyer-Peppas and dual first order release models to the experimentally determined 

amount of fluorescein released from ι-carrageenan (A) and ι-carrageenan with K
+
 (0.06%) systems. Error bars 

represent SD (n=4) 
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Figure AIII.4 - Fit of Korsmeyer-Peppas and dual first order release models to the experimentally determined 

amount of fluorescein released from κ-carrageenan with Ca
2+

 (0.06%) (A) and ι-carrageenan with Ca
2+

 (0.06%) 

systems. Error bars represent SD (n=4) 
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