
 

 

 

 

INVESTIGATING SODIUM HEXAMETAPHOSPHATE AS A 
TOPICAL TREATMENT FOR CALCIFIC BAND 

KERATOPATHY 

by 

NAOMI BENNETT 

 

A thesis submitted to the University of Birmingham for the 
degree of  

DOCTOR OF PHILOSOPHY 

 

Healthcare Technologies Institute 
School of Chemical Engineering 

College of Engineering and Physical Sciences 
University of Birmingham 

8th April 2022 

 

 

 
  



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

 
 



 2 

Abstract 

Calcific Band Keratopathy is a condition affecting the cornea, leading to the 

deposition of hydroxyapatite mineral in the Bowman’s membrane, sub-

epithelium and anterior stroma. This condition reduces visual acuity and 

causes discomfort. Band keratopathy is most commonly treated with a 

superficial keratectomy and ethylenediaminetetraacetic acid (EDTA) 

chelation, however, patients may not be offered this treatment if they have 

other ocular co-morbidities, or the condition is not advanced. Therefore 

alternative, less invasive treatment options are required. In this 

investigation, it was found that sodium hexametaphosphate (HMP) could 

form the basis of an alternative topical treatment for the condition, with HMP 

significantly reducing the mineral present in a hydroxyapatite sol in vitro. 

Both cellular monolayer assays of corneal cells and tissue biopsy assays of 

corneal tissue provided evidence of HMP affecting cellular metabolism and 

reducing intra-cellular adherence. Gellan, alginate and chitosan gels each 

responded differently to the addition of HMP. Alginate showed a reduction 

in shear viscosity when assessed using rheometry, whereas both gellan 

and chitosan crosslinked with HMP addition and increased in viscosity. The 

increase in crosslink density exhibited in the gellan fluid gel and chitosan 

gel rendered both unsuitable for use as an eye drop. Chitosan films were 

developed, however, only alginate was found to release a suitable 

therapeutic dose of HMP. An ex vivo porcine model of band keratopathy 

was developed, and assessment of 0.5M HMP, 1M HMP, alginate and 0.5M 

HMP and 2% EDTA showed that each was successful in significantly 

reducing mineralisation, with 1M HMP as the most effective.  
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concentration of LDH, with and without the presence of HMP. The sample containing 
0.5M HMP reads lower despite containing the same concentration of LDH. The 
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model of Band Keratopathy, Pages 197-203)

 
Abbreviations and Key terms 

 

ADP   Adenosine Diphosphate 

AMD   Age-related Macular Degeneration 

AMP   Adenosine Monophosphate 

AMT   Amniotic membrane transplantation 

ATP   Adenosine Triphosphate 

BAK, BAC  Benzalkonium Chloride 

BCVA   Best corrected visual acuity 

BK, CBK  Band Keratopathy, Calcific Band Keratopathy 

CMC   Carboxymethylcellulose 

EDTA   Ethylenediaminetetraacetic acid 

GDP   Guanosine Diphosphate 

GTP   Guanosine Triphosphate 

H&E   Haemoxylin and Eosin 

HA   Hydroxyapatite 

HA   Hyaluronic acid 

HBSS   Hanks Balanced Salt Solution 

HMP, S-HMP Sodium hexametaphosphate 

HPMC   Hydroxypropyl methylcellulose 

LPHN   Lipid Polymer Hybrid Nanoparticles 

MHC   Major Histocompatibility Complex 

mPTP   Mitochondrial permeability transition pore 



 15 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 

MUC1   Mucin 1 

MUC5AC  Mucin 5AC 

MW   Molecular Weight 

NHSBT  National Health Service Blood and Transplant 

OCT   Optical Coherence Tomography 

OCT medium  Optimal Cutting Temperature medium 

PAA   Poly Acrylic Acid 

PBS   Phosphate Buffered Saline 

PEG   Polyethylene Glycol 

PolyP   PolyPhosphate 

PPG   Polypropylene Glycol 

PPK1   PolyPhosphate Kinase 1 

PPK2   PolyPhosphate Kinase 2 

PPX   Exopolyphosphotase 

PTK   Phototherapeutic keratectomy 

PVA   Polyvinyl Alcohol 

SBF   Simulated Bodily Fluid 

SEM   Standard Error of the Mean 

sIgA   Secretory Immunoblogulin A 

SLN   Solid Lipid Nanoparticle 

TFBUT  Tear Film Break-up Time  

TGF-β   Transforming Growth Factor Beta 

TPP   Tri-PolyPhosphate 
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1. Introduction and Literature Review 

Sections 1.2 to 1.7 were published as part of a progress report in Advanced Functional 

Materials (Material, Immunological, and Practical Perspectives on Eye Drop 

Formulation, N. H. Bennett, H. R. Chinnery, L. E. Downie, L. J. Hill and L. M. Grover, 

Advanced Functional Materials 2020 Vol. 30 Issue 14 DOI: 10.1002/adfm.201908476). 

 

1.1  Band keratopathy 

Mineralization processes are an important part of the normal functioning of bodily 

systems, necessary for maintaining a balance of calcium, creating bone and preserving 

bone density. However, ectopic mineralization - calcification of soft tissues - can be 

serious and life-limiting. This is particularly dangerous in the heart and vasculature, 

where stiffening of the tissue or blockages can lead to critical cardiac damage [2]. 

Ectopic calcification can be broadly categorized as either dystrophic – a result of 

diseased or damaged tissue, or metastatic – a result of a serum calcium/phosphate 

imbalance [3]. It is suggested that in most tissues there is a continuous action of both 

calcification-inducing and calcification-inhibiting molecules to maintain a balance that 

prevents ectopic calcification [3, 4]. Dysregulation can lead to mineral build-up, 

typically taking the form of calcium oxalate or a calcium-phosphate salt such as 

hydroxyapatite [5].  

 

It is widely accepted, although not uncontested, that mineral formation under biological 

conditions requires the presence of a nucleator and nucleation site. It is thought that 

osteoblasts can produce their own nucleators to allow the mineralization of bone and 

teeth, creating a dense collagen network in which hydroxyapatite crystals become 

embedded [5, 6]. Much of the debate around the processes of both pathological and 
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healthy mineralisation focuses on the role of matrix vesicles (MVs) which are 

suggested to regulate the phosphate ratio in the matrix [7].  It is still unclear as to how 

much parity exists between the mechanisms of bone formation and the development 

of ectopic calcification.  

 

In the eye, mineralisation in the retina - in the form of drusen - can be a symptom of 

sight-threatening dry age-related macular degeneration (dry-AMD) [8]. In the anterior 

(front) eye, mineralisation is most commonly a secondary effect of another underlying 

systemic condition, but can also occur due to local injury or loss of tissue homeostasis. 

Calcific Band keratopathy (BK) is a corneal condition which presents as the 

accumulation of calcium-hydroxyapatite mineral in the bowman’s layer of the cornea 

(Figure 1.1). In severe cases, this mineral can span to the stroma, or can breach the 

epithelial layer leading to significant discomfort [9]. This mineralisation leads to 

obstruction of the light passing through the cornea and reduced visual acuity. Patients 

also describe dryness and a ‘grainy’ feeling – known as foreign body sensation. If the 

condition progresses uncontrolled, the mineral can compromise the structure of the 

cornea, increasing the risk of ulceration [10]. This condition most commonly presents 

in patients on long-term topical glaucoma therapy or with chronic corneal oedema, 

parahyperthyroidism, renal failure or juvenile idiopathic arthritis [10-15]. It has also 

been associated with the use of silicone oil in lens replacements and phosphate 

preservatives in eyedrops [9]. The global prevalence of BK is not well recorded, 

however recent studies in different countries have provided some suggestion of the 

rate of occurrence. In India, a study of over 2.5 million electronic health records of 

people who visited various ophthalmic hospitals revealed a prevalence of BK of 0.33% 

[16]. In Taiwan, a study of patients with end stage renal disease found an increased 



 19 

risk of band keratopathy compared to controls, with 230/94039 ESRD patients having 

a diagnosis of BK compared to 26/94039 matched controls (giving a prevalence of 

0.24% and 0.028% respectively) [15]. The rate of band keratopathy appears to be very 

low in the general population, predominantly affecting those with other, linked 

conditions.  

 

The exact mechanism through which the calcium deposits form in cases of BK remains 

under question, however evidence can be gained from other conditions in which 

metallic compounds build up in the cornea, for example, the build-up of copper in 

Wilson’s disease [17, 18]. In the eye, Wilson’s disease presents as a green/brown ring 

near the limbus called a Kayser-Fleischer (K-F) ring. This appears on anterior ocular 

coherence tomography (OCT) scans as a hyperreflective band [17]. The ring is formed 

by the deposition of copper in the Descemet’s membrane [17, 18]. Wilson’s disease is 

a recessive genetic condition which causes the dysregulation of copper metabolism 

and the accumulation of copper in various tissues [17]. It is therefore reasonable to 

assume that the formation of calcium-phosphate deposits in Band Keratopathy is likely 

due to the metabolic dysregulation of calcium and phosphate in the corneal tissue or 

elsewhere. As in other conditions in which ectopic calcification takes place, the process 

through which band keratopathy develops can be considered as either dystrophic, a 

result of chronic inflammation and damage to the ocular tissues, or metastatic, due to 

an imbalance of calcium and phosphate ions - either due to systemic dysregulation or 

the introduction of high concentrations of these ions from external sources [9]. In the 

case of dystrophic mechanisms of BK, it is suggested that changes in the pH of the 

tissue environment facilitate the formation of the mineral. It is common in tissues for 

calcium and phosphate ions to exist at concentrations close to the limit of their solubility 
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in solution. When the pH of these tissues changes rapidly, the calcium-phosphate 

mineral precipitates and is deposited in the extra-cellular space [19]. These pH 

changes can be attributed to changes in the tissue metabolism or the tear osmolarity 

due to conditions such as dry eye syndrome.  It is also most common for deposits to 

form in areas of the cornea that have the most exposure to the outside air [9]. A 

previous study which examined the potential role of vitamin D overdoses in the 

development of band keratopathy in rabbits found that only the subjects with exposed 

corneal surfaces formed calcium-phosphate deposits, and those with closed eyelids 

did not [20]. The characteristic hydroxyapatite deposits formed in cases of Band 

Keratopathy are therefore thought to form in the central cornea due, in part, to the 

action of tear evaporation and gaseous exchange of the tear film, which allows for 

greater exposure to oxygen and greater loss of acidifying carbon dioxide than 

elsewhere in the eye [19].  

 

In the early stages of the BK, the foreign body sensation can be managed with 

lubricating artificial tears or a soft bandage contact lens. If the condition worsens, or 

the risks associated with treatment are mitigated, the usual treatment for BK involves 

performing a superficial keratectomy. This involves the removal of the primary 

epithelial layer through abrasion or with ethanol, and then the application of 

Ethylenediaminetetraacetic acid (EDTA) to the ocular surface either on a soaked paper 

disc or into a well. EDTA chelates the calcium in the hydroxyapatite, breaking up the 

deposit [10]. This process is most commonly administered with the patient awake and 

their eye anaesthetised by a local anaesthetic injection. EDTA chelation is not the only 

treatment available, with mechanical debridement (without a chelating agent) or 

phototherapeutic keratectomy (PTK; laser ablation) also used to treat the condition in 
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some cases [9]. However, both have significant disadvantages, with mechanical 

debridement leaving a rough corneal surface once the mineral deposit has been 

removed, and PTK being linked with hyperopic or myopic shifts – changes in the 

refractive properties of the cornea which have a significant impact on vision [9]. 

Mechanical debridement is therefore most commonly used in combination with 

chemical chelation, and PTK is used where the chemical chelation procedure is ill-

advised due to ocular comorbidities. The PTK procedure is much more costly than the 

EDTA chelation procedure due to the nature of the specialist equipment required [9]. 

As an additional recovery aid to each of these procedures, amniotic membrane 

transplantation (AMT) is sometimes deployed to improve the healing of the epithelium 

post-operatively, improving both the healing (re-epithelialisation) rate and the 

smoothness of the corneal surface [9, 21]. 

 

 

Figure 1.1: a representation of the mineral deposits that characterise BK, showing the 

structures of the cornea affected. The tear film and epithelium represent the very front 

of the eye – the ocular surface. The hydroxyapatite mineral most commonly forms in 

the Bowman’s membrane, occasionally breaching the epithelial layer or becoming 

embedded in the stroma as the condition progresses. 
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In order to develop a novel topical treatment for band keratopathy, it is necessary to 

develop an understanding of the current methods deployed in topical ocular drug 

delivery, the opportunities for innovation and the limitations of topical formulations. 

 

1.2  The ocular structure and environment  

The modern world is designed to be navigated through sight, and as a result, ocular 

conditions can be extremely limiting. There is both a fascination and a general 

sensitivity around the eyes. The NHSBT transplant activity report 2020/21 states that 

as of 31 March 2021, 10.0% of people who joined the organ donation register chose 

not to donate their corneas [22]. Globally, the number of people who would classify as 

blind or partially sighted is set to increase by 200-300% by 2050, due to the general 

ageing of the global population [23]. In the United Kingdom, AMD poses the greatest 

threat to the average person’s sight, followed by cataracts, diabetic retinopathy, and 

glaucoma, respectively. A 2018 review into the economic impact in the UK of blindness 

– defined as best corrected visual acuity (BCVA) of < 6/60 in the better-seeing eye - 

and sight loss - defined as BCVA of < 6/12 to 6/60 in the better-seeing eye - found that 

associated healthcare costs were around £2.99 billion in 2013 [24]. This growing 

burden of disease highlights the need for the development of both better management 

techniques and more effective treatment options for those experiencing sight loss or 

blindness.  

 

Our eyes develop in utero from extensions of the brain’s neural tissue. This neural 

tissue forms the retina – the light-sensitive part of the eye [25]. Humans have two types 

of photoreceptor cells in the retina — rods for low light, and cones for colour. These 

cells hold ‘opsin’ pigments which change conformation when they are hit by a photon 
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[26]. This change in conformation creates an electrical current which is transmitted to 

the brain. The anterior tissues – the cornea, lens and iris - function to direct light 

towards the fovea, the part of the retina that has the highest density of cone cells and 

offers the highest visual acuity [27]. The first tissue the light passes through in an open 

eye is the cornea, which focuses the light. The iris, the smooth muscle ring which gives 

eyes their colour, contracts or expands to control how much light passes through to 

the lens and beyond. The lens acts as an additional focus, before the light passes 

through the vitreous and reaches the retina [27]. When the light reaches the retina it 

has been inverted by the curvature of the cornea and lens, meaning the image has to 

be re-inverted by the brain – a feature examined through the use of mirrored glasses 

in the classic experiments performed by George Stratton and Roberto Ardigò in the 

1800s [28].  

1.2.1 The anterior ocular immune system 

Unlike most other organs the eye is relatively exposed to the outside environment. The 

eye is considered ‘immune privileged’, meaning that regulation of some immune 

responses occurs within and by the tissue, rather than via the systemic immune system 

[29]. So-called ‘immune privilege’ lends itself towards some ocular tissues developing 

tolerance to certain stimuli on exposure, rather than inducing the expected 

inflammatory response that would occur in other peripheral tissue sites such as the 

skin [30]. This allows for protection against infection, whilst also protecting the delicate 

ocular tissues against repeated inflammatory responses, which can result in the loss 

of transparency of key tissues and ultimately blindness [31, 32]. The bias towards 

tolerance is maintained through immuno-suppressive agents, such as transforming 

growth factor-beta (TGF-β) and α-melatonin stimulating hormone, which limit or direct 
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the activity of both the resident immune cells and infiltrating leukocytes. In addition to 

mechanisms that regulate the nature of the adaptive immune responses, the resilience 

of the ocular surface in avoiding infection - despite its exposed location - is due to a 

robust repertoire of anatomical features (including apical epithelial tight junctions, 

paucity of afferent lymphatics and blood vessels) and innate immune components such 

as tear lysozyme, anti-microbial defensins and secretory IgA. Most infections that 

occur in the eye are usually secondary to mechanical damage to the ocular surface, 

from injury or contact lens wear, or impaired barrier integrity, which compromises the 

innate ocular defence mechanisms [31]. When considering the immunological 

implications of topical ocular treatments, it is the anterior tissues that are of particular 

interest as these tissues are both in contact with and treated directly by these topical 

therapies.  

The immune cells naturally present in the anterior tissues of the eye can change their 

phenotype and function depending on the inflammatory environment and the disease 

state [33]. It is also important to recognise the diverse functions of the tear film, 

especially if an eye drop is to be designed to aid/replicate those functions. However, 

the anterior eye has multiple structural barriers to invasion that form the front line of 

the ocular immune system, including the mucosal layer and tear film, before tissue-

specific immune cells are recruited [29].  

1.2.2 The tear film 

The surface of the eye is lubricated and smoothed by the tear film.  Components of the 

tear film work to trap debris (mucins), kill pathogens (lysozymes, phospholipids, etc), 

collect foreign bodies (sIgA) and assist with the removal of said bodies through blinking 
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[34, 35]. The tear film has traditionally been described as having a mucin layer, an 

aqueous phase and a lipid phase, however, these layers are not necessarily discreet. 

 

Mucins act to promote an optimally lubricated ocular surface by supporting the 

spreading of the bulk of the tear film over the outer corneal and conjunctival tissues. 

Secreted, gel-forming MUC5AC and cell adhesive MUC1 additionally facilitate 

pathogen removal by trapping the pathogen and preventing its adhesion to the 

underlying epithelial tissue [35-38]. The longer, surface adhesive mucins also allow for 

the formation of reservoirs of oxidative enzymes, defensins, lysozymes and lactoferrin 

– proteins produced by scavenger cells (neutrophilic granulocytes) that are attracted 

to inflammation – which work to reduce the adhesion of bacteria and remove damaged 

host tissue [35, 39]. Mucins are of particular interest when considering ocular drug 

delivery routes, as these mucins can interact with polymers to facilitate the beneficial 

mucoadhesive properties of some eye drops [40-45]. Certain molecules within the tear 

film are also bactericidal. Gram-negative bacteria are killed by lysozymes, which split 

their muramic acid linkages [34, 46].  Secretory phospholipase A2 acts against gram-

positive bacteria [16],  alongside lactoferrin and transferrin which - as the names 

indicate - bind iron [34, 39]. Psoriasin, an antimicrobial agent found on the skin, has 

also been detected at the ocular surface [47]. 

 

The primary antibody present in tears is secretory immunoglobulin A (sIgA), which is 

produced in the lacrimal gland. sIgA works to prevent bacterial adhesion, aggregate 

neutralised pathogens and allow clearance of the pathogens from the ocular surface 

[48] [35]. It has also been associated with the increased chemotaxis of neutrophils and 

other immune cells during the prolonged period of eyelid closure during sleep [49].  
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Tear lipids can also augment the bactericidal properties of tears, as short-chain lipids 

affect the surface properties of the bacterial cell membrane, and long-chain lipids have 

a direct effect on bacterial metabolism [39, 50]. It has been shown that tear film lipids 

can induce cell lysis, distortion and cell wall damage in both gram-negative and gram-

positive bacteria [50]. Additionally, the lipid phase of the tear film is thought to offer 

protection to the aqueous phase from evaporation, ensuring optimal lubrication of the 

ocular surface [51-53]. 

These processes maintained by the tear film all act as part of a wider complex 

mechanism of ocular surface protection. This system remains virtually impenetrable to 

pathogens unless there is a physical disruption to the barrier or injury to the tissue. 

1.3  Ocular drug delivery 

Ocular drug delivery is a challenging but rapidly evolving area of research. It is well 

documented that the biological systems that keep the eye free of debris and protect 

the vital posterior structures, also present a barrier to topical drug delivery [54, 55]. Eye 

drops are most commonly used for treating the anterior structures of the eye (Figure 

1.2) – the cornea, conjunctiva, sclera, ciliary body and trabecular meshwork – as a 

passage to the posterior segment of the eye is restricted [56, 57]. The cornea 

comprises sublayers with different properties; the epithelial and endothelial layers are 

lipophilic, and the stroma is hydrophilic [57, 58]. These properties heavily influence 

which drugs and carriers are effective in passing across the cornea, with positively 

charged carriers showing higher penetration than neutral or negatively charged 

carriers [59].  Drugs that are both lipid- and water-soluble (amphiphilic) also show 

improved penetration [58, 60]. 
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1.3.1 Eye drops   

Eye drops are most commonly applied directly to the cornea or into the conjunctival 

sac. Eye drops can be used for therapeutic drug delivery (e.g., corticosteroids, 

antibiotics, etc.), or for symptom management (e.g., artificial tears for dry eye disease). 

Eye drops typically include a solvent, electrolytes, a thickening agent, an active 

agent/drug and in some cases a preservative (e.g., benzalkonium chloride). In addition, 

with the intent of mirroring natural tears, eye drops have an optimum pH of 

approximately 7.4 and a closely controlled osmolarity [29].   

Polymers were first used within eye drops to take advantage of their mucoadhesive 

properties and improve the residence time and resistance to lacrimal clearance of the 

drops [56]. Conventional aqueous eye drops are rapidly cleared by blinking and 

lacrimal drainage, which creates severe limitations to the bioavailability of any 

therapeutic agent being delivered. Eye drops are said to provide a bioavailability of 

around 5% of the delivered drug [61]. Predictions of the average residence time of eye 

drops on the ocular surface vary greatly, with there being multiple methods of 

assessing this in both clinical and research settings.  Optical coherence tomography 

(OCT) can be used for in vivo assessments in clinical and experimental settings and 

has shown retention times of up to 60 minutes for gel eye drops. This method has also 

highlighted significant differences in the clearance rates for gel and aqueous drop 

formulations [62, 63].  

It is more common for residence time to be measured as a function of tear film break-

up time (TFBUT) using fluorescein, which has provided values for drop retention 

ranging from 10 to 90 minutes [64-66]. The nature of the drug being delivered, the 

polymer additive, its concentration and the use of preservatives can be adapted to 
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create the best possible combination of properties for the desired treatment effect. 

These changes do however only have minimal impact on the objectively low efficacy 

of eye drops compared to more invasive treatments such as intraocular injections (for 

the diseases for which they are available) [67]. Despite this, eye drops still offer an 

attractive treatment option, due to their ease of administration, versatility and low cost.  

 

1.3.2 Conventional polymer additives for eye drop formulations 

    

Eye drops formulated for the management of dry eye disease - which involves chronic 

damage to the ocular surface and leads to discomfort and inflammation - typically use 

polymeric agents to provide ocular lubrication and/or stabilise the tear film [68, 69] 

(Table 1, Table 2). Polymers also increase the ocular retention time of the drops 

compared to purely aqueous solutions. Certain charged polymers (of which many are 

listed below) offer the advantage of mucoadhesion – adherence to the mucosal layer 

of the tear film, which further increases the residence time of the drops on the ocular 

surface [60, 70]. Currently, commercially available eye drop products (Table 1, Table 

2) will often include one, or more, biocompatible polymeric agents. 
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Table 1. Examples of over-the-counter (United Kingdom) non-medicated artificial tear eye drops 
and their thickening agents 
 
Type Product name/Brand Thickening agent Concentration (%) 

Artificial tears Carmize 0.5% Aspire 
Pharma (PF), Cellusan 
1% Farmigea (PF), 
Evolve Carmellose 
Lumecare 0.5% (PF), 
Melopthal, PF Drops 
Carmellose Martindale, 
Xailin Fresh Nicox 

Carboxymethycellulose 0.5-1.0% 

Optive Allergan 

 

Carboxymethycellulose 

 

0.5% 

 
Optive Plus Allergan Carboxymethycellulose 

Castor Oil 

0.5% 

0.25% 
Systane, Systane Gel 
Drops, Systane Ultra 
Alcon (Novartis) 

Polypropylene Glycol 

PEG 400  

0.3% 

0.4% 

Systane Balance Alcon 
(Novartis) 

Polypropylene Glycol 0.6% 

Evolve Hypromellose 
Lumecare, Hydromoor 
Rayner, Hypromellose 
FDC, Hypromol 
Ennogen, Lumecare 
Hypromellose, Lumecare 
Tear drops, Ocu-lube 
Sai-Med, PF Drops 
Hypromellose Moorfields, 
SoftDrops eye drops 
Ajanta, Vizulize 
Hypromellose, Xailin 
Hydrate Nicox 

Hydroxypropylmethylcellulose 0.3-0.5% 

Liquifilm Tears Allergan, 
Sno tears Chavvin 

 

Polyvinyl Alcohol 1.4% 

Refresh Opthalmic 
Allergan 

Polyvinyl Alcohol 

Povidone 

1.4% 

0.6% 

Artelac Rebalance 
Bausch + Lomb, Clinitas, 
Evolve HA Lumecare, 
Hy-Opti Alissa, Hyabak 
Thea pharmaceuticals, 
Hylo-fresh 
URSAPHARM, Hylo-forte 
URSAPHARM 

Sodium Hyaluronate 0.1-0.4% 
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Blink Intensive Tears 
Abbot 

Sodium Hyaluronate 

PEG 

0.2% 

0.25% 

HydraMed Farmigea Sodium Hyaluronate 

Tamarind Seed 
polysaccharide 

0.2% 

0.2% 

Hylo-care URSAPHARM Sodium Hyaluronate 

Dexpanthanol 

0.1% 

2% 
Hylo-Dual URSAPHARM Sodium Hyaluronate 

Ectoin 

0.05% 

2% 
Lubristil Gel Moorfields Sodium Hyaluronate 

Xanthan Gum 

0.15% 

1% 
Optive Fusion Allergan Sodium Hyaluronate 

Carboxymethylcellulose 

Glycerol 

0.1% 

0.5% 

0.9% 
Thealoz Duo Thea Sodium Hyaluronate 

Trehalose 

0.15% 

3% 
Thealoz Duo Gel Thea Sodium Hyaluronate 

Trehalose 

Carbomer 

0.15% 

3% 

0.25% 
Emustil Rayner Soy bean oil 

Natural Phospholipids 

7% 

3% 
Artelac Nighttime gel 
Bausch + Lomb, Clinitas 
Carbomer gel Altacor, 
Evolve carbomer 980 
eyegel Lumecare, 
Lumecare carbomer eye 
gel, Xailin gel VISU 
pharma 

Carbomer (Polyacryclic acid) 0.2% 
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Table 2:   Active ingredients and main thickening agents of different types of medicated eye 
drops (United Kingdom)

Purpose Product 
name/Brand 

Active ingredient Thickening agent 

Artificial tear Ilube Rayner Acetlycysteine 5% Hydroxypropylmethylcellulose 
Antiviral 
treatment Virgan Thea 

pharmaceuticals 
ganciclovir 0.15% Carbomer 974P 

Allergy relief Otrivine-Antistin 
Thea 
pharmaceuticals 

Xylometazoline 0.05% 
Antazoline 0.5% 

- 

Optilast Mylan Azelastine hydrochloride 
0.05% 

Hydroxypropylmethylcellulose 

Emadine Alcon emedastine 0.5 mg/ml Hydroxypropylmethylcellulose 

Relestat Allergan 0.5 mg/ml epinastine 
hydrochloride 

- 

Zaditen Thea 
Pharmaceuticals 

0.345 mg/ml ketotifen 
fumarate 

Glycerol 

Alomide Novartis Lodoxamide 0.1% Hydroxypropylmethylcellulose 

Glaucoma 
treatment 

Iopidine Novartis Apraclonidine 5mg/ml - 
Lumigan Allergan 0.3mg/ml bimatoprost - 
Alphagan/ 
Brymont Allergan 

2mg/ml Brimonidine Polyvinyl Alcohol 

Azopt Novartis 10mg/ml Brinzolamide Carbomer 974P 
Trusopt Santen 22.26 mg/ml dorzolamide 

hydrochloride 
Hydroxyethyl cellulose 

Monopost Thea 
Pharmaceuticals 

50 µg/ml latanoprost Carbomer 974P 
PEG (macrogol 4000) 

Betagan Allergan levobunolol hydrochloride 
0.5% 

Polyvinyl Alcohol 

Oftaquix Santen 5.12 mg/ml levofloxacin 
hemihydrate 

- 

Saflutan Santen 15 micrograms/ml tafluprost Glycerol 
Travatan Novartis 40 micrograms/ml 

travoprost 
Polypropylene glycol 

 Betoptic Novartis Betaxolol 0.5% Carbomer 974P 
 Tiopex gel Thea 

Pharmaceuticals 
1mg/g timolol Polyvinyl alcohol 

   
Bacterial eye 
infections 

Azyter Thea azithromycin dihydrate 
15mg/g 

Medium chain triglycerides 

Golden Eye  Chloramphenicol 0.5% - 
Fucithalmic 
Viscous eye 
drops Advanz 
pharma 

10mg/g Fusidic acid Carbomer 

Gentamicin 
eye/ear FDC 
International 

0.3% gentamicin - 

Ciloxan Novartis Ciprofloxacin 0.3% - 
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Eye 
inflammation 
(e.g., post-
cataract 
surgery) 

Betnesol RPH 
Pharmaceuticals 
AB 

Betamethasone 0.1% 
Neomycin 0.385% 

PEG 300 

Vistamethasone 
Martindale 
Pharma 

Betamethasone Sodium 
Phosphate 0.1% 

- 

Yellox Bausch + 
Lomb 

0.9mg/ml sodium 
sesquihydrate/Bromfenac 

- 

Maxidex Novartis Dexamethasone 0.1% Hydroxypropylmethylcellulose 

FML Allergan 1 mg/ml Fluorometholone Polyvinyl Alcohol 

Ocufen Allergan Flurbiprofen sodium 0.03% Polyvinyl Alcohol 

Acular Allergan Ketorolac trometamol 5 
mg/ml 

- 

Lotemax Bausch 
+ Lomb 

0.5%w/v loteprednol 
etabonate 

Glycerol 

Nevanac Novartis 3 mg/ml nepafenac Polypropylene Glycol 

Carbomer 

Carboxymethylcellulose 

galactomannan polysaccharide 
Pred forte 
Allergan 

1% prednisolone acetate hydroxypropylmethylcellulose 

Vexol  Alcon 1% Rimexolone Carbomer 

Tobradex 
Novartis 

Tobramycin 3mg/ml 
Dexamethasone 1mg/ml 

Hydroxyethylcellulose 

Voltarol Optha 
Thea 
Pharmaceuticals 

Diclofenac sodium 1mg/ml Polypropylene glycol 
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Figure 1.3.3: Hyaluronic Acid structure 

 

Hyaluronic acid (HA) (Figure 1.3.3) is a naturally occurring polymer formed of linear 

polysaccharide chains, with sub-units of d-glucuronic acid and N-acetyl-d-

glucosamine. These polysaccharide chains form with multiple hydrophilic anionic sites, 

which attract water molecules and allow HA solutions to become viscous and show 

beneficial rheological properties [72].  The molecular weight of the HA naturally present 

in the body elicits different immunological and cellular responses, with shorter chains 

appearing more conducive to cell growth and repair than long-chain forms [72, 80, 81]. 

This has potential repercussions for the systemic effects of HA use. Chain length has 

also been found to have a direct influence on the appropriate concentration of HA that 

should be incorporated into eye drops to allow for improved ocular retention and 

viscoelasticity. For a given concentration, it was found that in most cases commercially 

available eye drops only reach one-third of the optimum chain length value required 

[82].  

 

HA is incorporated into eye drops to manage dry eye (artificial tears) but is not 

commonly used in medicated drops. HA has a higher ocular retention compared to 

CMC or HPMC and has also been shown to have effects on corneal epithelial cell 

healing in animal models [73] and to improve corneal recovery in patients with 

superficial punctate keratitis compared to CMC [83]. Larger studies have shown 

comparable results between CMC and HA with respect to the stabilisation of the tear 

film after cataract surgery [84], and clinical trials using HA eye drops demonstrate the 

efficacy of this therapy for improving symptoms and clinical signs in moderate-to-

severe dry eye disease over three months [85].  Although HA shows the same, if not 
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1.4  Innovations in topical ocular drug delivery 

The drawbacks of currently available eye drops are well documented, and it is worth 

noting that alternative forms of topical treatment are being investigated including ocular 

devices such as contact lenses and inserts [32, 61, 103-109]. However, eye drops 

remain a non-invasive and patient-friendly approach to ocular disease management 

and treatment.  

 

Patients have previously reported limitations to their daily activities when eye drop 

application frequency is increased, as they must accommodate the additional 

applications and may not feel comfortable using eye drops outside of their home 

environment [110-116]. The simplest treatment regimens are shown to have better 

adherence and persistence from patients [110-116]. The increase in efficacy of drops 

with higher bioavailability may reduce the necessary frequency of administration and 

increase patient adherence to the regimes. 

There is no one simple or ‘best’ answer as to how to most effectively improve the 

formulation of topical eye drops. The question of which material or structure will be 

most effective will ultimately depend on the nature of the disease being treated, its 

influence on the physiology and function of the eye’s anterior tissues, and the 

chemistry of the therapeutic drug.  

1.4.1  Innovations in ocular drug delivery: hydrogels and fluid gels 

Hydrogels are now increasingly being investigated for use as biological scaffolds, drug 

delivery devices and as alternatives to plasters and sutures. Hydrogels show tuneable 

mechanical properties, drug release profiles and degradation rates [117-120]. Natural 
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polymers are generally non-toxic and biodegradable and have the added advantage 

of binding with cells and proteins. However, natural polymer-based hydrogels can have 

poor mechanical strength, and high variability, and can still provoke an immune 

response despite being non-toxic. Synthetic polymers are more consistent and 

tuneable in their properties but do not inherently interact with proteins or cells [119].  

 

Several manufacturers advertise commercially available ‘gel’ eye drops. However, 

there is a disparity between the commercial and academic interpretation of what 

constitutes a ‘gel’, with many ‘gel’ drops simply incorporating viscous polymers to 

improve the rheological properties instead of creating a true hydrogel. True hydrogels, 

crosslinked polymer networks that entrap and hold water (Figure 1.4) [121], are yet to 

fully translate into commercial use. This is due to several practical factors, including 

the toxicity of some crosslinking agents to the ocular surface, the rate of lachrymal 

clearance limiting in-situ gelling, pre-formed gels being harder to administer, limitations 

in pH and temperature sensitivity and patient-focused outcomes (such as comfort and 

clarity of vision).  

 

As an alternative to pre-formed gels, in-situ gels have been tested to allow for simple 

ocular administration [29, 118, 119, 122-124]. Harsh chemical gelation agents would 

be inappropriate for ocular use, so natural variables should be exploited, such as 

temperature, pH and the presence of electrolytes or proteins [125].  

 

Other considerations for formulations include that the solvent and cross-linking agents 

that form the gel structure must not have a toxic or damaging effect on ocular cells and 

tissues. They must also be compatible with the drug being carried. That said, both 
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impact the final structure of the gel and therefore must also produce the desired 

characteristics within the gel [126]. Aqueous vs. anhydrous (alcohol) gel formation 

provides different structures and properties of gel, and these structural changes can 

inhibit the ability of certain polymer structures to deliver drugs effectively [127, 128].  

 

Figure 1.4: A comparison of the structure of polymer solutions and hydrogels. Polymer 

solutions form entanglements which determine the physical properties, and the number 

of entanglements tends to increase with concentration, increasing viscosity. Hydrogels 

entrap water through cross-linking. 

 

The radiation-initiated cross-linking of some gels has the added benefit of sterilising 

the gel [71], however pre-formed gels pose a challenge for topical application.  

 

Fluid gels may circumvent issues with administration, allowing for better control of 

rheological properties and the ability to administer consistent drops [95, 129, 130]. 



 47 

Fluid gels have been explored as a versatile deviation from the traditional hydrogel 

structure and are formed by shearing a hydrogel during manufacture to produce a 

complex hydrogel microstructure, formed from a bed of gel particles as opposed to a 

macrostructure [95]. Fluid gels, therefore, retain the viscosity and favourable drug 

delivery profile of a gel, whilst allowing for the necessary flow characteristics for 

spraying, pouring and drop formation, and they present a promising medium for eye 

drops [95, 129-137]. The level of shearing the gels is exposed to can also control the 

microstructure, which in turn can control the spreadability of the drop. The use of 

mucoadhesive gels which have been sheared to provide a fluid gel with the optimum 

balance of viscosity and wettability may circumvent some of the issues raised. 

 

1.4.2 Lipid-based drug delivery systems 

Although tailoring mucoadhesive polymers presents one option for improving the 

efficacy of eye drops, other avenues are also being explored, including emulsions and 

microemulsions, lipid-based carriers and permeation enhancers [99, 132, 138]. Lipid 

or emulsion-based eye drops show comparable results to conventional polymer-based 

drops with regard to retention and drug delivery [51, 138-140]. Emulsions also offer the 

added benefit of being able to carry hydrophobic/poorly water-soluble drugs [141]. 

However, there are concerns with regard to the methods of synthesis relying on a high 

proportion of surfactants (<10%) which interact with the ocular surface and increase 

the residence time of the drops but can be cytotoxic to the corneal cells. There are also 

concerns as to how well emulsions will last in prolonged storage – if the dispersion of 

the emulsion becomes uneven and separation occurs, the dosage of each eye drop 

will become uneven and the therapeutic threshold may not be reached [142].  
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As with simple polymeric drugs for dry eye disease, the drops do not have to carry a 

drug to have a therapeutic effect. Lipids themselves can treat a number of conditions 

including dry eye disease and meibomian gland disorder [138, 139, 143, 144]. In such 

cases, the addition of topical lipids or fatty acids can help rebuild the natural lipid film 

almost instantaneously, helping replenish the protective function of the lipid 

components of the tears [143]. Such as with the polymer choice in polymeric drops, 

the choice of oil in emulsion-based drops significantly changes the properties of the 

drop. Long-chain oils do not interact with the surfactants or emulsify as easily as short-

chain oils, but show a higher drug solubility [145]. This means a balance has to be 

struck between drug compatibility and emulsion stability. The proportion of oil in the 

drop is also dependent upon the dose of drug which needs to be carried [142]. This 

means the properties of the resulting emulsion are largely dictated by the nature of the 

drug being delivered.  

 

Liposomes – nanospheres with one or more phospholipid bi-layers – have also been 

investigated for use in drops with increased corneal penetration with considerable 

success [145-147]. However, the use of liposomes elsewhere in the body has been 

shown to elicit an inflammatory immune response. This response has even been 

harnessed as an adjuvant for vaccines [147, 148]. This raises questions for long-term 

ocular use, as prolonged inflammation can be extremely detrimental to eye health. 

 

Solid lipid nanoparticles offer similar advantages to polymeric nanoparticles in terms 

of permeation of the natural barriers of the eye, whilst also presenting the option to 

carry drugs that may not be transportable in a polymeric system. SLNs can be 
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optimised to target specific pathologies as different combinations of lipid structures 

(triglycerides, fatty acids, waxes etc) can be used. Solid lipid nanoparticles are less 

likely to be made with harsh solvents, which may be beneficial for conditions where the 

ocular surface is already damaged or inflamed. However, they do normally incorporate 

surfactants to stabilise the emulsion, and despite these measures can still carry a lot 

of water and undergo structural changes during storage which can lead to a reduced 

drug-carrying capacity [149]. SLN drops do, however, typically contain proportionally 

less surfactant than emulsion drops [141]. Similarly, smaller liposomes can be 

designed and optimized to carry and deliver both hydrophilic and hydrophobic drugs 

by adjusting the lamellar structure [150, 151]. Both SLNs and liposomes can be 

designed as polymer-lipid composites to draw on the advantageous properties of both 

and allow for various synthesis methods [151]. 

Emulsion-based eye drops can incorporate polymers to allow for mucoadhesion, whilst 

using lipids to transport the hydrophobic drug [152]. This approach can be carried 

across into nano-carriers, with the synthesis of lipid-polymer hybrid nanoparticles 

(LPHN). These nano-carriers can deliver a hydrophobic drug in a polymer core, which 

is surrounded by a lipid layer. This lipid layer acts to ensure the hydrophobic drug 

remains encapsulated whilst also enhancing permeability through lipophilic tissues 

[151]. 

1.5  Immunological response to polymeric materials in the eye 

The response of immune cells to the presence of biomaterials on the ocular surface 

will likely differ from examples of implantation elsewhere in the body, due to the 

plasticity and tolerance of ocular immune cells, and the consistent exposure of the 

ocular surface to the external environment. One example of regular, prolonged contact 
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of polymers to the ocular surface (as opposed to the current minimal contact of 

aqueous eye drops) is with contact lenses. An increase in dendritic cell numbers in the 

central cornea has been observed to occur in silicone-hydrogel contact lens wear [153, 

154], as has an increase in tear inflammatory markers [155, 156]. Contact lens wearers 

can also experience a range of conditions linked to ocular surface inflammation, 

including dry eye disease [157, 158], contact lens associated red eye (CLARE) [159] 

and contact lens intolerance [160]. The use of polymeric eye drops is unlikely to elicit 

a similar response, as even with a prolonged residence time the overall contact time 

with the ocular surface and any mechanical disruption will be minimal in comparison. 

There may be potential to harness the properties of the polymers to induce 

biomaterials-based immunomodulation in relation to ocular surface diseases. 

Immunomodulation, both intentional and unintentional (as a result of interaction 

between immune cells and drug delivery devices), needs to be considered when 

formulating eye drops. Concerns for the use of materials with longer residence times 

in the eye have arisen around the potential for an incomplete breakdown in devices 

designed to biodegrade to release their drug load and the uncertainty of responses to 

the by-products of the decomposition of different materials. In a repeated dosing 

situation, as with eye drops, there is a risk of material build-up and an associated 

inflammatory response [161]. Material may build in the conjunctival sac, which poses 

a potential risk as the conjunctiva is more prone to inflammatory responses than the 

cornea [39]. This could also lead to a foreign-object response and a feeling of 

discomfort, which will not aid adherence to a treatment regime. 
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1.5.1 The immune environment of the cornea, sclera and conjunctiva 

When examining the use of topical ocular drug delivery methods, it is important to 

recognise the potential for undesirable inflammatory responses from the ocular tissues, 

as well as opportunities to use immune responses for the benefit of the treatment 

regime. 

 

Research in both human and murine models has demonstrated, after substantial 

debate, that bone marrow-derived macrophages (CD45
+ 

CD11b
+ 

CD11c ) and 

dendritic cells (CD45
+ 

CD11b
+ 

CD11c
+
) reside in the healthy cornea, more specifically 

in the stroma (Figure 1.2b) [27, 162]. It has also been widely reported that dendritic 

cells and macrophages become more abundant in ocular tissues as disease severity 

and inflammation progress, as with elsewhere in the body [162-166]. It has been 

suggested that dendritic cells in particular are recruited to the cornea from the limbus 

[39, 167]. Not all macrophages and dendritic cells in the cornea are mature and ready 

to act as antigen-presenting cells, as approximately 70% of resident tissue 

macrophages are negative for the MHC class II complex, which is a molecule critical 

for activation of T lymphocytes [167, 168]. Epithelial tissues elsewhere in the body are 

associated with a much wider variety of leukocyte subsets, so it is suggested that 

resident corneal macrophages have the ability to adapt after exposure to certain stimuli 

(such as trauma) to impart wound-healing functions [162, 166, 169]. Previously, the 

idea was upheld that macrophages act as part of the innate immune system and 

dendritic cells as part of the adaptive immune system, however in the eye these lines 

are blurred due to the adaptability of both cell types, and their role in the tolerance and 

wound healing responses [166, 170]. Cytokines regulate the recruitment and function 
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of inflammatory cells that play critical roles in epithelial cell regeneration and stromal 

remodelling [162, 167]. 

 

The limbus, which defines the border between the transparent cornea and the non-

transparent sclera, is home to the blood and lymphatic vessels that provide a pathway 

for the antigen-presenting macrophages and dendritic cells to engage with T-

lymphocytes [167]. Gamma-delta (γδ) T-cells, which primarily reside in the limbus, 

have been shown to be pivotal in the regeneration of corneal epithelial tissue after 

injury [171]. In mice, specific T-helper cells have been shown to gather in the limbus 

and then spill into the conjunctiva during an inflammatory response, leading to 

conjunctiva-related allergy symptoms [172].  

 

The activities of the immune cells and the limbal vasculature are influenced by the 

release of histamines and prostaglandins by immunocompetent cells residing in the 

conjunctival epithelium [27]. The conjunctiva is home to the same immune cell types 

that reside in the cornea (i.e., dendritic cells and macrophages) [39] but also has its 

own lymphatic drainage, allowing rapid trafficking by the antigen-presenting cells and 

the induction of a rapid response to pathogens and/or injury [48]. The conjunctiva also 

contains its own collection of immune cells such as T-cells, antibody-secreting B-cells 

and histamine-producing mast cells, which are arranged as so-called conjunctiva 

associated lymphoid tissue (CALT; [173, 174]). As a result, the conjunctiva is far more 

prone to inflammatory and allergic responses than tolerance responses compared with 

the cornea [39]. 

1.6  Tuning the properties of eye drops 
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Bioavailability considers the therapeutic efficacy of a treatment in terms of the amount 

of drug that becomes available to the tissue over the treatment window. When 

formulating an eye drop with greater bioavailability, there are multiple approaches to 

consider: i) ensuring the residence time of the drop is extended to create a larger 

delivery window (Figure 1.5.1), ii) ensuring the release profile of the delivery vehicle 

and the dose of the drug being carried allows for the optimum dose to be delivered 

across that window and iii) enhancing the permeation of the drug through the tissue.  

The residence time of eye drops is increased when the drops can withstand the ocular 

surface’s natural clearance mechanisms. Predictions of eye drop residence time are 

commonly calculated based on a combination of rheological testing and estimations of 

tear turnover rate and blinking mechanics. It is the general understanding that the 

natural tear film is shear thinning, a property which could be easily emulated in 

polymeric eye drops [175]. Assessment of tear film turnover is commonplace in clinical 

settings in the form of simple fluorescein clearance tests. In order to assess the 

residence of eye drops in vivo, this same test can be replicated with the fluorescein 

dye incorporated into the eye drop [176].  

1.6.1 Mucoadhesion 

The mucosa of the ocular surface plays an important role in the protection and function 

of the eye. The mucus on the ocular surface originates from the surrounding goblet 

cells. The glands which produce the other aqueous and lipid components in the tear 

film are based in the surrounding mucosal tissue also - the conjunctiva and superior 

and inferior tarsus (eyelids). Increases in the amount and the consistency of the mucus 

produced can be indicative of inflammation, or a reduction can lead to epithelial 

damage and dry eye disease [177, 178]. The majority of the ocular mucus is held to 
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the ocular surface in a glycocalyx layer (Figure 1.6); however, some secreted mucins 

float freely in the aqueous portion of the tear film [38, 177, 179]. The glycocalyx forms 

a protective barrier and an additional layer to penetrate for drug delivery purposes but 

also creates the possibility of extending the residence time of an eye drop if the correct 

properties are enhanced. 

 

Figure 1.6: The anatomical elements of mucoadhesion and the mechanisms of 

adhesion including a) strong electrostatic attraction, b) physical entanglement and c) 

hydrostatic bonding 

The mucins responsible for the improvement in retention time of mucoadhesive 

vehicles are the surface adhesive mucins in the glycocalyx [36, 38]. In order to stabilise 

the tear film, these mucins are hydrophilic, and the longest (MUC16) have a MW of 

around 2.5 million. Polymers exhibit mucoadhesion through a number of possible 

mucin-polymer interactions which can be electrostatic (hydrogen bonding or 
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electrostatic binding) or through physical entanglement (Figure 1.5.1) [38, 178]. As 

mucoadhesion, therefore, requires direct contact between the polymer and the 

mucosal layer, the wettability of the polymer matrix and the contact angle between the 

two layers are vitally important [180].  

1.6.2 Viscosity 

Another avenue investigated for overcoming the eye’s natural barriers to drug delivery 

and improving the bioavailability of the carried drug is to increase the viscosity of the 

eye drop [29, 181-183]. Tests have shown that more viscous drops show a higher 

resistance to lachrymal clearance and stay resident on the surface of the eye longer 

[32, 61, 67, 82, 95, 184-187]. As with mucoadhesion, this increases the window 

available for drug delivery. Rheological assessments which determine viscosity are 

also frequently used to test the mucoadhesive properties of a polymer solution or gel 

[185, 188-191]. This links properties like viscosity and elastic strength to 

mucoadhesion. However, both cannot be increased indefinitely – as viscosity 

increases so does the surface tension of the drop. Various studies have examined the 

contact angle of drops in vivo and in vitro to assess how changes in viscosity, surface 

tension and surface chemistry affect the ‘wetting’ of the drop [192-194]. Viscosity 

appears to limit the spreadability of the drop, which in turn limits the mucoadhesion 

[180].  This is not necessarily a linear relationship as, for example, in viscous hydrogel 

drops, the crosslinking mechanism in the gel may change the surface chemistry which 

can also influence mucoadhesion - either positively or negatively [185]. The surface 

tension of an eye drop formulation has also been highlighted to have an important 

relationship with the drop size, and its consistency over multiple applications [195, 

196]. It was also shown that drop bottle applications produce highly variable results 



 56 

among patients, with drug type (flow characteristics), concentration and drop viscosity 

affecting drop size [195].  

1.6.3 Rheology as a test for eye drops 

Rheological techniques attributed to the specialism of viscometry are commonly 

deployed to assess the viscosity of gel-like materials. Rheology can be used to 

examine the properties of materials from Newtonian fluids to Hookean solids. Rheology 

compares the relationship between applied forces and the geometrical effects induced 

by these forces at a point.  There is an assumed continuum – it is assumed that the 

measured behaviour is the same at any point other than at the boundaries [197].  

There are two equations which describe the basic rheological state of materials, the 

Newton law of liquids:  

! = #
$ 

Where ! – the rate of shear deformation, σ − shear stress, η – viscosity  

and Hooke’s law of solids: 

% = #!
Ε  

where ε – deformation, σE − tensile stress and E − elastic (or Young’s) modulus 

However, there are limitations to these models. In solids, there are multiple time-

dependent behaviours such as creep and relaxation which cannot be explained within 

Hooke’s model. Additionally, both models require a linear relationship between stress 

(#) and deformation (! or ε) [197]. It is, however, possible for liquids to display non-
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Newtonian behaviour, where shear stress is not proportional to shear rate and viscosity 

is not constant [197]. Non-Newtonian liquids can be viscous or viscoelastic.  In viscous 

liquids, the work of deformation is lost (dissipates).  Viscoelastic liquids, on the other 

hand, can store work energy as elastic energy and return it as elastic deformation 

[198].  

These concepts are particularly relevant to the study of polymeric solutions. Generally, 

as the amount of polymer in a solution increases, so does the viscosity and in turn the 

non-Newtonian behaviour of the liquid. Most polymers exhibit a critical shear stress 

rate, above which the viscosity changes [198]. Polymeric solutions can be shear 

thickening – with viscosity increasing with increasing shear stress – or shear thinning 

– with viscosity decreasing with increasing shear stress [199].  Shear thickening is not 

to be mistaken for ‘spurt’, where a maximum shear stress is reached, and flow is no 

longer possible [198]. In this case, the material begins to slide along the walls of the 

measuring device.  

Rheological assessments allow us to gain a better understanding of how polymeric 

solutions intended for eye drops behave under shear stress, such as blinking. Blinking 

creates a stress of 24.2 Pa in the downward phase and 12.1 Pa in the upward phase 

respectively on the corneal surface, creating a shear rate of up to 33,000s
1
 [200, 201]. 

Using physiologically relevant parameters in rheological assessments can therefore 

also provide an idea of the theoretically expected residence time for an eye drop [202].  

When 18 commercially available HA-based eye drops were assessed, their viscosities 

were found to fall in the range of 2.5 to 2034.4 mPa·s [203]. There is a balance to be 

struck between ease of administration, blurring vision, patient comfort and eye drop 

residence time when formulating a viscous eye drop. Although most preparations 
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undergo some form of rheological testing in vitro as an assessment of their properties, 

this often does not take into account the complexity of blinking conditions. The natural 

curvature of the eye, and where the drop sits in relation to the eyelids must be 

considered and assessed when examining the behaviour of the drops [43, 81, 97, 126, 

186, 202, 204, 205]. 

1.6.4 Controlled release 

Each drug has an upper and lower limit of efficacy – a therapeutic threshold - which is 

directly associated with the concentration present in the target tissue (bioavailability). 

Drug delivery systems need to release their carried drug at a suitable rate to maintain 

a therapeutically effective dose across the treatment time window, otherwise, any 

improvements in residence time will not translate to improvements in treatment efficacy 

[184]. Different drug delivery vehicles offer different levels of tunability of the drug 

release profile [32, 87, 182, 206, 207]. Where the drug delivery relies on the 

disintegration of the carrier, drug release may be limited by slow disintegration. Many 

hydrogels are also responsive to ionic and pH changes [123, 182, 208]. Additionally, a 

strong interaction between the drug and the carrier may change the release profile of 

the delivery device, hindering delivery and preventing the drug from reaching or 

sustaining the therapeutic threshold [106]. The mechanism of drug loading is also 

important, as different methods create different release profiles but also involve 

different solvents [209]. The loading of nanoparticles is also limited by the fact that the 

encapsulated phase makes up a very small fraction of the overall mixture, and the 

loading is limited to the equilibrium point between the phases [210]. Relevant tests 

which take the temperature and pH of the destination tissue into account can give an 

idea of the expected in vivo delivery profile of a specific formulation. 
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1.6.5 Alternative mechanisms of ocular tissue penetration 

Formulating eye drops which overcome the ocular barriers to drug delivery can involve 

facilitating easier passage of the drug through the ocular tissue. The main barrier to 

trans-corneal drug delivery is the epithelial layer, within which there are inter-cellular 

protein junctions and bindings which work to prevent penetration through the multiple 

cellular layers (Figure 1.5.3). Lipophilic drugs travel through the cornea by passing 

through the lipid bilayer of the cells themselves. Transport through the stroma is 

restricted to diffusion, so this is the rate-limiting step of the process [61]. Hydrophilic 

drugs must pass through the cellular tight junctions, which present the most significant 

barrier to penetration. It is also common for hydrophilic drugs to then accumulate in the 

stroma, which may limit passage to posterior tissues [61]. 

In order to reach the posterior structures of the eye, drugs must be able to pass through 

the cornea (this is also necessary for treating some corneal diseases). Due to the risks 

associated with increasing the permeability of the cornea itself, investigations have 

focused on how to surpass the cornea’s natural barriers with amphiphilic molecules 

and carriers. However, even when a drug or carrier shows increased corneal 

permeation, this improvement is currently negligible when compared to the loss of the 

drug through the conjunctiva (~85%) and the limitations of residence on the corneal 

surface, and therefore efficacy of treatment is not yet significantly improved in vivo 

[211]. 
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1.7  Chelating agents in topical ocular drug delivery 

The first attempts at improving the penetration of drugs through the cornea involved 

incorporating pharmaceutical permeation enhancers such as EDTA to interfere with 

the epithelial tight junctions to allow for the passage of drugs into the stroma.  

  

Figure 1.7: The wider structural and epithelial intra-cellular barriers to drug penetration 
in the cornea [1]  

Both benzalkonium chloride (BAC/BAK) – a common preservative used in multi-

dosage drops – and EDTA have been shown to improve the penetration of drugs 

through the cornea in vitro [60, 212]. Calcium plays a vital role in cell-to-cell and cell-

to-substrate adhesion. Cadherin membrane glycoproteins have been highlighted as 

key players in cell-to-cell adhesion in most tissues, and depend on calcium ions for 

their function [213]. Cadherins can be subdivided into types E, P and N, with E and P 

cadherins expressed in the corneal epithelium and N cadherins expressed in the 
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corneal endothelium of mice [214]. Cadherins form trans-dimers with the cadherins on 

opposing membranes to create intra-cellular adhesion. In the corneal epithelium, this 

is reinforced with actin to produce adherens junctions (Figure 1.7) [215]. EDTA and 

similar compounds sequester calcium ions from the epithelial layer, impacting the 

function of the tight junctions and allowing for the delivery of molecules beyond [216].  

Although this may appear positive for drug delivery, this process can affect the health 

of the corneal epithelium, leading to additional discomfort and secondary ocular 

conditions, such as superficial punctate keratitis and lower sensory nerve density [217]. 

The enhanced ocular penetrative effect has also not been replicated in in vivo studies, 

where the contact time of the eye drop preparation is much shorter [218].  

There is also evidence to suggest that in drops that use a combination approach of 

pharmaceutical permeation enhancer and residence-prolonging polymers in solution, 

the polymer/drug/permeation enhancer interactions overall limit the bioavailability of 

the drug [219]. EDTA in particular has therefore been examined for both its influence 

on the penetrability of ocular tissue and its ability to remove calcium deposits from the 

ocular surface. However, in the cases of both EDTA and BAK, the use of chelating 

agents in the eye raises questions about ocular toxicity.  

1.8  Inorganic Polyphosphates in cellular metabolism 

Polyphosphates such as Adenosine Tri-, Di- and Monophosphate (ATP, ADP and 

AMP) are well known for the important role they play in cellular metabolism. In bacteria, 

studies have found evidence for the production of the enzymes polyphosphate kinase 

1 (PPK1), which is suggested to allow the transfer of terminal phosphate units from 

ATP to inorganic polyphosphate chains, and polyphosphate kinase 2 (PPK2), which 

allows for the transfer of phosphate units from polyphosphate to guanosine 
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diphosphate (GDP), forming guanosine triphosphate (GTP) [220-223]. The potential 

importance of polyphosphate in bacterial cell metabolism and regulation has led to 

investigations which successfully used polyphosphate kinase depletion to tackle 

antibiotic resistance [224]. These same enzymes have been adapted for industrial use, 

and PPK from different sources can catalyse the synthesis of ATP from short-chain 

polyphosphates and AMP [225]. Exopolyphosphotase (PPX) is a third enzyme found 

in bacteria, which can hydrolyse polyphosphate chains into individual phosphate (Pi) 

units, potentially creating an energy reservoir from polyphosphate stores [224, 226, 

227]. In starvation stress, PPX (which degrades polyphosphate) is inhibited [228]. 

Polyphosphate has therefore been found to play an important role in several key 

bacterial functions, including cell survival and stress response, motility, biofilm 

formation and heavy metals processing [224, 226, 228]. 

 

It has only recently been found that inorganic polyphosphates may play a role in this 

intracellular metabolism in mammalian cells. A specific hexokinase found in hepatic 

cells has been found to exclusively use inorganic phosphate, with a particular affinity 

to hexametaphosphate, and is inhibited by ATP [229]. Inorganic polyphosphates have 

also been found to be distributed in osteoblasts, and bone regeneration models in 

which rats were treated with polyphosphate have suggested that they may play a role 

in osteoblast growth and differentiation, and bone formation [230-232]. Both 

prokaryotes and eukaryotes have stores of polyphosphate, usually found in 

acidocalcisomes – acidic organelles similar to lysosomes which also store calcium 

[233, 234]. Human platelets have similar granular organelles, which are believed to be 

key to the release of polyphosphate which is triggered in the platelet activation [235-

237]. It is a relatively recent discovery that polyphosphate plays a role in blood clotting 
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as a pro-coagulant [235].  Inorganic polyphosphate has been suggested to play a key 

role in calcium homeostasis within the mitochondria [238]. It has previously been 

known that orthophosphate acted as a buffer in calcium homeostasis within the cell, 

however, this mechanism alone would lead to the formation of insoluble calcium 

phosphate precipitates. It is now suggested that intracellular polyP may facilitate this 

process by inhibiting the formation of precipitates when free calcium levels remain 

elevated [238]. Additional investigations have discovered significant levels of inorganic 

polyphosphate (polyP25) in cardiac muscle cells, and that the polyP levels are altered 

in metabolic stress conditions such as ischaemia and heart failure [239]. It is suggested 

that in these same cells, polyP activates the mitochondrial permeability transition pore 

(mPTP), and may facilitate the process through which calcium ions can accumulate in 

the mitochondria in heart disease [240].  

 

Earlier studies have provided evidence that polyP regulates mTOR activation in animal 

cells, suggesting a role in the proliferation pathway [241]. The list of proteins with which 

inorganic polyphosphates have been found to interact and possibly allosterically 

control is growing, so much so that work has begun to map the ‘human polyP-ome’ 

[242]. The phenomenon of post-translational polyphosphorylation by inorganic 

polyphosphates primarily affects lysine residues of target proteins, which are 

suggested to form a nucleophilic attack on the polyP chain [243]. Modification of 

trimetaphosphate with biotin additions to each end of the polymer chain has allowed 

for the screening of 15000 human proteins, identifying 309 potential targets in the first 

instance, and opening the potential for many hundreds more [242].  
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The role of polyphosphate in both eukaryotic and prokaryotic cells creates interesting 

host/pathogen and pro-biotic interactions. There is evidence to suggest that the 

polyphosphate from probiotics in the intestine may play a key role in the maintenance 

of the epithelial barrier function [244].  When tissue damage occurs and a pathogen 

enters the host, short-chain polyphosphates in platelets play a role in the host’s 

inflammatory response, encouraging clotting and neutrophil recruitment [228]. It is also 

suggested that host PolyP encourages proinflammatory (M1) phenotype differentiation 

in macrophages, which would encourage pathogen neutralisation and clearance [228, 

235]. Prokaryotic cells carry polyphosphate which is on average much longer (1000+ 

units) than that of eukaryotic cells, and the pathogen may use these long-chain 

phosphates to counter the host response, encouraging M2 phenotype differentiation 

(anti-inflammatory) in macrophages and impairing MHC class II expression [228].  

1.9  Sodium hexametaphosphate 

Sodium hexametaphosphate (HMP), also known as Graham’s salt, is a collection of 

high molecular weight inorganic polyphosphates, including linear, branched and cyclic 

structures [245]. Sodium HMP is formed when sodium phosphate (NaH2PO4) is heated 

at 800
°
C for a prolonged period, leading to the polymerisation of the phosphate units 

[245]. Rapid cooling is required to prevent the formation of the alternative sodium 

trimetaphosphate [246]. The resulting polyphosphate molecules are then hydrolysed 

by nucleophilic hydroxide (OH-) ions in water to form smaller linear polyphosphate 

molecules with a negative (anionic) charge and multiple binding sites [247, 248].  

 

Sodium HMP can chelate metal ions and is commonly used to soften water or to 

decalcify and remove limescale in food manufacturing equipment and domestic 
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appliances [249]. Outside of mineralisation processes, HMP’s chelating abilities can 

be used to interfere with processes dependent on calcium and magnesium ions, such 

as intercellular adhesion and cell membrane permeability [250, 251]. Polyphosphates 

including HMP are used in the ceramics industry as deflocculants [252, 253]. They are 

incorporated into colloidal suspensions of ceramic materials such as clay to alter their 

rheological properties and ensure they are optimal for different processing stages. With 

regard to the use of HMP in materials formation outside of ceramics, HMP has been 

used to crosslink chitosan through ionotropic gelation to form nanoparticles as a 

replacement for the more widely used tripolyphosphate (TPP) [254, 255]. The 

presence of monovalent and divalent metal ions is important for hydrogel formation, 

and chelating agents such as HMP can therefore be used to modulate the effects of 

these ions and the properties of the gel [256, 257].  

 

Sodium HMP is also used in the food industry as an emulsifying agent and preservative 

[249, 258]. The role of HMP in food processing most typically utilises the ability of the 

ion to bind to protein, for example to separate whey protein [259] or metal ions, for 

example, to prevent accumulation of magnesium ions on the surface of fermented 

sausages [258]. The ability of HMP anions to bind to proteins can be used to stabilise 

emulsions, for example where the addition of HMP to egg white protein oil-in-water 

emulsions creates a ‘creamier’ – i.e. more stable - emulsion than those without HMP. 

This has been attributed to the ability of the HMP anions to crosslink the egg white 

protein, creating a viscoelastic network [260]. Additionally, in acidified milk drinks, HMP 

has been shown to interact with the protein pectin, again working to stabilise the milk 

emulsion [261]. Microencapsulation of stable oil particles in tuna and anchovy, through 
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the coacervation of HMP and gelatin, works to preserve the nutritionally valuable 

omega-3 fatty acids [262, 263]. 

 

In each of the varied functions that inorganic polyphosphates play, be that in ceramics, 

food or biological processes, the chain length of the phosphates involved is key to their 

activity. An investigation into polyphosphate-mediated blood clotting behaviour 

revealed that polyphosphate of shorter chain lengths (~100 units) accelerated factor V 

activation, whereas a length of 500 units or more was necessary for optimal activation 

of the contact pathway [264]. Variation of polyP chain length has been found 

throughout the anatomy of mammals, with that found in brain tissue consisting of a 

majority of chain lengths at 800 units or more, whereas that found in the plasma is 

around 60-100 units, and that in heart myofibrils is 25 units long [239, 240, 265, 266]. 

The composition of a solution of sodium hexametaphosphate at room temperature 

includes a majority of polyphosphates with 6 phosphate units or greater, with much 

smaller proportions of shorter chain (<5 phosphate units) polyphosphates [267]. Early 

studies into the composition of sodium hexametaphosphate (or Graham’s salt), show 

that the temperature of formation is directly related to the lengths of the chains 

produced. Graham’s salt can contain chains as long as 200 units or more [268] 

however there has previously been much variation in what is commercially available 

[269]. The polyphosphates present in sodium hexametaphosphate can be broken 

down when heated to form shorter-chain polyphosphates. When HMP was heated for 

30 hours at 90°C, a viscous material consisting of orthophosphate and pyrophosphate 

was produced, signifying the end of the breakdown of the polyphosphate units [270]. 

The activation energy required for this breakdown was lowered when the solution into 

which the HMP was dissolved was made more basic [270]. This corresponds with 
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findings which investigate the role of heat treatment both in the presence and absence 

of CaCl2 in the degradation of HMP. The proportion of polyphosphates with less than 

6 phosphate units in a 0.5% HMP solution increased by 5% after treatment at 100ºC. 

When the HMP solution was heat-treated in the presence of CaCl2, this compositional 

change was greater. When the same assessments were performed on pyrophosphate 

solutions, the presence of calcium appeared to instead inhibit the hydrolysis of 

pyrophosphate into orthophosphate, with 95% hydrolysis without CaCl2 and 75% with 

[267]. There is little evidence outlining how HMP, or other polyphosphates, may break 

down over time without heat treatment when stored in ambient conditions in solution. 

 

With regards to biomedical uses, research has shown that HMP can be used to de-

calcify ectopically mineralised tissue [271] and dissolve kidney stones [272]. Due to its 

role in industry of modifying the surface of calcium ceramics, HMP is currently being 

investigated for various remineralisation and protective roles in dental care [273-279]. 

These studies have shown HMP to be safe for use in the oral cavity and to encourage 

human dental pulp cell and osteoblast proliferation [274, 275]. In the absence of serum, 

the population doubling time of human dental pulp cells was dramatically lowered by 

treatment with polyphosphate with a chain length of 60, at a concentration between 0.2 

and 1mM [280]. HMP has also previously undergone toxicity testing due to its use in 

the food and cosmetic industries, with tests finding it safe for use in oral and dermal 

contexts [281].  

 

Due to its unique properties, HMP presents as a viable potential agent in a topical 

treatment of BK which replaces the current EDTA/superficial keratectomy procedure. 
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AIMS AND OBJECTIVES  
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The EDTA chelation procedure for the treatment of band keratopathy is well-regarded 

by clinicians, and it is considered effective [9]. There are, however, several limitations 

to this procedure, including: 

(a) The threshold for treatment: it is common for patients to not receive treatment until 

their visual acuity is severely affected or they are experiencing unmanageable pain or 

discomfort. 

(b) The risk of treatment: patients commonly develop corneal oedema after the 

procedure which in a small number of cases can lead to additional ocular 

complications.  

(c) The removal of the epithelial layer: this leaves a higher risk of infection and is 

uncomfortable for the patient for days afterwards. The use of EDTA delays healing 

compared to eyes with similar corneal abrasions by up to 5 days, and there is also a 

risk of developing dry eye disease [10, 282].  

(d) Exclusions from treatment: many patients develop CBK alongside additional ocular 

comorbidities which exclude them from receiving treatment for their CBK. An 

assessment of 89 cases in a UK hospital found that improvement in visual acuity after 

the procedure was not statistically significant, typically due to ocular co-morbidities 

[10].  

(e) The availability of EDTA for chelation: clinicians are seeking alternatives to the 

usual Na-EDTA due to its scarcity in clinical settings.  

(f) The aversion of patients to invasive procedures.  

(g) The cost of invasive procedures: Where possible, surgical interventions should be 

considered a last resort in treatment.  

(h) The risk of recurrence: A recent evaluation also showed that in 28% of cases the 

deposits recurred within 2 years, and some required a second procedure [10]. 
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It is for these reasons that band keratopathy will sometimes be left untreated. The 

development of an effective topical treatment could circumvent some of these 

limitations, namely by reducing the threshold for and exclusions from treatment, 

reducing the risks compared with those associated with surgical intervention, 

improving the availability of the therapeutic agent, increasing the choices available to 

patients and clinicians, reducing the cost of treatment, and managing recurrences non-

surgically. 

 

The aim of this project was therefore to assess whether sodium hexametaphosphate 

could act as the therapeutic agent in an effective topical treatment for calcific band 

keratopathy, an ocular condition which is characterised by the ectopic formation of the 

calcium phosphate hydroxyapatite in the cornea. There are four key questions which 

form the basis of this investigation, each leading on from the last: 

 

(a) Can sodium hexametaphosphate effectively demineralise and dissolve 

hydroxyapatite mineral within the time associated with the retention of an eye drop 

of the eye? 

(b) Is sodium hexametaphosphate toxic to the ocular cells and tissue? 

(c) Can the delivery of sodium hexametaphosphate to the eye be optimised by 

incorporating polymeric materials to modulate the viscoelastic properties of the 

formulation? 

(d) Can a relevant ex vivo test be developed to assess the efficacy of sodium 

hexametaphosphate in treating band keratopathy? 
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Within these core questions and the investigations carried out to answer them, key 

parameters relevant to the wider context will be established, including the 

concentration of HMP in solution that is both effective and safe, how long this 

concentration of HMP would need to be resident on the ocular surface for, and 

whether the incorporation of said concentration of HMP into an organic polymeric 

material assists in the drug delivery. The development of an ex vivo model to test the 

HMP formulation within ties together the subsequent investigations. 
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3.  

GENERAL METHODS  
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3.1 Table of Materials 

Name Supplier Location of Supplier 

10% Paraformaldehyde Sigma Aldrich 
The Old Brickyard, New Rd, 

Gillingham SP8 4XT, UK 

10% Povidone Iodine solution 

(Videne) 
WMS 

Craiglas House, The 

Maerdy Industrial Estate, 

Rhymney NP22 5PY, UK 

70% Ethanol Sigma Aldrich As above 

Agar, powder Sigma Aldrich As above 

Ammonium hydroxide Sigma Aldrich As above 

Amphotericin B ThermoFisher 

Thermo Fisher Scientific 

UK, Bishop Meadow Road, 

Loughborough, LE11 5RG, 

UK 

Calcium chloride Sigma Aldrich As above 

Calcium nitrate Sigma Aldrich As above 

Chitosan powder (medium 

chain length) 
Sigma Aldrich As above 

Cytotox 96 non-radioactive LDH 

release assay kit 
Promega 

Science Park, 2 Benham 

Rd, Chilworth, Southampton 

SO16 7QJ, UK 

Di-ammonium phosphate Sigma Aldrich As above 

DMEM F-12 (Gibco) ThermoFisher As above 

Esoin Sigma Aldrich As above 

Ethylenediaminetetraacetic 

acid. crystalline 
Sigma Aldrich As above 

Foetal Bovine Serum Sigma Aldrich As above 

Glass cover slips Sigma Aldrich As above 

Harris’ Haemoxylin Sigma Aldrich As above 

Histoclear Sigma Aldrich As above 

Low acyl gellan powder 

(kelcogel) 
CP Kelco 

Cumberland Center II 

Atlanta, GA 30339, USA 

Magnesium Chloride 

(anhydrous) 
Sigma Aldrich As above 

Optimal cutting media VWR 
Hunter Blvd, Lutterworth 

LE17 4XN, UK 

Penicillin/streptomycin Sigma Aldrich As above 

pH controlled solutions (pH 4, 

7, 10) 

Fisher Scientific 

(ThermoFisher) 
As above 

Phosphate Buffered Saline 

solution (magnesium and 

calcium free) 

Sigma Aldrich As above 

Potassium Chloride Sigma Aldrich As above 

Propidium Iodide powder ThermoFisher As above 

RPMI 1640 Sigma Aldrich As above 

Sodium Alginate powder Sigma Aldrich As above 

Sodium Bicarbonate Sigma Aldrich As above 

Sodium Chloride Sigma Aldrich As above 
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Sodium hexametaphosphate, 

crystalline 
Sigma Aldrich As above 

Sodium Hydrogen Carbonate Sigma Aldrich As above 

Sodium Hydrogen Phosphate Sigma Aldrich As above 

Sodium hydroxide Sigma Aldrich As above 

Synthetic mounting resin 

(vectamount) 
2B Scientific 

Office 4, Bldg A, Kirtlington 

Business Centre, Kirtlington, 

Kidlington OX5 3JA 

Toluidine Blue O powder Sigma Aldrich As above 

Von Kossa staining kit Generon 
11 Whittle Pkwy, Slough 

SL1 6DQ 

Vybrant MTT assay kit ThermoFisher As above 

 

3.2 Table of key apparatus 

Type of equipment Name Supplier 

Plate reader Infiniti 2000 Tecan 

pH meter pH meter Mettler Toledo 

X-Ray Diffractor D8 Autosampler Bruker 

X-Ray Fluorometer X4 Tornado Bruker 

Fluorescence and brightfield microscope EVOS 5000 ThermoFisher 

Microscope camera Moticam Motic 

Rheometer Kinexus 
Malvern 

Panalytical 

 

3.3 Preparing aqueous solutions of chelating agents 

Different concentrations of sodium hexametaphosphate solution were prepared by 

dissolving crystalline Na-HMP powder (Sigma Aldrich, UK) in Milli-Q distilled and 

filtered water under stirring until completely dissolved. EDTA solution was also 

prepared in by dissolving crystalline Na-EDTA powder (Sigma Aldrich, UK) in MiliQ 

water under stirring until completely dissolved. To create pH-neutral solutions of HMP, 

1M NaOH was added dropwise to the relevant HMP solutions until pH 7 was reached 

and maintained, using a pH meter to measure the pH change. Changes in volume 

were accounted for by increasing the HMP concentration where necessary. 

 

3.4  Preparing nanocrystalline hydroxyapatite sol 



 75 

Powders of di-ammonium phosphate and calcium nitrate, and ammonium hydroxide 

solution (30%v/v) were acquired from Sigma-Aldrich, UK. An aqueous nanocrystalline 

hydroxyapatite sol was prepared using the precipitation method, adapted from that 

described by Raynaud et al. [283].  Aqueous solutions, both adjusted to pH 11 with the 

addition of dropwise ammonium hydroxide, were prepared of di-ammonium phosphate 

(12.5% w/v) and calcium nitrate (13% w/v). The phosphate solution was then added to 

the calcium solution in a dropwise manner, to form a final solution with a ratio of 7:5 

v/v. The combined solutions were left under stirring for 100 hours. The white 

nanocrystalline hydroxyapatite precipitate was then centrifuged and washed three 

times before being re-suspended in fresh Milli-Q water to form a HA/water sol. 

 

3.5  Absorbance readings 

Absorbance readings were taken using a Tecan Infiniti 2000 plate reader. For each 

well of a 96-well plate, 9 readings were taken in a square profile. For the larger wells 

of a 6-well plate, 12 readings were taken per well in a 3x4 profile.  

 

3.6  Hydroxyapatite demineralisation absorbance assay 

To assess whether treatment of hydroxyapatite with Sodium hexametaphosphate 

dissolves the mineral and forms optically transparent by-products, absorbance 

readings were used to assess the demineralisation of HA by HMP. This method was 

adapted from previous investigations performed by Eisenstein et al. [271] and 

Robinson et al [272]. Hydroxyapatite sol was prepared to a concentration of 15% v/v. 

50µL of sol was added to each well of a 96-well plate. Absorbance was read using a 

Tecan Infiniti 2000 plate reader at 375nm, with 9 reads per well to achieve a baseline 

(starting) absorbance reading. Baseline absorbance readings were included in the 
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range of 0.9-1.1, and the average baseline absorbance reading for each treatment 

group was within a 0.1 range. 50µL of treatment was added to each well. After each 

60-minute interval, the absorbance was read at 375nm. As standard, the assay was 

performed at room temperature (20°C) with 5 repeats per group. The concentration 

and pH of the treatments and the temperature of the assay were all changed 

subsequent tests to investigate the effect of these parameters on the demineralisation 

reaction. The assay was also repeated using larger reactant volumes (4ml, 10ml) in a 

6 well plate. 

 

3.7  pH readings 

The pH meter (Mettler-Toledo) was calibrated before use with pH-controlled solutions 

of pH 4, 7 and 10 (Fisher Scientific). pH readings were taken in triplicate, with the pH 

probe cleaned appropriately between readings. 

 

3.8  X-Ray Diffraction (XRD) 

A D8 Autosampler (Bruker, USA) with a copper tube was used for X-ray diffraction. X-

ray diffraction allows analysis of the crystalline phases in a material, identifying the 

crystalline components of a powder. It also suggests when a material has an 

amorphous structure through the absence of defined peaks with a reduction in 

crystallinity being shown through broadening of the diffraction peaks. Dry, powdered 

samples are loaded into sample holder, around which the detector rotates. The x-ray 

tube directs rays towards the sample, and the detector detects the angle at which the 

x-rays leave the sample. The angle (θ) and intensity (count) are plotted as a diffraction 

pattern which is compared to the characteristic patterns of known materials. The XRD 

produced a diffraction pattern between 2θ = 5° and 60° with a step size of 0.5s/°.  
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3.9  Preparation of Porcine eyes for culture 

Whole porcine eyes were provided by Medical Meat Supplies, UK and received within 

4 hours of death from a commercial abattoir. The eyes were waste from food 

production and animals were not killed for the purposes of research. Eyes were 

removed from the head after death but before scalding to maintain tissue viability. The 

eyes were transported in a vacuum sealed bag on ice. Once received, the eyes were 

disinfected for 5 minutes in 10% povidone iodine solution (Videne) and then rinsed in 

sterile PBS (Sigma Aldrich, UK). The eyes were then dissected, removing the anterior 

segment from the ocular globe, and then removing the lens, iris and scleral tissue, 

leaving the cornea. The corneas were then sterilised in 7.5% povidone iodine solution 

for 30 minutes and then rinsed three times in sterile PBS before further processing in 

a sterile laminar flow hood. 

 

3.10  Preparation of assay plates for in vitro cellular toxicity assays 

RPMI 1640, foetal bovine serum and penicillin/streptomycin were purchased from 

Sigma Aldrich, UK. Amphotericin B solution was purchased from ThermoFisher, UK.  

Clear, flat bottom, cell-culture treated 96- well plates (Corning CoStar) were seeded 

with cultured porcine stromal cells (passage 3) at a density of 5,000 cells per well with 

100µl growth media (RPMI 1640 + 10% foetal bovine serum + 1% 

penicillin/streptomycin + 1% amphotericin B) and incubated for 48 hours at 37°C and 

5% CO2. Cells were counted using trypan blue exclusion. A cell curve was included 

from 0 – 20,000 cells/100µl for reference, and cell free wells (100µl media only) were 

also included for each treatment group. Once acclimatised (after 48 hours), the growth 

medium was removed and the wells gently washed with phenol-free and serum-free 

media, before being treated with 100µl treatment media (RPMI 1640, phenol-free and 
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serum-free). Treatment media was prepared by adding double-concentrate treatment 

solutions to phenol free media to reach final treatment concentrations of 0.125M, 

0.25M, 0.5M, and 1M HMP, 2% EDTA. As both the EDTA and HMP are aqueous 

solutions, a water/media 50:50 group was included as a control. Treatments were 

performed in triplicate. All growth and treatment medias were sterile filtered before use. 

The cells and treatment were incubated at 37°C with 5% CO2 for 4 or 6 hours. 

 

For the propidium iodide assays, porcine corneal stromal cells (Passage 3)  were 

seeded into a 24 well plate (Corning CoStar) at a density of 20,000 cells per well with 

500µl growth media. 72 hours after seeding, the growth media was removed and 

treatment media were added including 0.125M, 0.25M, 0.5M, and 1M HMP, 2% EDTA, 

50:50 media/water and untreated groups. Cells were incubated with treatments for 4 

hours at 37°C and 5% CO2. 

 

3.11  Cryosectioning 

Corneal samples obtained from porcine eyes and which had been used for testing were 

fixed in 4% Paraformaldehyde for 24 hours. For cyroportection of the samples, 

aqueous solutions of 15% w/v and 30% w/v sucrose (Sigma Aldrich, UK) were 

prepared, and samples were left in each for 12 hours successively. Samples were then 

embedded in optimal cutting media (VWR) in cuboidal cryomolds and snap frozen 

using dry ice. The embedded tissue was then cryosectioned at a thickness of 20µm 

onto glass slides (SuperFrost, ThermoFisher, UK). Slides were left in air to dry 

overnight (~16 hours) before staining, or freezing at -20°C for further processing. 
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3.12 Haemoxylin and Eosin staining 

Slides were rehydrated in PBS for 5 minutes before staining. Slides were stained in 

Harris’ haemoxylin for 5 minutes, differentiated in 5% acid alcohol and then 1% sodium 

bicarbonate before dehydration in 70% ethanol. Slides were then stained with eosin, 

before dehydration in 90%, 95% and 2x 100% ethanol. Slides were cleared with 

Histoclear II before mounting with synthetic resin (Vectamount®) and glass cover slips. 

Mounted slides were stored at room temperature (~20°C), protected from light, before 

imaging. 

 

3.13 X-Ray Fluorescence (XRF) 

X-ray fluorescence offers non-destructive elemental analysis of materials. When x-rays 

are fired at the atoms of a sample, characteristic secondary (fluorescent) x-rays are 

emitted depending on the electron configuration of the atom, allowing each element to 

have a characteristic signal. Corneal tissue sections were analysed with a X4 Tornado 

(Bruker) XRF to assess the phosphate levels present in the tissue. The stage height 

was adjusted to bring the sample into focus. The number of measurements per mm in 

the X direction was adjusted to ensure a spot size of 25µm maintained an unbroken 

line of readings across the sample. 75 cycles were performed per measurement with 

a measurement time of 150ms per pixel. Phosphate, calcium and sodium were all 

measured. Measurements were performed under vacuum to limit interference with light 

atom detection. 

 

3.14 Von Kossa staining 

Cryosections 20 µm in thickness were prepared of each cornea. Slides were 

rehydrated in distilled water for 5 minutes before staining. Sections were then 
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incubated in silver nitrate solution for 60 minutes under direct UV light. Slides were 

incubated in sodium thiosulfate solution, followed by nuclear fast red stain, then were 

dehydrated in 100% ethanol. Vectamount mounting resin was used to mount the slides 

with glass coverslips. Slides were imaged on an EVOS 5000 microscope, on the RGB 

Brightfield setting. 

 

3.15 Statistics 

Data processing and analysis was completed using Microsoft Excel and GraphPad 

Prism software respectively. Each experiment was repeated a minimum of three 

times. Normality and lognormality tests were performed on relevant numerical 

datasets (Anderson-Darling test, D’Agostino and Pearson test, Shapiro-Wilk test and 

Kolmogorov-Smirnov test). Statistical significance was assumed to be p<0.0001 

(****).  
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4.  
 

ASSESSING THE 
DEMINERALISATION 

EFFICACY OF SODIUM 
HEXAMETAPHOSPHATE 
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4.1 General introduction 

Polyphosphates can form both soluble and insoluble complexes with metal ions. In 

bacteria, polyP has been found to regulate free iron in both stress and non-stress 

conditions, acting as either a reservoir or a sink [284]. Both the adsorption of HMP onto 

the surface of minerals and the ability of HMP to dissolve minerals relies on the 

chelation of calcium and other metal ions by HMP. Previous investigations have 

indicated that HMP has equal affinity for calcium and magnesium ions at a HMP 

concentration of 2mM [285]. HMP is also commonly used in meat preservation for its 

ability to regulate calcium and magnesium levels [258, 267, 286, 287].  However, it has 

also been shown that polyphosphate chain length influences the affinity of the polyp 

for calcium and magnesium, with longer chains having a higher affinity for calcium than 

magnesium, and the opposite being true for shorter chains [288]. Recent explorations 

have also found that polyphosphates can form coacervations when key ratios of 

divalent ions are reached [289].  

 

Sodium hexametaphosphate has been investigated for use with both biological 

ceramics – for example, teeth and ectopically calcified soft tissue – and commercial 

ceramics – within clay processing for limescale removal. In clay processing, HMP is 

used as a deflocculant, adsorbing to the surface of the clay micelles and improving the 

rheological properties of the mixture [253, 290-292]. HMP acts as a deflocculant by 

altering the surface energy of clay micelles and introducing Na+ ions. Andreola et al 

describe how ‘the chemi-adsorption produces a surface excess of negative charge and 

therefore the increase of the repulsion forces between the particles; as a consequence, 

the zeta potential value of the clay particles increases’ [252]. It is suggested that HMP 



 83 

adsorbs to aluminol present in clays. Furthermore the presence of HMP in kaolinite 

suspensions has been found to induce a cation exchange, where the increase in Na
+
 

ions causes an exchange of Ca
2+

 and Mg
2+

 ions on the kaolinite surface for the Na
+
 

ions [252]. An additional investigation into the role HMP plays in the dissolution of 

kaolinite, found that the adsorption of cationic surfactants on the surface of the clay 

was increased in the presence of HMP [291]. Tests involving montmorillonite show that 

this particular clay immobilises HMP, potentially through the formation of calcium-

phosphate complexes [290, 293]. 

 

With regards to hydroxyapatite (HA) mineral specifically, sodium hexametaphosphate 

can be used to both degrade HA and as a source of phosphorous for its formation [271, 

294]. It is widely thought that inorganic polyphosphates play a key role in bone 

generation, including osteoblast growth and differentiation [230-232].  It is suggested 

that enzymatic regulation of inorganic polyphosphate levels encourages or prevents 

apatite formation. The formation of polyphosphate can limit free orthophosphate, whilst 

the polyP created then limits the free calcium present. When mineralisation is 

desirable, the polyphosphates can then also be cleaved into orthophosphates by 

alkaline phosphates to encourage apatite formation [295]. When porous 

hydroxyapatite with or without polyP adsorption (average chain length of 60) was  

implanted in rabbit femurs, individuals with polyP adsorption elicited greater bone 

regeneration, affirming the suggestion that polyphosphates can act to encourage bone 

regeneration by providing phosphate for apatite formation [296]. Extensive studies 

have been carried out into the use of HMP for dental applications, where 

hydroxyapatite is the mineral of interest due to its presence in bone and enamel. When 

1% or 8% HMP was applied to saliva coated hydroxyapatite disks, there was a 
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significant reduction in their dissolution rate when compared to control [297]. Where 

enamel is treated with 0.5% and 1% HMP, there is a greater adsorption post-treatment 

of calcium and phosphate ions to the enamel surface, which is suggested to be due to 

an increase in electron-door sites on the enamel surface once the HMP has been 

initially adsorbed [278, 298].  

 

In vitro, HMP can be used to prevent re-agglomeration of physically deagglomerated 

nano-hydroxyapatite, again through changing the surface free energy of the 

nanoparticles [299, 300]. In addition to bone regrowth and protection, HMP has been 

used to demineralise hydroxyapatite, relying on the ability of the polyphosphate units 

to chelate calcium from the calcium phosphate salts. This is in line with the widespread 

use of Sodium HMP under the name ‘calgon’ as a water softener for limescale 

prevention and removal [301]. When investigated for the treatment and prevention of 

kidney stones, it was found that HMP was able to significantly dissolve and prevent the 

formation of various calcium phosphate salts, including calcium oxalate and 

hydroxyapatite [272, 302]. With regards to pathological ossification, HMP significantly 

demineralised samples of pathological bone [271]. Interestingly the demineralisation 

of bone, unlike its formation, did not appear to be mediated by the surface absorption 

kinetics, as the surface of the treated bone did not have an increased calcium or 

phosphate ratio when analysed through x-ray fluorescence [271].  

 

The aim of this chapter is to determine whether sodium HMP could form the basis of a 

topical treatment that replaces the EDTA chelation procedure. The ability of HMP to 

demineralise hydroxyapatite mineral, and the influence of factors such as 

concentration, pH and time will be explored. 
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4.2  Materials and Methods 

The hydroxyapatite demineralisation absorbance assay (Section 3.6, Page 75) was 

performed under a series of differing parameters to investigate the reaction between 

sodium hexametaphosphate and nano-hydroxyapatite mineral. The aim of this assay 

was to predict whether treating mineralised ocular tissue with HMP solution could result 

in the clearance of the obstructing mineral from the visual field. 

 

4.2.1 Optimisation of the hydroxyapatite demineralisation absorbance assay 

One measure of success for a novel treatment for band keratopathy would be the 

restoration of corneal transparency through the dissolution of the hydroxyapatite 

mineral. The passage of light through the tissue would be indicative of the mineral’s 

dissolution. On this basis, the dissolution of hydroxyapatite could be assessed through 

the measurement of light passing through the material, using a typical plate reader. 

Hydroxyapatite-in-water sols for testing were prepared within the range of 10%-95% 

v/v. A range of sols were then created by through the serial dilution of 

hydroxyapatite/water sol prepared at a concentration of 10% v/v, until a concentration 

of 3% v/v. 100µl of hydroxyapatite (HA) sol of each known, varying concentration was 

added to the wells of a clear 96-well plate. The plate was then scanned at a range of 

wavelengths between 230nm and 700nm, increasing in increments of 5nm for each 

reading (Tecan Infiniti 2000). To find the molar concentration of the 10% v/v HA sol, 

the sol was dried to a powder at 80°C for 48 hours. The powder was then weighed, 

and the molar concentration calculated. The range tested was therefore 0.724mM/ml 

at 10% v/v to 0.2175 mM/ml at 3% v/v. 
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To test the limits of this method, higher concentration HA sols were then tested at a 

single wavelength, ranging from 95% v/v to 16.5% v/v. 100µl of each concentration of 

HA sol was again plated in a clear 96-well plate. Absorbance was measured at 375nm 

with multiple reads per well.  

 

4.2.2 Measuring the effect of time and HMP concentration on hydroxyapatite 

sol demineralisation 

To investigate the relationship between HMP concentration and hydroxyapatite sol 

demineralisation, and to inform what concentration of HMP may be required to treat a 

cornea with hydroxyapatite deposits, 50µl of sodium hexametaphosphate solution of 

2M, 1M, 0.5M and 0.25M concentration were added to pre-prepared and scanned wells 

containing 50µl of hydroxyapatite sol (15% v/v). Plates were prepared as previously 

described (Section 3.6, Page 75). The final concentration of the HMP treatment was 

calculated with consideration for the final volume of the HA sol and the added HMP 

treatment combined and was therefore half the concentration of HMP added, giving 

final treatment concentrations of 1M, 0.5M, 0.25M and 0.125M HMP. Absorbance 

measurements were taken at 375nm every hour for 9 hours.  

 

4.2.3 Measuring pH changes that occur during hydroxyapatite sol 

demineralisation by HMP 

To investigate the pH dependence of demineralisation behaviour of HA sol treated with 

0.125M HMP, the nano-HA absorbance assay was repeated at 10ml total volume, with 

simultaneous pH readings and absorbance readings. To examine the changes in pH 

as the reaction progresses, 0.25M HMP was combined with 15% HA sol at 50:50 to a 

final volume of 10ml and a final HMP concentration of 0.125M. Absorbance was read 
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at 375nm every hour for 15 hours and then again at 24 hours and 72 hours. The pH 

was read with a pre-calibrated pH meter every hour for the 72-hour duration. 

 

4.2.4 Measuring the effect of HA sol concentration on demineralisation 

To establish the relationship between the demineralisation behaviour of HMP and the 

concentration of the hydroxyapatite sol, 50µl of differing sol concentrations within a 

range of 16.5% v/v and 95%v/v, and 50µl of 0.25M HMP, were combined in each well 

of a 96-well plate (giving a final concentration in the solution of 0.125M HMP). The 

absorbance of each well was measured at 375nm after 60 minutes of incubation. 

 

4.2.5 X-Ray Diffraction analysis (XRD) 

X-ray diffraction was performed as described previously (Section 3.8, page 76) on the 

precipitate formed in the reaction between 0.125M HMP and hydroxyapatite. The 

precipitate was washed with MiliQ water, centrifuged, and then air dried over several 

days before analysis. The XRD produced a diffraction pattern between 2θ = 5° and 60° 

with a step size of 0.5s/°.  

 

4.2.6 Measuring the effect of the pH of HMP on hydroxyapatite sol 

demineralisation 

To assess the influence of pH on the reaction between HMP and HA, the assay was 

repeated with both pH neutralised (pH 7) and non-neutralised (pH ~5.2) 1M and 0.5M 

HMP treatments (final HMP concentrations of 0.5M and 0.25M). 96-well plates were 

prepared as previously described (Section 3.6, Page 75). The baseline absorbance 

reading was taken at 375nm as were subsequent readings taken after 60, 120, 180 

and 240 minutes of treatment. A water control was included for reference. 
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4.2.7 Assessing the influence of temperature on the hydroxyapatite/Sodium 

hexametaphosphate reaction 

96-well plates were prepared as previously described (Section 3.6, Page 75). HA sol 

and 0.5M HMP solution were brought to temperature at 5°C, 20°C, 37°C or 50°C in an 

incubator or fridge, sealed to reduce evaporation of the liquid phase. This temperature 

range was chosen to reflect the possibility of the solution being refrigerated, used at 

room temperature, at body temperature and above. 50 µl of temperature adjusted 

treatment was then added to each well and the plate was returned to a temperature-

controlled environment for 60 minutes. After the 60-minute interval, the plate was 

scanned at 375nm to give a second absorbance reading.  

 

4.2.8 Assessing of the affinity of HMP at various concentrations for forming 

precipitates with Magnesium and Calcium ions  

To assess the affinity of HMP for divalent metal ions - beyond the chelation of calcium 

from hydroxyapatite – at different concentrations, 50µl HMP at a concentration of 

0.25M, 0.5M, 1M or 2M was added to 6 wells each of a 96 well plate. Solutions of 

MgCl2 and CaCl2 were prepared by dissolving the appropriate mass of crystalline 

powder in Milli-Q water under stirring. 50µl of 1M CaCl2, 1M MgCl2, or a solution with 

a 1:1 ratio 2M CaCl2:2M MgCl2 was added to the HMP. The absorbance of each 

sample was read at 600nm every 60 minutes over 7 hours to detect the formation of 

precipitates.  
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4.2.9 Statistics 

Statistical analysis was performed in Prism (Graph Pad). Comparison between the 

absorbance of HA treated with different concentrations of HMP, different pH levels and 

different temperatures was performed using a 2-way ANOVA (mixed-effects analysis 

in the case of HMP concentration) with multiple comparisons. A Pearson’s correlation 

analysis was performed to analyse the relationship between measured pH and 

absorbance in the reaction between 0.125M HMP and HA.  
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4.3  Results 

The aim of the assessments using nanocrystalline hydroxyapatite mineral is to 

establish whether HMP could adequately dissolve hydroxyapatite to restore corneal 

transparency and visual acuity. It is also necessary to establish the limitations of the 

efficacy of HMP, due to concentration, pH, time, or temperature. 

 

4.3.1 Optimisation of the hydroxyapatite demineralisation absorbance assay  

A plate reader was used to examine the passage of various wavelengths of light 

through samples of hydroxyapatite sol of a range of concentrations. This replicates the 

obstruction of light through the cornea in cases of band keratopathy.  

 

This assessment showed that the measured absorbance increases linearly with HA 

concentration at all wavelengths tested (Figure 4.1). The absorbance of any single HA 

sample of a given concentration decreases with increasing wavelength. At 

wavelengths above 250 nm the gradient of the slope marking the relationship between 

HA sol concentration and absorbance becomes steeper. The relationship between 

absorbance and HA concentration remains the same above 280nm, where the 

gradients of the lines produced at each wavelength remain unchanged. Absorbance is 

therefore a relevant measure of the HA concentration of a sol within this range. 

Reductions in absorbance also, therefore, correspond to reductions in HA sol 

concentration. 

 

Where the absorbance of higher concentrations of HA sol were tested (Figure 4.2), the 

relationship between concentration and absorbance remained linear only to a 

maximum 33%, where the gradient of the curve becomes increasingly shallow and 
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each incremental increase in HA sol concentration creates a smaller increase in 

absorbance. At these high concentrations of Hydroxyapatite in the sol (>33%), the 

difference in absorbance between different HA concentrations is minimal, and 

therefore the use of absorbance as a measure of concentration would be inaccurate 

and imprecise. HA sol concentrations of 15-25% create distinguishable results which 

can be accurately measured with this technique. 

 

4.3.2 Measuring the effect of time and HMP concentration on hydroxyapatite 

sol demineralisation 

Key to formulating a novel topical treatment is understanding the concentrations of the 

active agent necessary to achieve the desired effect. It is also essential to understand 

the contact time necessary between the drug and the targeted tissue for effective 

treatment. Previously, assessments of the demineralisation efficacy of HMP have used 

concentrations of HMP up to 0.2M and have measured the effect over many days. For 

the desired use under investigation in this work, it is necessary to find a concentration 

of HMP that is effective in a much shorter time – one that replicates the residence time 

of an eye drop at around 60 minutes. 

 

Hydroxyapatite sol samples treated with 0.125M, 0.25M HMP, 0.5M HMP or 1M HMP 

(Figure 4.3) show a statistically significant (p<0.0001) decrease in absorbance from 

baseline after 60 minutes of treatment, and then at all subsequent time points, 

representing the demineralisation of hydroxyapatite by the HMP into soluble products. 

At the end of the assessment at 540 minutes, each treatment group had reached 

absorbance readings (±SEM) of 0.732 ±0.40, 0.735 ±0.046, 0.432 ±0.040 and 0.262 

±0.009 respectively, from a starting absorbance of 1.008 (±0.005). The water (control)  
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group showed a small decrease from baseline, reading at 0.932 (±0.046). This is most 

likely due to evaporation of liquid over time. 

 

The trend across 0.25M-1M HMP treated HA is that absorbance decreases with time, 

representing increases in demineralisation with increases in HMP concentration. From 

the same baseline, the 1M HMP treated group presented significantly lower 

absorbance readings than 0.25M and 0.5M at every time point up to 8 hours 

(p<0.0001). 1M HMP is therefore the most effective of the treatments assessed, 

reaching near maximum demineralisation at an absorbance of 0.295 (±0.012) within 2 

hours and with no further significant changes in absorbance after 5 hours of treatment.  

 

After the initial reading taken at 60 minutes post-baseline, 0.25M and 0.5M HMP 

treated sol both then show increases in absorbance, from 0.724 (±0.023) at 60 minutes 

to 0.779 (±0.047) at 360 minutes for 0.25M and from 0.518 (±0.021) at 60 minutes to 

0.633 (±0.039) at 180 minutes. However, both groups then proceed in the same 

manner - steadily decreasing in absorbance over time, with each reading yielding a 

smaller value than the last over the time course of the reaction. From 7 hours of 

treatment onwards, 0.5M HMP shows significantly greater demineralisation (reduction 

in absorbance) than 0.25M HMP (p<0.0001). 

 

0.125M HMP treated HA sol presents a different behaviour to the other treatment 

groups, with a preliminary decrease in absorbance to 0.395 (±0.012) within the first 60 

minutes of treatment. The absorbance remains consistently low for the first four hours 

of treatment, with no significant difference between 1M HMP and 0.125M HMP  
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Figure 4.2: The measured absorbance of 100µl hydroxyapatite sol of various 
concentrations from 16.5% to 95% at 375nm. Line interpolated with 95% 
confidence interval bands (red). The measured absorbance increases 
proportionally with concentration until a limit of 33%, where increases in 
concentration produce increasing smaller increases in measured absorbance. 
Error Bars = Standard Error of Mean (SEM). 
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treated HA sol for the first 5 hours of treatment. This is then followed by subsequent 

increases in absorbance every hour onwards. At the 8-hour time point 0.125M treated 

HA sol shows no significant difference in absorbance to 0.25M treated sol. 

 

4.3.3 Measuring the pH and absorbance changes that occur during 

hydroxyapatite sol demineralisation by HMP 

There is a clear disparity in the results between hydroxyapatite treated with 0.125M 

HMP and that treated with 0.25, 0.5 or 1M HMP. It is therefore necessary to determine 

the factors responsible for this behaviour, for example whether it is due to the pH 

changes that occur during the reaction, so that this phenomena can be avoided in the 

desired application. 

 

At the greater volume of 10 ml (Figure 4.4) the same trend in absorbance is replicated 

once more. A correlation analysis between pH and absorbance over the first 15 hours 

reveals a strong correlation (r = -0.8318 (Pearson’s), p = 8.681e-007) between pH and 

absorbance. When compared to the corresponding pH readings, it is shown that as the 

demineralisation progresses and absorbance falls, the pH of the HMP/HA sol mixture 

increases. Where absorbance reaches a minimum of 1.026 (±0.122) at 420 minutes, 

the pH reaches a maximum of 6.55 at 480 minutes. However, this correlation is not 

maintained and as the absorbance then increases from 1.026 to 1.825 over the next 

15 hours (hours 9 to 23), the pH only drops by 0.2. The absorbance is then maintained, 

and the pH slowly falls to 6.44 by the final reading at 72 hours.  
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4.3.4 Measuring the effect of HA sol concentration on demineralisation 

To assess whether the 0.125M HMP/HA reaction is due to the ration of HMP to HA, 

the assessment was repeated using higher concentrations of HA. When the 

concentration of the hydroxyapatite sol is increased (Figure 4.5) the 0.125M HMP 

treatment still elicits the same response – rapid decreases followed by increases in 

absorbance. However, as the hydroxyapatite sol concentration increases, the time 

taken to reach the minimum absorbance (maximum demineralisation; the data points 

highlighted in red) - increases. 
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4.3.5 X-Ray Diffraction analysis (XRD) 

The reactions between 0.125M HMP and HA appear to show the precipitation of a solid 

after an initial dissolution. To understand the mechanisms at work, it is necessary to 

determine what is being reformed through XRD analysis – in particular whether it is a 

failed dissolution of HA. The XRD analysis revealed several peaks within the 

precipitate sample, the strongest at 17, and with others at 20, 26, 29, 29 and 34 (Figure 

4.6). The diffraction pattern did not match that which would be expected from 

hydroxyapatite, which would present with a strong peak at 32, and it is unlikely that 

hydroxyapatite had reformed or reprecipitated in the reaction between 0.125M HMP 

and the nanocrystalline HA. 

 

4.3.6 Measuring the effect of the pH of HMP on hydroxyapatite sol 

demineralisation 

Eyedrops are commonly formulated to be pH neutral, mimicking the pH expected of 

the tear film and to avoid damage to the ocular tissues. In certain circumstances, the 

therapeutic benefits of an acidic or alkaline formulation may outweigh the risks, 

however where possible a neutral formulation should be the aim. It is therefore 

necessary to assess whether neutralised HMP solutions would provide the necessary 

therapeutic benefit. 

 

Baseline absorbance was recorded at 1.435 (±0.012) (Figure 4.7). All treatment groups 

showed demineralisation in that in each there was a significant reduction (p<0.0001) 

in absorbance - from baseline to 0.471 (±0.017, 0.5M HMP), 1.082 (±0.011, 0.5M HMP 

- pH7), 0.965 (±0.010, 0.25M HMP) and 1.171 (±0.012, 0.25M HMP – pH 7) 

respectively after 240 minutes of treatment. 
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As in the previous tests, the greatest single reduction in absorbance was in the first 

60 minutes. Both non-neutralised HMP treatment groups showed significantly greater 

demineralisation than the same concentration of HMP at pH 7 at all time points 

(p<0.0001). There was no significant difference between 0.25M HMP and 0.5M HMP 

– pH7.  

 

4.3.7 Measuring the effect of temperature on Hydroxyapatite sol 

demineralisation by HMP 

The surface of the eye, although cooler than core body temperature at 32°C, will in 

most instances be warmer than room temperature (~20°C). It is therefore necessary 

to determine that the temperature of the eye will not inhibit the action of HMP, reducing 

the therapeutic benefits of the treatment.  

 

From a baseline absorbance of 1.113 (±0.037), within 1 hour of treatment the 

hydroxyapatite sol in the group treated at 5 °C showed no significant demineralisation,  

with an absorbance of 1.094 (±0.009) (Figure 4.8). Treatment groups from 20°C and 

above all showed statistically significant reductions in absorbance from baseline within 

one hour of treatment (p<0.0001), with mean absorbance readings of 0.976 (±0.019, 

20 °C), 0.536 (±0.004, 37.5 °C), 0.594 (±0.014, 50 °C). The increase in 

demineralisation between 20 °C and 37.5 °C was also significant (p<0.0001), but there 

was no significant difference between groups treated at 37.5 °C and 50 °C.  
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Figure 4.8: the measured absorbance (375nm) of 100µl hydroxyapatite sol treated with 
0.5M HMP at 5°C, 20°C, 37.5°C and 50°C. Measurements taken at baseline (pre-
treatment) and 1 hour. N = 6. Error bars = Standard Deviation. Between and within 
group comparisons were completed with a 2-way ANOVA. At lower temperatures a 
smaller reduction in absorbance occurs than that at higher temperatures.  
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4.3.8 Assessing of the affinity of HMP at various concentrations for forming 

precipitates with Magnesium and Calcium ions  

The difference in behaviour of 0.125M HMP in comparison to 0.25M, 0.5M and 1M 

HMP brings into question whether at different concentrations, it is the affinity of the 

HMP solutions for calcium that is changing, and whether these differences are 

replicated with other metal ions such as magnesium. Magnesium forms insoluble 

precipitates with phosphate, which should be measurable through absorbance in the 

same way hydroxyapatite has been measured. Short-chain polyphosphates are also 

said to form insoluble precipitates with calcium ions, which again should be 

measurable in this way. 

 

When the cumulative absorbance across the timepoints for each concentration of HMP 

is considered (Figure 4.9), 0.125M HMP and 0.25M HMP consistently show higher 

absorbance readings than 0.5M and 1M HMP on the addition of CaCl2 and MgCl2, and 

when both are present together. This suggests that 0.125M HMP and 0.25M HMP form 

a greater concentration of insoluble precipitates than 0.5M or 1M HMP. In the case of 

CaCl2 it is 0.125M HMP that shows a marginally higher cumulative absorbance, and 

with MgCl2 or with both metal-chlorides, it is 0.25M HMP that presents a higher 

cumulative absorbance. This suggests differing affinities for magnesium at different 

HMP concentrations.  

 

When considering the absorbance over time, in each case within the first 10 minutes 

the absorbance of all concentrations of HMP tested increased with the addition of each 

metal-chloride solution. In the cases of CaCl2 and MgCl2 alone, the greatest increase 

at 10 minutes was exhibited by 1M HMP. However, after 1 hour and onwards, it  
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is only 0.125M HMP and 0.25M HMP that continue to show increased absorbance 

readings when compared to baseline. Where both were both CaCl2 and MgCl2 are 

present, 0.25M HMP shows the highest mean absorbance consistently from 10 

minutes onwards. Where the absorbance readings of the 0.5M and 1M groups returned 

to levels close to baseline after 10 minutes on the addition of CaCl2 or MgCl2 alone, 

when both CaCl2 and MgCl2 are present the absorbance remained elevated to levels 

comparable to those of 0.125M. 0.5M was consistently presenting the second highest 

mean absorbance readings after 0.25M, then 0.125M, then 1M.  
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4.4 Discussion 

This assessment of the demineralisation of hydroxyapatite by sodium 

hexametaphosphate differs from previous investigations. Existing studies have largely 

focused on heat treated hydroxyapatite pellets, which are more relevant for potential 

applications concerning bone, dentistry or industrial ceramics processing but different 

to the precipitated mineral forming in the corneas of patients with band keratopathy 

[277, 297]. These previous assessments have also investigated the effects of HMP 

over munch longer time periods (days and weeks), compared to those of interest in 

this study, which is concerned with treatment times of up to 60 minutes [271, 273, 274, 

277-279, 292]. The method presented here uses precipitated nanocrystalline 

hydroxyapatite which has not been heat treated, mimicking what we would expect to 

see in cases of calcific band keratopathy, where the mineral has most likely formed 

due to an Ca/P ionic imbalance. It is also worth noting that the range of concentrations 

of sodium HMP tested here are higher than those tested in other investigations, which 

tested a maximum of 0.2M HMP for biomedical applications [271, 272].  

 

i) Absorbance as a measure of hydroxyapatite sol dissolution 

The initial assessment of the relevance of absorbance as a measure of hydroxyapatite 

sol concentration (Figure 4.1) confirms the results of previous investigations using 

similar methods [271, 272]. This method is of particular relevance to the context 

considered in this work, as the aim for the hexametaphosphate treatment is to restore 

optical transparency to the cornea through the demineralisation of the hydroxyapatite 

mineral which has formed. This assessment found a limit to the proportional 

relationship between increases in absorbance and increases in hydroxyapatite sol 

concentration at 33%v/v HA sol, which corresponded to absorbance readings above 
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1.4 at 375nm. All further tests were therefore performed with HA sol of a concentration 

of 15%v/v with a starting absorbance of ~1.0. 

 

ii) The influence of HMP concentration of HA sol dissolution 

When assessing the concentration of HMP which most effectively demineralised nano-

HA, all treatment concentrations of HMP tested yielded their greatest decrease in 

absorbance in the first 60 minutes of treatment compared to the subsequent 60-minute 

treatment intervals taken as individual changes. In fact, changes beyond the 1-hour 

mark appear to reflect evaporation of the liquid, as shown in the water control, rather 

than what is necessarily further demineralisation. This is of relevance to the desired 

application, which would see HMP being delivered topically to the ocular surface, as 

there is a brief treatment window in which topical treatments need to be effective. Eye 

drops can stay on the surface of the eye for between 10 minutes and a maximum of 6 

hours depending on the properties of the drop. This can vary due to viscosity and 

mucoadhesion, but there is a normal assumed treatment window of around 1 hour [31, 

59, 64, 66, 303]. It is therefore of considerable benefit that HMP can cause significant 

demineralisation within an hour. This will also be beneficial to a potential repeated 

dosing regimen, where each application yields the best possible action within its given 

limited window of bioavailability and activity. The amount and density of hydroxyapatite 

which has formed in the eye will differ between each patient, meaning the number of 

doses required to see an improvement in symptoms, or complete relief, may vary from 

patient to patient. The most effective treatment design would allow for this potential 

variability, allowing for as frequent dosage as is required whilst maintaining agreeable 

levels of cytotoxicity. 
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Each of the concentrations of HMP assessed for demineralisation of hydroxyapatite 

sol (0.125M – 1M) show a significant difference in comparison to each other 

concentration, however the lowest concentration – 0.125M – did not follow the trend of 

the higher concentration treatments (0.25M – 1M). In the case of 0.125M there appears 

to be a precipitation of a new mineral, after the first initial phase of demineralisation. 

This process is observed through an increase in absorbance over the latter hours of 

the test (Figures 4.3, 4.4 and 4.5). When this was assessed at a larger volume – 10 ml 

(Figure 4.4) – the changes in absorbance were mirrored in rises and falls in pH 

throughout the first demineralisation and reprecipitation phase – reprecipitation 

referring to the precipitation of what is likely a calcium phosphate but not necessarily 

hydroxyapatite. After this reprecipitation, the precipitated substance appears to remain 

stable, with no changes in absorbance whilst the pH then decreases. This pH decrease 

in itself is therefore not enough to trigger a second dissolution phase. It is also worth 

noting that despite reprecipitation occurring, the absorbance does not return to 

baseline levels.  

 

iii) Examining the formation of a second precipitate with 0.125M HMP 

When the reprecipitated substance was analysed using XRD, it did not present with 

the characteristic peaks of hydroxyapatite. Due to the ions available in the sol and the 

aqueous polyphosphate solution, the precipitate is almost certainly a calcium 

phosphate. However, the XRD shows that it is not hydroxyapatite which has been 

reformed, but a different water-insoluble calcium phosphate. There is the possibility of 

this representing a coacervation, however these have previously been formed through 

the addition of free calcium ions to polyphosphate solutions [289]. In this scenario, 

calcium has been added in the form of hydroxyapatite rather than as free ions. The 
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absorbance readings suggest that the hydroxyapatite is initially dissolved, which may 

release free calcium ions, as it would be expected that the polyphosphate chains form 

soluble complexes with the calcium they chelate [304]. An alternate possibility is the 

formation of insoluble calcium phosphates with a proportion of the polyphosphate 

chains available in HMP. It is known that shorter chain polyphosphates form insoluble 

complexes with calcium. This may not have been exhibited in the higher concentrations 

of HMP as there would be a higher availability of each of the longer chain lengths 

present, which have a higher affinity for calcium and form water-soluble precipitates. 

Therefore, it is possible that at a concentration of 0.125M, the longer polyP chains 

become saturated and this allows the shorter units to form complexes, whereas at the 

higher concentrations of HMP, saturation is not reached. It would therefore also stand 

to reason why increasing the HA concentration did not change this behaviour, as 

saturation would be reached in each instance (figure 4.5). This also suggests that the 

dictating factor is HMP concentration alone. At 95% HA sol concentration (Figure 4.5), 

the changes in absorbance are much less pronounced, however this is close to the 

maximum absorbance in which slight changes in demineralisation are translated 

through changes in absorbance and therefore detectable with this technique.  

However, this does not necessarily explain why 0.125M HMP appears to demineralise 

so rapidly in the first phase compared to 0.25M HMP and 0.5M HMP. If the proportion 

of chain lengths in each HMP solution stays the same for each concentration, and only 

the relative quantity increases with increasing concentration, it would be expected that 

the longer chain phosphates which have a high affinity for calcium should increase 

proportionally to the concentration of the HA sol, which remains the same for each test. 

This should mean that 0.25M and 0.5M HMP demineralise faster than 0.125M, and do 

not produce the precipitate as the same saturation is not reached.  
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When the simultaneous pH measurements are then assessed, it can be seen that the 

pH of the solution increases as the demineralisation progresses, most likely 

corresponding with the formation of Ca-P complexes which neutralise the HMP acidic 

end group. However, as the reprecipitation occurs – causing an increase in 

absorbance – the pH remains fairly stable. The subsequent decrease in pH is much 

more gradual than the primary increase, and no longer correlates with the absorbance 

readings. It is possible that the pH change represented allows the formation of this 

second precipitate, however it would be expected that as the pH then drops, the 

stability of the precipitate would be affected, and a further decrease in absorbance 

would be seen. It is also worth noting that although there are pH changes, they are not 

dramatic, remaining within a 0.15 range.  

 

iv) The influence of pH on hydroxyapatite dissolution 

With regards to the assessment of the influence of pH on the ability of HMP to 

demineralise HA sol (Figure 4.7), the results presented here are in line with those 

previously reported by Eisentstein et al. [271], showing that adjusting HMP to a pH of 

7 reduces but does not prevent demineralisation of hydroxyapatite.  It is generally 

advised that topical ocular treatments should aim for a neutral pH to best match the 

natural pH of the tear film. This helps to avoid side-affects such as dry eye disease or 

general ocular irritation [103, 305]. However, when considering whether neutralisation 

would be necessary in a topical treatment for band keratopathy, faster action of the 

treatment may be prioritised should the ocular toxicity of non-neutralised HMP be 

tolerable. If adjusting the pH allows for the HMP to be delivered in a way that enhances 

the treatment to a greater degree than that of maintaining the lower pH, for example in 
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combination with delivery in an agent that prolongs contact time on the ocular surface, 

it is beneficial to know that demineralisation is still achievable at a neutral pH. In each 

case, the benefits can be weighed. It is also of benefit that the optimum temperature 

for demineralisation amongst those assessed was found to be 37.5°C – representing 

normal body temperature and close to the temperature of the cornea, which is usually 

slightly cooler at between 32°C and 34°C [306]. 

 

v) Assessing whether each concentration of HMP reacts differently in the 

presence of metal-chlorides 

When comparing the precipitates formed by HMP with CaCl2 and MgCl2 solutions, the 

1M CaCl2 assessment saw increases in absorbance at 0.125M and 0.25M HMP which 

were maintained across the entirety of the assessment. 0.5M and 1M HMP initially 

presented an increase in absorbance, but this was quickly lost, suggesting any 

precipitate redissolved and was unstable. The hydroxyapatite demineralisation 

assessments do not suggest that the ability of 0.5M or 1M HMP to chelate and complex 

calcium is impaired in comparison to that of 0.125M or 0.25M HMP – in fact suggesting 

the opposite. Therefore, 0.5M and 1M HMP may be forming water-soluble complexes 

with the calcium ions in the CaCl2 solution, where 0.25M and 0.125M appear to be 

forming water-insoluble complexes. This adds weight to the suggestion that the 

increase in absorbance seen by 0.125M HMP-treated hydroxyapatite (after the initial 

decrease), could be due to the formation of such insoluble complexes.  

 

Where MgCl2 Is considered, again all concentrations of HMP appear to initially form 

insoluble magnesium complexes, represented as an increase in absorbance. 

However, the increase in absorbance is only maintained in 0.125M and 0.25M HMP, 
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and to a greater degree in the 0.25M HMP. Unlike calcium phosphates, magnesium 

phosphates are insoluble regardless of chain length. However, as stated previously, 

shorter chain polyphosphates appear to have a greater affinity for magnesium ions 

than longer chain polyphosphates. This assessment would therefore appear to further 

suggest that at lower HMP concentrations there may be a higher proportion of shorter 

phosphate chain lengths.  

 

Where both Mg
2+

 and Ca
2+

 ions are available in equal 1M concentrations in solution, 

all concentrations of HMP show an increase in absorbance. In contrast to when each 

metal ion is singularly available, all HMP concentrations maintain this higher 

absorbance, suggesting each has formed stable precipitates. The increase in 

absorbance was again highest in 0.25M HMP, which was also higher than the other 

groups. The 1M, 0.5M and 0.125M groups showed minimal differences between them. 

This again suggests that at 0.25M there is a greater concentration of insoluble 

precipitates being formed, however there is no way to distinguish between whether 

Ca-polyP or Mg-polyP is being formed in any of the groups within this test. It is unclear 

why, when both ions are present in solution with the HMP, 0.5M and 1M form stable 

precipitates, but when only one ion is present they do not. It may be that the 

combination of ions allows for different complexes and arrangements to be formed, or 

that with double the total concentration of divalent ions present, a saturation is reached. 

 

Sodium hexametaphosphate is proposed to dissolve in water to form a range of linear 

and cyclic polyphosphate anions with a range of lengths. Dirheimer et al [307] found 

that the largest fraction found in solutions of sodium hexametaphosphate (Graham’s 

salt) were high molecular weight polyphosphates with a chain length >10, with smaller 
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fractions of smaller linear polyphosphates, tetrapolyphosphate, cyclotriphosphate, 

tripolyphosphate and pyrophosphate, respectively. A more recent study replicated 

these findings, showing that at 20°C a 0.5% solution of HMP was found to contain 

~80% long chain (D>6) phosphates, ~15% trimetaphosphate and small fractions of 

orthophosphate, pyrophosphate and tetraphosphate [267]. It is claimed that shorter, 

linear polyphosphate ions are more effective in sequestering Mg
2+

 than Ca
2+

, whereas 

the ‘glassy phosphates’, in which HMP is classed, are more effective at chelating Ca
2+

 

than Mg
2+

 [286, 288]. This is supported by evidence from a recent study where it was 

found that polyphosphate solutions which contained a higher fraction of short chain 

length polyphosphates including Sodium hexametaphosphate, after heat treatment at 

120°C, were less effective at chelating calcium ions than those with longer 

polyphosphate chains [267]. This has been investigated due to being of interest for 

meat preservation, as maintaining the levels of both calcium and magnesium is 

essential for maintaining the quality of the food and preventing mould growth [258, 267, 

287]. When HMP underwent heat treatment and hydrolysis in the presence of calcium 

ions, a greater degree of trimetaphosphate was produced than with heat treatment 

alone [267].  

 

It is possible, although this is a highly tentative suggestion, that at different 

concentrations of HMP the complexes the polyphosphates are encouraged to form in 

the presence of both calcium and magnesium ions differ. At a concentration of 0.25M 

HMP, where the affinity for calcium appears to be lower according to the 

demineralisation data, the affinity for magnesium may be higher. However, there is 

little evidence to suggest that the longer polyphosphates which make up the majority 
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of those present in HMP, and have a high affinity for calcium, are hydrolysed at low 

temperatures or without additional acidification.  

 

vi) Summary 

The aim of the work presented in this chapter is to establish whether sodium 

hexametaphosphate can effectively demineralise and dissolve hydroxyapatite mineral 

within the time-period associated with the ocular retention of an eye drop. Further to 

this, it has been necessary to establish the concentrations of HMP at which this effect 

can be achieved and whether the pH of the solution or the temperature at which the 

reaction takes place could hinder the potential therapeutic efficacy. Concentrations 

above 0.25M HMP were found to provide consistent demineralisation of hydroxyapatite 

sol within one hour of treatment. Although the same was true for 0.125M HMP, using 

this concentration created unexpected precipitation of mineral at later timepoints, 

which could limit therapeutic efficacy in practice or cause secondary mineralisation. It 

therefore stands to reason to use a concentration of HMP at 0.25M or above when 

formulating a potential treatment for band keratopathy. The efficacy of HMP at 

demineralising HA was limited by neutralising the pH of the solution. If the toxicity of 

the formulation allows, this should be avoided to see the maximum therapeutic benefit. 

The assumed ocular surface temperature of 32°C should enable successful 

demineralisation by HMP, other factors allowing. 
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5.  

ASSESSING THE CORNEAL 

TOXICITY OF SODIUM 

HEXAMETAPHOSPHATE 
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5.1 General introduction 

There are many possible mechanisms through which a treatment compound can be 

cytotoxic. The substance may damage the cellular membrane, interfere with 

mitochondrial metabolism, prevent protein synthesis or bind to cellular components, 

for example [308-310]. Cytotoxicity can be investigated using cellular monolayers in 

culture, a method which has become preferred due to the widely adopted aim to reduce 

the suffering and use of animals in biomedical research.  In vitro cytotoxicity assays 

examine the effect of treatments on cell metabolism, adherence and structure. More 

specifically, they measure cell functions such as cell membrane permeability, enzyme 

activity and production, cellular adherence, ATP synthesis and cellular uptake of 

proteins [308]. Many assays work on the basis of colorimetry, fluorometry, luminosity 

or dye exclusion. Lactate dehydrogenase (LDH) and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) (MTT) reduction assays are common methods to 

provide preliminary evidence of the toxicity of a treatment, as is propidium iodide (dye 

exclusion) staining and imaging. Histopathology provides an idea of the effect of a 

treatment on a tissue as a whole, allowing the investigation of structural defects or the 

detection, through anti-body staining, of specific proteins. 

 

The current procedure deployed to treat BK involves the removal of the epithelial layer 

of the cornea and the dissolution of the mineral build-up using EDTA of concentrations 

between 0.75% and 3.75% [10, 21, 311, 312]. EDTA has previously been shown to 

affect the health of the corneal epithelium, leading to additional discomfort and 

secondary ocular conditions, such as superficial punctate keratitis and lower sensory 

nerve density [217].  
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Sodium hexametaphosphate is commonly considered ‘safe’ for ingestion in low doses 

and is used in food production as a preservative [258, 286, 287, 313]. It is expected 

that HMP is hydrolysed into phosphoric acid in the intestines when ingested [281]. 

Early investigations of HMP examined its toxicity towards pathogens, and although it 

cannot be considered anti-bacterial or anti-microbial it is known for sensitising bacterial 

and fungal cells to anti-microbial agents such as silver nano-particles [314]. When 

examining the possibility of using these sensitising affects to target cancer cells, 

Oćwieja and Barbasz [315] found HMP to increase the ability of silver nano-particles 

to target and kill Histiocytic lymphoma (U-937) and human promyelocytic (HL-60) cells. 

They also found that HMP alone, at a concentration of 120mgL
1
 (0.196mM), 

decreases the cell viability of both cell lines, significantly more so the HL-60 line. This 

was investigated through LDH, MTT and lipid peroxidation (MDA) assays, with 

cytotoxicity increasing with HMP concentration up to the greatest test concentration, 

120mgL
1
 [315]. The differences between the cell lines were postulated to be a result 

of differences in the structure of the cellular membranes. In contrast, when examining 

the influence of 0.05mM of HMP on the proliferation and migration of human dental 

pulp cells, Bae et al. found that HMP is favourable for the growth and differentiation of 

the cells [275]. This mirrors results from the assessment of the proliferation of human 

dermal fibroblasts treated with inorganic polyphosphates with a chain length of 65 

phosphate units (representing a proportion of what has previously been found in 

Sodium hexametaphosphate/Graham’s salt) at 1.34mM [307, 316]. Inorganic 

Polyphosphates, the group of molecules which includes those present in sodium 

hexametaphosphate, have been shown in additional studies to have varying effects on 

different cell lines. In peripheral blood plasma cells and myeloma cells, the presence 

of polyP inhibited immunoglobulin secretion and triggered apoptosis. These effects 
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were not seen, however, in peripheral blood mononuclear cells, T cells, B cells, and 

non-lymphoid cell lines [265].  

 

Understanding whether HMP is cytotoxic, or in other ways critically disruptive to the 

ocular environment, is a key milestone in preparing a formulation for therapeutic 

purposes. A degree of cytotoxicity is tolerable when considered against any 

therapeutic benefits, however a high level of toxicity would not be acceptable due to 

potential repercussions for the health of the cornea, and ultimately – the sight of the 

patient. It is therefore necessary to determine as best as possible the toxicity of 

demineralising concentrations of HMP towards ocular cell lines and tissues over a 

relevant time (treatment) period.  
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5.2 Materials and Methods 

 

5.2.1 Growing primary cultures: Keratocytes 

Corneal keratocytes are fast growing cells that reside in the corneal stroma, the layer 

of the cornea most commonly affected by hydroxyapatite build up in band keratopathy. 

Corneal keratocytes were cultured using an adaptation of the protocol published by 

Ramke et al [317]. This protocol has been verified as successfully culturing viable 

primary corneal cells from human corneal tissue in previous assessments, which 

examined the cells CK3
+/

, vimentin
+/

 and 5B5
+/

 stains [318]. Corneas from porcine 

eyes were prepared as previously described (Chapter 3, Section 3.9). The epithelial 

and endothelial corneal layers were removed from the washed corneas with scissors, 

and the stromal tissue was chopped into 1-2mm pieces. The tissue was placed in 

culture in sterile 60mm petri dishes with 15ml medium consisting of RPMI 1640 + 1% 

penicillin/streptomycin + 10% foetal bovine serum + 1% gentamycin + 1% amphotericin 

B (RPMI, PenStrep, FBS and gentamycin from Sigma Aldrich, UK; amphotericin B from 

Fisher Scientific, UK).  The cultures were incubated at 37°C with 5% CO2. After 48 

hours 5ml of media was added. After 72 hours, the media was changed. The media 

was changed every 48 hours until cells were 50% confluent. After 5 days any non-

adherent tissue was removed. Once 50% confluency was reached, cells were 

passaged and transferred into sterile, tissue culture coated T75 flasks at a density of 

5000 cells/cm
2
 to continue proliferating. The media was replaced every 2 days. When 

70% confluent the cells were visually characterised to confirm the morphology was 

typical of healthy corneal keratocytes and the cells were seeded into assay plates for 

testing (Chapter 3, Section 3.10). Cells were imaged using a brightfield microscope 

and microscope camera (Moticam). 
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5.2.2 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

metabolism assay of porcine corneal keratocyte cell monolayers 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) metabolism 

assays provide an indication of cell health after treatment with a test substance. Viable 

cells convert the MTT dye into water-insoluble formazan, and the levels of formazan in 

each well can be measured to compare cell viability in each group. MTT assays were 

therefore performed to assess the viability of the corneal keratocyte cells after 

treatment with HMP. Cells and treatment media were prepared as previously described 

(Chapter 3, Section 3.10). For the MTT assays, the treatment media was removed from 

the wells as the end of the treatment period and replaced with 100µl fresh serum and 

phenol-free media. 1ml of MTT solution (Vybrant, ThermoFisher UK) was prepared 

with 1ml of sterile PBS and 5mg of desiccated MTT and vortexed to mix. 10µl 5mg/ml 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was 

added to each 100µl of fresh media. The plates were returned to the incubator for a 

further 4 hours. After the incubation period, 85µl of the MTT containing media was 

removed and 50µl DMSO (Sigma Aldrich, UK) added to solubilize the formazan, 

ensuring thorough mixing. The plate was then incubated for a further 10 minutes before 

the absorbance was read at 540nm. The background absorbance from the media only 

wells was removed from the final readings. Treatment times of 4 hours and 6 hours 

were included such that the toxicity test reflect the extremes of the desired application, 

i.e. beyond the maximum residence time expected for an eye drop. The final 

absorbance readings for each treatment group were compared to the untreated 

control, to provide a % cell viability value. 
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5.2.3 Propidium Iodide assay 

Cellular assay plates were prepared as previously described (Chapter 3, Section 3.10). 

The treatment media was removed from the treated porcine corneal keratocyte cells 

and replaced with media containing 0.02mg/ml propidium iodide (PI; ThermoFisher 

UK). Cells were incubated with propidium iodide for 10 minutes before being washed 

with sterile PBS. The media was then replaced with phenol and serum free media and 

cells were then imaged with an EVOS 5000 microscope. Cells were counted using the 

EVOS automatic cell count function, analysis the Texas Red filtered image. 

 

5.2.4 Ex-vivo corneal biopsy assay 

To assess the effect of treatments with various chelating agents on the structural 

integrity of the corneal tissue, an ex vivo corneal biopsy treatment assay was 

performed. Corneas from porcine eyes were prepared as previously described 

(Chapter 3, Section 3.9). Three 5 mm diameter biopsies were taken from each cornea 

with a disposable biopsy punch (Steifel) and randomised into each treatment group. 

The samples were placed with the epithelial layer facing upwards in specialised well 

inserts (Cellcrown) and placed in a 96-well plate, prepared with fresh 100μl media 

(HBSS + Penicillin/Streptomycin 1%).  The epithelial surface of each corneal sample 

was then treated with 20μl of the chosen treatment. Treatments included 1M, 0.5M, 

0.25M and 0.125M HMP, 2% EDTA and HBSS (control). The samples were incubated 

at 37°C for 4 hours. This assay was performed 5 times within each treatment group. 

After 4 hours, the corneal biopsy samples were removed from the wells and fixed and 

embedded for cryosectioning. The corneal samples were then sectioned as previously 

described (Chapter 3, section 3.11) and placed onto positively charged glass slides 
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and slides from each group were stained with haematoxylin and eosin (H+E)  as 

previously described (Chapter 3, section 3.12) and imaged. 

5.2.5 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

of corneal tissue biopsies 

To assess the viability of corneal tissue treated with HMP and EDTA, an ex vivo tissue 

MTT assay was performed. The tissue metabolism assay was adapted from that used 

by Erickson-DiRenzo et al [319]. Porcine corneas were prepared as previously 

described (Chapter 3, Section 3.9). DMEM/F12 media (Gibco) was prepared with HMP 

or EDTA to the appropriate concentrations and sterile filtered (0.2μm mesh, Corning).  

5mm biopsies were taken from the corneas and one sample was placed in each well 

of a 24 well plate with 750µl of treatment media – 1M HMP, 0.5M HMP, 0.25M HMP, 

0.125M HMP, 2% EDTA or DMEM/F12 only. Treatments were performed in triplicate. 

The plates were incubated at 37°C and 5% CO2 for the duration of treatment. At the 

end of the treatment period (4 hours or 24 hours) the treatment media was removed 

and replaced with 750µl DMEM/F12 only. A recovery test was performed where after 

4 hours of treatment, the biopsies remained in DMEM/F12 only for 18 hours before the 

MTT test was carried out. 75µl of 5mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) solution was then added to each well and the 

plates were incubated at 37°C for a further 4 hours. The MTT solution and media was 

then removed and replaced with 750µl of Dimethyl Sulfoxide (DMSO) and the biopsies 

were finely minced. The plates were then wrapped in foil to protect from light and 

placed on a rotating plate (60rpm) for 1 hour. 100µl DMSO solution was then taken 

from each well in duplicate and placed in a 96-well plate. The absorbance of each well 

was read at 540nm. 
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5.2.6 X-Ray Fluorescence (XRF) analysis of corneal sections 

To assess whether XRF could be used to analyse the penetration of HMP into the 

corneal tissue, 5mm biopsies of porcine corneal tissue were taken and embedded in 

optimal cutting media (OCT) for cryosectioning as previously described (Chapter 3, 

section 3.11). Unmounted 20µm sections were taken and assessed using X-Ray 

Fluorescence as previously described (Chapter 3, section 3.13).  

 

5.2.7 In vitro and ex vivo cellular Lactate dehydrogenase release assay  

Lactate dehydrogenase (LDH) release assays were performed to assess the 

cytotoxicity of the HMP treatments on the corneal keratocytes. CytoTox 96© non-

radioactive assay kits were acquired from Promega, UK. Assay plates for both tissue 

biopsies and cellular monolayers were prepared as previously described (Chapter 3, 

General Methods, Section 3.10 and 3.11). For the cellular monolayer assays, a 

complete cell death group was included which was treated with 10µl 5% polyethylene 

glycol tert-octylphenyl ether solution for 45 minutes. The LDH measurements were 

performed by removing 50µl media from each well at the relevant time point and 

incubating them with the assay reagent (a solution of L-lactic acid (2-hydroxy propionic 

acid), β-NAD, DMSO, Tris-HCl and polyethylene glycol tert-octylphenyl ether) 

protected from light for 30 minutes. 50µl 5% acetic acid was then added to stop the 

reaction and the final absorbance was read at 490nm. The background absorbance 

from the media was subtracted from all values. Percentage cytotoxicity was calculated 

as follows: 
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% Cytotoxicity = 
"#$%&#'()*	(-&*'.*/	)*00$)

"#$%&#'()*	(2%340*.*	)*00	/*'.5) 	× 	100 

 

A positive control assessment was included to assess the functionality of the assay. 

Bovine Heart LDH was diluted to a ratio of 1:5000 in PBS + 1% bovine serum albumin. 

50μl of the LDH control was added to a 96-well plate, and 50μl of medium containing 

1M HMP was then added. HMP-free media was also included as a control. The solution 

was incubated for 30 minutes and then the absorbance was read at 490nm. 

 

 

5.2.8 Statistics 

Statistical analysis was performed in Prism (Graph Pad). Comparison between the 

treatment groups for the MTT assay was performed using a mixed-effect analysis with 

multiple comparisons.  

Comparison between treatment groups for the propidium iodide assay was performed 

using an ordinary one-way ANOVA. Assessment of gaussian distribution showed the 

HMP treated groups to have normal distribution. 
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5.3  Results 

Previous cytotoxicity assessments of HMP have created an inconclusive picture, with 

results showing both increased cell proliferation and reduced cell metabolism in 

different instances, depending on the cell line and concentration of HMP being used 

[274, 275, 315]. It is therefore necessary to determine the effect of HMP treatment on 

the health of ocular cells, to indicate whether a topical HMP treatment would be safe 

to use in cases of band keratopathy.  

 

5.3.1 Keratocyte primary cell cultures 

Healthy, rapidly proliferating monocultures of corneal keratocytes were successfully 

grown using this technique (Figure 5.1). Where tissue became adherent to the bottom 

of the petri dish, keratocytes would proliferate from this point and grow in dense 

clusters. The morphology of the PCK cells was consistent with the tightly packed, 

elongated cuboidal shape expected from keratocytes. 

 

5.3.2 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

metabolism assay of cell monolayers 

There are several mechanisms through which a test substance can be toxic to cells. 

MTT assays can demonstrate whether a test substance is interfering with normal 

cellular metabolism, either by killing the cells or by interfering with the metabolic 

pathway (which may ultimately lead to cell death).  

 

In this assay, culture porcine corneal keratocytes were treated with various 

concentrations of HMP. Water, untreated control and EDTA treated groups were 

included for comparison.  
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When calculated at % cell viability in comparison to the untreated PCK cells, the 1M 

and 0.5M HMP groups had the highest mean cell viability at 1M: 115%/106% (4 hours/6 

hours), 0.5M: 100%/81%. 2% EDTA showed comparable results at 95%/66%. 0.125M 

HMP and 0.25M presented the lowest cell viability at 22%/27% and 13%/30% 

respectively (Figure 5.2). When the groups were compared (with the inclusion of both 

time points), there was a significant difference between 0.125M HMP vs 1M HMP 

(p=0.0007) and 0.25M HMP vs 1M HMP (p=0.006), with 1M HMP showing higher 

calculated % cell viability. 1M HMP was also significantly higher than the water control 

group, however this difference was associated with the 6-hour treatment and not the 

4-hour treatment (p=0.01). There were no significant differences between the other 

treatment groups, however both the 0.5M HMP and 2% EDTA treatment groups 

showed higher calculated % cell viability than the 0.125 and 0.25M HMP groups. 

 

5.3.3 Propidium Iodide assay  

Propidium Iodide staining is commonly used to indicate cell death. Propidium Iodide is 

considered impermeable to live cells, therefore when cells are stained red by the dye 

this indicates that they are either dead or have otherwise been permeabilised to the 

dye. HMP and EDTA have both previously been shown to permeabilise cell 

membranes, which may allow for the penetration of the PI dye [60, 216].  

Porcine corneal keratocytes were treated with various concentrations of HMP for 4 

hours. Untreated, EDTA and water groups were included as controls for comparison.  

Untreated PCK cells presented with minimal propidium iodide staining and were still 

confluent in the base of the well (Figure 5.3). The same was true of the water treated 

(vehicle control) PCK cells. The 2% EDTA treated PCK cells were no longer confluent,  
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Figure 5.3: Top row: Brightfield images Bottom row: Texas Red images, of propidium 
iodide stained porcine corneal keratocyte cells after 4 hours treatment with HMP 
(0.125-1M), 1% EDTA, or sterile water. Magnification: X20. Scale bar: 1200µm. 24-
well plate, 500µl media per well. All HMP treated cells stained positive for Propidium 
Iodide. Cell adherence appears to increase with HMP treatment concentration. 1% 
EDTA treated cells lose adherence. Water treated (vehicle control) and Untreated 
(normal growth media control) cells included for reference.  
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with the majority of PCK cells losing adherence (Figure 5.4). The cells which remained 

stained positive for propidium iodide, suggesting a breach in the membrane. The same 

was true of PCK cells treated with 0.125M and 0.25M HMP. Both groups lost a large 

proportion of cells through reduction in adhesion, and the remaining cells stained 

positive for propidium iodide. In fact, all PCK cells treated with HMP stained positive 

with propidium iodide suggesting a breached membrane in each case. However, where 

0.25M and 0.125M treated cells lost adherence, 0.5M and 1M treated cells did not.  

 

Through image analysis the PCK cells were quantified (Figure 5.4). The 1M HMP 

treated group had a significantly greater cell count than the 0.125M (p<0.0001), 0.25M, 

(p<0.0001) and 0.5M (p=0.0003) groups. The trend across the HMP treated groups 

was that cell count increased with HMP concentration. 

 

5.3.4 Re-analysis of the MTT assay results to include measures of cellular 

adherence 

The % cell viability calculations performed to analyse the MTT assay data do not 

distinguish between loss of cell metabolism/cell death and loss of cell density. When 

then the propidium iodide cell count data and MTT assay data (Figure 5.5) are 

compared, the propidium iodide cell count data appears to partially explain the MTT 

assay results. When the MTT results for each treatment group are divided by the 

average quantified propidium iodide cell count for that group (Figure 5.5), a different 

trend emerges. 0.125M HMP and 2% EDTA treated PCK cells appear on average to 

show a greater rate of metabolism per cell than those treated with higher 

concentrations of HMP. 0.25M HMP shows the lowest relative cell metabolism, 

followed by the 0.5M and 1M groups which show comparable results. 
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5.3.5 Ex vivo corneal biopsy assay 

The H&E-stained images of the sectioned treated corneas (Figure 5.6) reveal structural 

differences between the groups. The corneas treated with 2% EDTA, 0.125M HMP 

and 0.25M HMP show epithelial cell detachment when compared to the HBSS control, 

and also in comparison to the 0.5M and 1M HMP treated corneas. The 0.5M and 1M 

treated corneas show dense epithelial layers in comparison to the HBSS (control) 

group, suggesting some desiccation may have occurred. None of the treatment groups 

present with structural abnormalities deeper than the epithelial layer. 

 

5.3.6 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

metabolism assay of tissue biopsies 

Although cellular monolayer assays are useful for providing an indication of 

cytotoxicity, cells can behave differently in vitro than ex vivo or in vivo. Ex vivo tissue 

biopsy assays were performed on porcine corneas to investigate the effect of HMP 

treatment on the corneal structure. EDTA and HBSS treatment groups were included 

as controls for comparison.  

 

When the corneal biopsies were treated in media containing each of the chelating 

agents, there were no significant differences in the measured formazan metabolism 

and calculated tissue viability between the groups other than at 24 hours (Figure 5.7), 

where the 1M treated group presented with significantly higher % tissue viability than 

the other groups (23%). At the same time point, the 0.125M HMP and 2% EDTA 

groups showed similar viability at 15.5% and 16% respectively. 0.25M and 0.5M 

HMP presented the lowest mean values of tissue viability at 7% and 8% respectively. 

The trend is similar at 4 hours treatment, with the exception of 1M HMP  
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Figure 5.6: Brightfield microscope images at X20 magnification, of Haemoxylin and 
eosin (H&E) stained porcine corneal sections after 4 hours treatment with 2% EDTA, 
HBSS or 0.125M-1M HMP. 2% EDTA, 0.125M and 0.25M HMP groups show epithelial 
detachment. The 0.5M and 1M HMP show a dense epithelial layer in comparison to 
the HBSS control, potentially due to a degree of desiccation. Scale bar = 250µm 
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which presents a lower cell viability (7%) in line with 0.25M and 0.5M HMP. The 

inclusion of an 18-hour recovery period post-treatment altered the trend, bringing all 

groups in line with similar viability measurements (7-9%). 

 

5.3.7 XRF analysis of corneal sections 

The XRF images revealed a consistent distribution of calcium and sodium throughout 

the corneal tissue (Figure 5.8a). The detection of phosphate, however, revealed a 

higher concentration of phosphate throughout the epithelial layer, showing as a bright, 

thin band along the length of the tissue. This was further confirmed by cross-sectional 

line analysis (Figure 5.8b), which detected a higher phosphate count in the epithelial 

layer. This was not replicated in the measurement of sodium. 

 

5.3.8 In vitro and ex vivo Lactate Dehydrogenase release assay 

The results of the LDH release assays in both in vitro cellular monolayer assays and 

tissue biopsy assays (Figure 5.9) showed a consistent trend of a reduction in the 

measured absorbance with increasing HMP concentration. In the case of the tissue 

biopsy assay, the readings for all HMP treated groups were significantly lower than 

those of the untreated tissue.  A test using an LDH positive control (bovine heart LDH), 

revealed that the group including 0.5M HMP in the media produced lower absorbance 

readings on the completion of the assay. This suggests that HMP interferes with the 

LDH assay so that measured absorbance is no longer an indicator of LDH release, 

and that this assay is not an appropriate method for assessing the cytotoxicity of HMP. 

The positive control assessment included using bovine serum albumin, which 

appeared to form an insoluble precipitate with low concentrations of HMP (0.0625M 

and 0.125M), leading to an increase in measured absorbance.  
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5.4  Discussion 

In most cases it is assumed that as the concentration of a cytotoxic agent increases – 

the cytotoxicity induced also increases. However, the HMP assay results presented in 

this chapter have not consistently followed this trend.  

 

Previous investigations into the cytotoxicity of sodium hexametaphosphate have also 

shown conflicting results. When examining the possibility of using these sensitising 

affects to target cancer cells, Oćwieja and Barbasz [315] found that HMP alone, at a 

concentration of 120mgL
1
 (0.196mM), decreases the cell viability of Histiocytic 

lymphoma (U-937) and human promyelocytic (HL-60) cell lines, and significantly more 

so the HL-60 line. The differences between the cell lines were postulated to be a result 

of differences in the structure of the cellular membranes. In contrast, when examining 

the influence of 0.05mM of HMP on the proliferation and migration of human dental 

pulp cells, Bae et al. found that HMP is favourable for the growth and differentiation of 

the cells [275]. This mirrors results from the assessment of the proliferation of human 

dermal fibroblasts treated with inorganic polyphosphates with a chain length of 65 

phosphate units at 1.34mM [316]. These assessments included concentrations of HMP 

much lower than those tested here and over much longer time periods - over 24 hours 

in the case of the cancer cells and up to 14 days in the case of the human dental pulp 

cells.  

 

i) Concentration-dependent affects 

With such an increase in the HMP concentrations we tested compared to previous 

assessments, it was expected that our assessments would see an increase in cell 

death or malfunction, even over a shorter time period. However, this was not reflected 
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in the results of the MTT metabolism assay performed on the cellular monolayer 

(Figure 5.2), which appeared to show the porcine keratocyte cells in higher 

concentration HMP treatment groups metabolising a rate more comparable to 

untreated controls (shown through % viability calculations).  When comparing these 

results to those of the Propidium Iodide penetration assay (Figure 5.5), it is clear that 

this may be due to the loss of cellular adhesion at 0.125M and 0.25M HMP, meaning 

the metabolism values are in reality reported for a smaller number of PCK cells in 

comparison to the higher concentrations. When the propidium iodide cell count values 

and MTT assay values are combined (Figure 5.5), the trend for the in vitro cellular 

monolayer assays becomes comparable to that found at the 4 hour treatment time in 

the tissue biopsy assays, where 0.125M HMP and 2% EDTA show the highest % 

viability (metabolism compared to controls) compared to the other treatment groups 

(Figure 5.7). However, at the 24-hour time point, the 1M HMP group records 

significantly higher tissue metabolism than the 0.25M and 0.5M groups.  

 

It is possible for mammalian cells to metabolise inorganic polyphosphates [229]. Over 

the last 30 years the suggestion that inorganic polyP is involved in mitochondrial 

metabolism pathways has gained traction, and there is evidence to suggest that 

inorganic polyP depletion interferes with inner membrane potential and causes 

increased NADH levels [320]. These results highlight the potential limitations of using 

a metabolism assay to assess the cytotoxicity of a molecule which may interfere with 

normal cellular metabolism.  
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ii) The role of metal cations in cellular adhesion and permeabilization  

However, the trend in cellular adhesion is also yet to be explained. This same trend 

was evident in the ex vivo tissue assays, where the epithelial layer can be seen to be 

detaching from the corneas treated with 0.125M and 0.25M HMP and 2% EDTA. It 

also appears as though HMP treatment causes the permeabilization of cell 

membranes, but in 0.5M and 1M HMP treated PCK cells this does not appear fatal. 

These phenomena are likely related to the impact of HMP on metal cations both in the 

cell culture media, and the adhesion mechanisms of the cells. HMP’s many uses in the 

food and ceramics industries rely on its ability to form stable complexes with calcium 

and other divalent metal ions [252, 253, 292, 321]. Calcium plays a vital role in cell-to-

cell and cell-to-substrate adhesion in that cadherin membrane glycoproteins have been 

highlighted as key players in cell-to-cell adhesion in most tissues. Cadherins depend 

on Calcium ions for their function [213].  Additionally, calcium and magnesium play a 

key role in cell permeabilization, and HMP has already been shown to permeabilize 

the cell membranes of various cell types [212, 216, 322]. In bacterial culture HMP has 

been shown to cause cell lysis, which is then alleviated by the addition of NaCl or 

MgSO4·7H2O into the culture medium, suggesting the interference is with metal cation 

metabolism [323]. The in vitro cytotoxicity of HMP will likely be mediated by how HMP 

interacts with metal ions in the culture media as well as within the structure of the PCK 

cells, impacting adherence, permeability and metabolism of the cells. 

 

The earlier assessment (Chapter 4, Figure 4.8) of the interaction between HMP and 

MgCl2 and CaCl2 offers additional evidence to the theory that there could be a variation 

in the behaviour of HMP solutions of different concentrations towards metal cations. 

Our previous assessment of the formation of insoluble precipitates by HMP and CaCl2 
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and MgCl2 suggested that there was a higher affinity for magnesium in the 0.125M and 

0.25M treatment groups than the 0.5M and 1M groups. When compared to the results 

of the propidium iodide and ex vivo biopsy assays, it is also seen that 0.125M and 

0.25M HMP reduce cellular adhesion in comparison to the 0.5M and 1M groups. It is 

possible that the trend in cytotoxicity exhibited is related to the affinity of each 

concentration of HMP for magnesium ions, which may in turn be related to the length 

of the polyphosphate chains at each HMP concentration, or the formation of certain 

complexes with specific orientations at these concentrations.  

 

iii) Potential interference of HMP with LDH assay reaction 

The positive control performed to test the viability of the LDH assay showed that HMP 

interferes with the assay, possibly producing false results in the in vitro cellular 

monolayer tests. The fact that higher concentrations of HMP produced lower 

absorbance results suggests that the HMP may be binding with one of the reactants 

needed to create the colour change necessary for the colorimetric assay to work.  The 

assay reagent includes L-Lactic acid (2-hydroxy propionic acid), β-NAD (nicotinamide 

adenine dinucleotide), DMSO, Tris-HCl and polyethylene glycol tert-octylphenyl ether, 

and the presence of LDH is necessary to create the colour change necessary. It is 

known that HMP does not mix with DMSO, however as it is not the HMP but the LDH 

which is being read this should not interfere with the colour change of the assay. The 

interaction between polyphosphates and LDH has been subject to previous 

investigations, which showed that where LDH upon heating unfolds irreversibly, LDH 

which was heated in the presence of polyphosphate (polyP300) did not unfold 

completely but formed a thermally stable intermediate structure [324]. However, this 

previous study found no evidence that polyP binds to LDH in the absence of high 
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temperatures, as in the work performed here. The LDH assay relies on a coupled 

enzymatic reaction that converts iodonitrotetrazolium (INT) into formazan by 

diaphorase. The released LDH converts lactate to pyruvate (as in anaerobic 

metabolism) reducing NAD to NADH/H
+
. Diaphorase then uses the NADH/H

+
 to reduce 

the INT to red formazan [308]. Further investigation would be necessary to determine 

exactly where HMP is interfering with this assay mechanism. 

 

The positive control assessment also revealed that at lower concentrations, HMP 

appears to complex with bovine serum albumin. HMP is known for its ability to complex 

proteins [249, 313, 325] and the aggregation of BSA by HMP has been previously 

studied [326] - therefore this finding is unsurprising. However, it is notable that this only 

occurred in the lower concentrations (0.00625 and 0.125M) and not at 0.5M HMP, 

again suggesting a change in the ability of HMP to form certain complexes at higher 

concentrations. 

 

iv) Mechanisms of cell injury and death 

LDH assays, in combination with other methods such as cell membrane permeation 

dye exclusion assays, are used to provide an indication of cell death by necrosis [327]. 

Necrosis is unprogrammed cell death, caused by chemical or physical insult, which 

leads to the membrane of the cell being breached and the internal contents leaking out 

[327]. Evidence of cell membrane permeabilization by HMP has been revealed in the 

work presented here, and in previous studies performed with HMP and similar calcium 

chelating agents [250, 251, 328]. What is unclear, is whether this cell permeabilization 

is reversible, or as a result of necrosis. Neither MTT assays nor LDH assays are 

reliable measures of other forms of cell death, in particular apoptosis. Apoptosis is 



 144 

programmed cell death, strictly mediated by caspases and genetically programmed to 

occur as a natural part of a cell’s life-cycle [329].  Apoptosis can be triggered by both 

internal and external insults, including membrane injury or mitochondrial injury [330]. 

To examine fully the potential mechanism of cytotoxicity by HMP both apoptosis and 

necrosis will need to be measured.  

  

v) XRF analysis of corneal phosphate content 

The XRF analysis revealed that even in untreated corneas there is a high natural 

phosphate content of the epithelial tissue, relative to the other tissues in the cornea. 

This could provide some explanation to the formation of hydroxyapatite occurring at 

the interface between the epithelial tissue and stromal tissue. However, phosphate is 

naturally present in multiple forms in all cells and therefore this reading may just be 

indicative of the higher density of cells in the epithelial layer, which is tightly packed 

and organised in comparison to the relatively open network of cells and collagen in the 

corneal stroma and the much thinner endothelial layer. 

 

vi) Summary 

The aim of the work in this chapter is to provide an assessment of the potential danger 

to the ocular environment of using a topical HMP treatment. In vitro and ex vivo cell 

metabolism, cell death and histochemical assays were performed to gain an 

understanding on the cytotoxic effects of HMP on corneal cells (porcine corneal 

keratocytes) and tissue (porcine corneal biopsies). HMP treatment did not create the 

expected trend, where an increase in concentration of a test substance causes an 

increase in measured cell viability (cell metabolism compared to healthy controls). It 

has therefore not been possible to determine which concentration of HMP might be 
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safest to use, as 0.5 and 1M HMP appear to allow greater cellular retention and 

maintenance of tissue integrity, whereas 0.125M HMP appears to facilitate greater cell 

metabolism than at higher concentrations.  
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6.  

FORMULATION OF A 

SODIUM 

HEXAMETAPHOSPHATE 

DELIVERY MATERIAL 
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Alginate is a naturally occurring polymer, routinely harvested from various species of 

seaweed. The monomeric composition and arrangement of the alginate can vary 

depending on the species from which it was harvested, namely through variation in the 

mannuronic (M) and guluronic (G) acid monomer blocks [334]. Two adjacent G blocks 

are required in the monomeric composition to create a binding site for polyvalent 

cations and to allow gelling behaviour [334, 335].  Due to the interest in both natural 

polymers and polymeric hydrogels for drug delivery alginate has been assessed for a 

variety of applications [70, 79, 91, 256, 336-340]. With regards to ocular uses, drug-

eluting calcium alginate inserts have been assessed as a potential novel option for 

ocular therapies [107]. In concurrence with the conventional eye drop polymers listed 

previously, alginate has been examined as a thickening agent to improve eye drop 

retention and improve delivery of carteolol for increased treatment efficacy for ocular 

hypotension [341] and as a protective agent for the ocular surface in the treatment of 

dry eye disease [342].  Calcium alginate has also been formulated to gel in-situ and 

used to encapsulate therapeutic nanoparticles [343, 344]. Alginate is a readily 

available polymer, and is widely considered non-toxic and capable of offering improved 

ocular retention in comparison to aqueous drops. Alginate with a high proportion of 

guluronic acid (G blocks) in the polymer backbone show a reversible liquid to gel 

transition, and this has been examined for the delivery of pilocarpine [345]. Compared 

to other polymers like hyaluronic acid or cationic chitosan, alginate gels show poorer 

mucoadhesion on the ocular surface [219], however the wettability of the drop is 

improved compared to more viscous formulations – a trade-off which needs to be 

balanced to reach the optimum retention and drug delivery for an eye drop. To form a 

crosslinked hydrogel with alginate, calcium is the usual choice of agent, however other 

divalent and trivalent ions can be considered [346, 347]. Photo-crosslinkable alginate 
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The aim of incorporating HMP into a polymeric delivery material would be to improve 

the retention of HMP on the surface of the eye, extending the window in which the 

HMP is bioavailable and providing therapeutic effects – in this case dissolving the 

hydroxyapatite mineral. A higher viscosity has been shown to improve drop retention, 

however in this case the therapeutic efficacy is dependant also on the ability of the 

delivery material to release HMP at effective doses. It is common for the release 

properties of drug delivery materials to be assessed in vitro by sampling and testing 

solution within which the material has eluted its carried drug. 

 

Assessing the concentration of polyphosphate in a solution can be done through 

methods which break the polyphosphate chains into orthophosphates or single Pi units 

which can then be quantified with molybdenum blue or similar colorimetric assays 

[373]. This process involves hazards such as boiling the sample in acid. Various 

alternative methods for quantifying polyphosphates have been developed, namely to 

quantify the small amount of inorganic polyphosphates that can be found in cells, and 

to examine the activity of enzymes such as PFK on the chain length of those inorganic 

polyphosphates [373]. Such novel methods include enzymatic assays, and additional 

colorimetric assays such as those involving toluidine blue O dye. Toluidine blue O is 

most commonly used for immunohistochemistry, allowing the differential staining of 

various tissue types. The dye ranges in colour from blue to pink, depending on the 

properties of the tissue being stained. It is suggested that this metachromatic shift is 

induced through polymerisation of the dye when in contact with anionic chromophores, 

such as DNA or RNA [374].  
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Sodium hexametaphosphate (HMP) exists in aqueous solution as a negatively charged 

inorganic polymer of multiple phosphate units [375]. HMP is a chelating agent, readily 

chelating metal ions such as calcium and magnesium. In addition, the positive sodium 

ions delivered alongside the HMP molecules can in certain formulations crosslink 

anionic organic polymers to form hydrogels [248, 331, 376]. Each of these three factors 

allows HMP to, in theory, exhibit multiple different effects on an organic polymer 

formulation. The charge of the polymeric phosphate units will determine interactions 

with other charged polymers, whilst the ability to chelate metal ions may interfere with 

the structure of other polymeric materials, by sequestering the metal ions necessary 

for crosslinks to form. It is therefore necessary to incorporate HMP into various 

polymers in order to establish the optimum properties for ocular drug delivery. 

It remains to be seen how demineralising concentrations of HMP interact with various 

organic polymeric materials. The optimum formulation for an HMP-eluting eye drop 

would maintain enough viscosity to remain on the surface of the eye for the desired, 

without compromising vision and whilst delivering a therapeutic dose of HMP to the 

cornea. 
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6.2  Materials and Methods 

 

6.2.1 Preparing Alginate gels with Sodium hexametaphosphate 

Sodium alginate has previously been used to deliver an injectable dose of HMP for the 

purpose of dissolving ectopic mineral [302]. Alginate has also been used in other ocular 

formulations [341, 342, 344, 345].  Sodium alginate was prepared as a 2% w/v gel 

through the dissolution of powdered sodium alginate (Sigma Aldrich, UK) in MiliQ 

deionised filtered water under stirring (800rpm, 5 minutes) at room temperature. Once 

a homogenous gel had formed, HMP was then added to form gels of 0-0.1M HMP. 

 

6.2.2 Preparing Gellan gels and fluid gels with Sodium hexametaphosphate 

Due to its optical properties, i.e. that it shares the refractive index of the tear film, gellan 

makes an attractive choice for ocular formulations. Gellan was prepared as a 1.0% w/v 

gel by combining powdered low-acyl gellan (kelcogel) in Milli-Q water at a starting 

temperature of 80°C. To form a crosslinked gellan fluid gel, the gellan was 

subsequently cooled under stirring to 40°C and 10% 0.2M NaCl was added. Na-HMP 

of various concentrations was then added to the cooled gellan (both crosslinked and 

non-crosslinked) under stirring to form gels of 0-0.1M HMP. To compare the effect of 

NaCl to that of HMP, 2M NaCl was added to non-crosslinked gellan to form gels of 0-

0.1M NaCl. 

 

6.2.3 Creating chitosan solutions and crosslinked chitosan gels 

Chitosan has previously shown to crosslink on the addition of HMP [356, 369, 370]. 

This may allow for the development of a formulation with tuneable properties. 2% 

chitosan gel was prepared by dissolving medium chain length chitosan powder (Sigma 
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Aldrich, UK) in 1% v/v aqueous acetic acid under stirring. 5ml samples of 2% chitosan 

gel were taken and mixed with increasing proportions of 0.1M HMP to form crosslinked 

gels of 0-0.01M HMP.  

 

6.2.4 Creating chitosan films 

Topical ocular drug delivery most commonly takes the form of eye drops, however 

ocular inserts offer an attractive alternative due to their increased retention [32, 103, 

104, 377]. Crosslinked chitosan has previously been used to create ocular inserts [359, 

367].  2% and 3% chitosan gels were prepared in 1% acetic acid. Clean glass slides 

were then dipped into each gel until coated. The coated slides were then placed in 

0.001M, 0.01M, 0.125M, 1M or 2M HMP for 24 hours. The gels were imaged, and then 

a razorblade was used to detach the films from the glass slide for further testing. 

 

6.2.5 Viscometry - Shear Stress Ramp 

To investigate the relationship between HMP and the polymeric hydrogel carriers, the 

alginate and gellan gels containing a range from 0-0.1M HMP and chitosan gels 

containing 0-0.01M HMP were then assessed using a shear stress ramp from 0.1Pa 

to 250Pa over 5 minutes (Malvern Rheometer). HMP solutions of 1M and 2M were 

also tested for comparison. 10 samples were taken per decade. The maximum shear 

stress was chosen to mimic the maximum stresses expected under blinking conditions 

on the surface of the eye. Flat parallel plate geometry was used, and the test was 

performed at a temperature of 32°C to mimic the ocular surface. 
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6.2.6 Submersion of gellan in HMP and NaCl 

To further investigate the interaction between gellan and HMP, gellan was prepared 

as described both with and without 10mM NaCl crosslinking agent. Equal samples of 

each were submerged in 1ml HMP (1M, 0.5M, 0.25M or 0.125M) or NaCl (1M) for 48 

hours. After 48 hours the gellan pieces were retrieved and imaged for comparison.  

 

6.2.7 Oscillatory stress sweep test - limit of the Viscoelastic Region 

determination 

To characterise the films developed by crosslinking chitosan with HMP, an oscillatory 

sweep test was performed. Using a Malvern Rheometer with flat plate geometry, the 

chitosan films were exposed to stresses in the range of 0.03 to 400 Pa at a constant 

frequency of 0.1 Hz. Complex shear stress and complex shear strain were recorded 

and used to determine the limit of the viscoelastic region (LVER).  This sets the 

maximum stress/strain which can be applied to the films in further testing before failure 

or permanent changes to the structure of the material. The test was performed at 25°C 

 

6.2.8 Fixed strain Frequency Sweep analysis 

At a fixed strain of 1% (previously determined as within the LVER), the chitosan films 

were exposed to frequencies increasing from 0.01 to 50Hz and the Shear modulus 

(elastic component) and shear modulus (viscous component) were recorded. 

 

6.2.9 Toludine Blue Assay development 

To develop a safe and simple method of measuring HMP release, a 0.1% w/v dye of 

toluidine blue O was prepared using toluidine blue O powder (Sigma, UK) and Milli-Q 

water. 50µl of dye was added to the wells of a clear flat bottomed 96-well plate 
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(Corning).  50µL of reactant – either milli-Q water or HMP of concentrations from 

0.01M-2M – was then added and the absorbance of the plate was read by a plate 

reader (Tecan Infiniti 2000) at a range of wavelengths from 290nm-1000nm, at 10nm 

increments. 

 

6.2.10 HMP Release assay – Toluidine Blue 

In order to assess the release of HMP from alginate gel and chitosan films, 50µl of 

alginate containing 0.5M HMP or a 5mm diameter circular biopsy sample of chitosan 

film prepared in 1M HMP was added to the base of the well of a 96 well plate. 100µl of 

Milli-Q water was then added. 5 wells were prepared for each time point – 10 minutes, 

30 minutes, 60 minutes, 120 minutes, 240 and 360 minutes. At the relevant time, 50ul 

of water was removed from the top of the well and placed into 50ul toluidine blue O 

dye and incubated for 1 hour. The absorbance of the toluidine blue O mixture was then 

read at 450-700nm at 10nm increments. To prepare the controls, 50ul of each control 

substance was added to 50ul toluidine blue dye and incubated for 1 hour. The 

absorbance was again read at 450-700nm at 10nm increments. The calculation 

determined through the experiments performed above (viii) was then applied to the 

absorbance results, allowing for comparison to a standard curve which predicts HMP 

concentration in the sample. 

 

6.2.11 HMP release assay – Hydroxyapatite sol 

As above (6.2.10), 50µl of alginate containing 0.5M HMP or a 5mm diameter circular 

biopsy sample of chitosan film prepared in 1M HMP was added to the base of the well 

of a 96 well plate. 100µl of Milli-Q water was added on top. 5 wells were prepared for 

each time point – 10 minutes, 30 minutes, 60 minutes, 120 minutes, 240 and 360 
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minutes. 50 µl of hydroxyapatite was added to each well of a separate, corresponding 

plate and the absorbance was measured at 380nm. At the relevant time, 50µl of water 

was removed from the top of the wells containing the hydrogel formulations and placed 

into the wells with 50µl hydroxyapatite sol and incubated for 1 hour. The absorbance 

of the HA sol was then read at 380nm. 

 

6.2.12 Contact angle  

The contact angle of formulations relative to the ocular surface is an important predictor 

of the drop behaviour and retention under blinking. Unscalded whole porcine eyes 

were received from a commercial abattoir within 4 hours of death. Eyes were rinsed 

with HBSS and placed in the top of 50ml falcon tubes with the cornea facing upwards. 

A camera and tripod were positioned to be level with and focused on the corneal 

surface. 300µl of each formulation (0.5M HMP/alginate, 1M HMP or HBSS) was added 

to the surface of each eye and the travel of the drop was filmed. Each formulation was 

assessed on the surface of three different eyes, three times. Frames were 

subsequently taken from the footage and the contact angle of each formulation was 

measured in ImageJ. 

 

6.2.13 Statistics 

The results of the HMP release assay using hydroxyapatite sol were analysed using a 

paired t-test to compare baseline and post-treatment absorbance measurements at 

each time point. Prior to this the data was assessed for normal distribution using a 

Shapiro-Wilk test. 

The contact angle measurements for each formulation were compared using a one-

way ANOVA. A Shapiro-Wilk test confirmed normal distribution prior to comparison.   
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6.3  Results 

6.3.1 Visual observations of gellan, alginate and chitosan gels with HMP 

In order to create a HMP delivery material, HMP was mixed with alginate, chitosan and 

gellan aqueous gels.  

 

When 2% alginate gel was combined with increasing proportions of 2M HMP, it was 

observed that at a concentration of 1M, separation occurred in the formulation (Figure 

6.4a). A homogenous formulation is necessary to ensure both consistency and 

comfort, therefore for further testing a maximum of 0.5M HMP was used in combination 

with alginate.  

 

On the addition of HMP into the Gellan fluid gel, the formulation appeared to develop 

opacity at 0.04M HMP (Figure 6.4b). This increased with increasing HMP addition, with 

the formulation becoming both less resistant to inversion – i.e. weaker - and cloudier. 

 

Where HMP was added to 2% chitosan at proportions from 0.001 to 0.01M, a clear 

colour gradient appeared, with increasing HMP correlating to an increase in the opacity 

of the gel and a change in colour from light brown to white (Figure 6.4c). This visual 

gradient was assumed to correspond to increased crosslinking in the material. 

 

6.3.2 Creating chitosan films 

In the case of the formulations prepared with 1M and 2M HMP, the films formed by 3% 

chitosan were optically opaque compared to those formed with 2% chitosan (Figure 

6.5). The films formed with 0.1M HMP and 0.001M HMP were optically  
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transparent and brittle in comparison with the films prepared with the higher 

concentrations of HMP, at both 2% and 3% chitosan. The films prepared with 0.1M 

and 0.001M HMP broke once removed from the glass slides and could not be subject 

to further testing. 

 
6.3.3 Viscometry - Shear Stress Ramp 

Viscometry is used to determine the viscoelastic properties of a formulation, revealing 

possible structural changes in a formulation, and providing an indication of the 

behaviour of a gel under shear conditions such as blinking. When Gellan with added 

HMP or NaCl underwent a shear stress ramp (Figure 6.6), each showed a shear 

thinning profile, maintaining a peak shear viscosity at lower shear stresses (up to the 

range of 10
1
 Pa), before shear viscosity then rapidly decreases with incremental 

increases in shear stress. This creates a characteristic shear stress profile, with a ‘cliff’ 

shape – a flat top followed by a steep drop, representing the yield stress of the material. 

gellan with no additives also has a shear thinning profile, but the gradient of the thinning 

(the decrease in shear viscosity at each increase in shear stress) is greatly reduced 

when compared to that of gellan with crosslinking additives. 

 

The addition of HMP and NaCl to the gellan gels appeared to induce increases in shear 

viscosity up to and including 0.04M in both. In both groups the peak shear viscosity at 

low shear rates was ~1000 Pa S at 0.02M and ~10000 Pa S at 0.04M. Gellan + NaCl 

consistently maintained or increased this peak shear viscosity at shear stresses <10
1
 

Pa as NaCl concentration continued to increase. Gellan + HMP, however, did not 

maintain this peak shear viscosity as HMP concentration rose. From 0.06M HMP and 
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onwards there is a steady decline in the shear viscosity of gellan + HMP across all 

shear stresses, but most noticeably in the ‘cliff top’ peak achieved at  

pre-yield stresses. This peak dropped to the range of 10
3
 Pa S at 0.1M and was only 

maintained up to the range of 10
1
 Pa at 0.08M.  

 

At 0.06M there is a noticeable difference between gellan + HMP and gellan + NaCl, 

with the yield stress of gellan + HMP decreasing, represented by poorer maintenance 

of the peak viscosity value at low shear stresses in comparison to gellan + NaCl. Gellan 

+ NaCl however, mostly maintains the maximum peak viscosity even as NaCl 

concentration continues to increase.  

 

At 0.06M in the HMP group and 0.08M in the NaCl group, each formulation had 

developed a middle ‘step’ in the shear profile, representing an intermediate yield stress 

or two yield points. In the gellan + HMP formulations, this middle ‘step’ becomes more 

pronounced as the peak shear viscosity drops and the initial yield point recedes. 

 

Alternatively, Alginate shows a shear thinning profile (Figure 6.7), with shear viscosity 

decreasing gradually with increasing shear stress – from just below 10
1
 Pa S to just 

below 10
1
 Pa S. Increases in HMP concentration decreased the shear viscosity of the 

alginate gradually, with each increase in HMP concentration decreasing the average 

shear viscosity until the highest concentration of 0.1M HMP, which shows the lowest 

shear viscosity values (consistently in the range below 10
1
) at the respective shear 

stresses.  

 

Chitosan gel with 0% HMP addition shows a shear thinning profile, with shear viscosity 

steadily decreasing with increasing shear stress – from 10
1
Pa S to 10

2
 Pa S (Figure 
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6.8). At 0.01M HMP there is a dramatic increase in shear viscosity, with the peak shear 

viscosity at low shear stress reaching close to 10
4
Pa S. With subsequent increases in 

HMP addition, the peak shear viscosity of the chitosan continues to increase, and the 

threshold for the drop in shear viscosity, representing shear thinning, occurs at higher 

shear stresses. 

 

When average shear viscosity values across the entire shear stress ramp test are 

compared at each concentration of HMP in each material, the differences in the 

response to HMP addition can be shown. Chitosan shows increasing shear viscosity 

with HMP addition. Gellan shows an initial increase in average shear viscosity with  

HMP addition, followed by a steady decrease. Alginate shows a consistent and steady 

decrease in average shear viscosity as HMP is added (Figure 6.9). 
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6.3.4 Submersion of Gellan in HMP and NaCl 

The shear stress ramp revealed that addition of HMP to gellan appears to reduce the 

shear viscosity of the formulation. There are multiple ways in which the addition of 

HMP could disrupt the structure of the gellan fluid gel. To investigate whether the HMP 

degrades the gellan itself, samples of gellan ‘cells’ with and without NaCl pre-

crosslinking were placed in 1ml of HMP (0.125M-1M) or NaCl (1M) for 48 hours, each 

sample formed a robust crosslinked gellan pellet (Figure 6.10). There was an observed 

difference in the size of the pellets, both across the two starting materials (crosslinked 

or non-crosslinked) and across the solutions into which they were placed.  

 

The pre-crosslinked gellan fluid gel had formed the characteristic gellan particles pre-

submersion (Figure 6.10). These were relatively irregular in their size and therefore 

there was a greater variation within each group, however with this accounted for, in 

both the Gellan and pre-crosslinked Gellan + 20mM NaCl groups, there was a 

noticeable decrease in the final size of the pellets as HMP concentration increased. In 

the pre-crosslinked group, the 1M NaCl submerged pellets were the largest, however 

this was not the case in the non-crosslinked group. 

 

The key finding of this assessment was that exposure to HMP alone was not sufficient 

to decrease the shear viscosity of the gellan, instead creating a crosslinked, rubbery 

pellet. 
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6.3.5 Oscillatory stress sweep test with LVER determination 

Prior to further characterisation of polymer films, it is key to determine the limit of the 

viscoelastic region – the maximum strain that a material can experience before it no 

longer behaves in a viscoelastic manner and the structure of the material changes or 

is damaged irreversibly, meaning stress is not absorbed but is causing transformations 

in the material.  

 

The oscillatory stress sweep test revealed the LVER in each chitosan material (Figure 

6.11). For both groups it was determined that a shear strain of 1% was within the LVER, 

therefore this was the parameter used for the following tests. The films formed with 2M 

HMP presented with a greater average shear stress at LVER compared with those 

prepared with 1M HMP – 28.5 Pa vs 11.5 Pa respectively.  

 

6.3.6 Fixed strain Frequency Sweep analysis 

The frequency sweep test revealed differences between the two formulations (Figure 

6.12). At each frequency, both the elastic and viscous shear modulus was higher in 

the 2M HMP/chitosan compared to the 1M HMP/chitosan. There was also a greater 

difference between the two complex modulus components in the 1M group than the 

2M group, which appeared to be due to a further drop in the viscous component of the 

1M group. 
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6.3.7 Developing a toluidine Blue O HMP release assay 

Key to determining the optimum delivery material for a topical dose of HMP to the 

ocular surface, is determining which materials can deliver the appropriate 

concentration of HMP in the given time. In order to simply and safely measure HMP 

release, a colorimetric assay can be developed using toluidine blue O dye.  

 

On visual inspection the reaction between toluidine blue and HMP creates a blue to 

purple shift. When the absorbance of the toluidine blue without added HMP was read, 

it was shown to have a characteristic curve, with a major peak at 580nm and a minor 

overlapping peak at between 630nm and 640nm (Figure 6.13). This suggests that the 

dye strongly absorbs light within the yellow (590-565nm) and red (625-700nm) 

wavelengths. This therefore explains the blue appearance of the dye under white light. 

HMP addition creates a shift in the absorbance spectrum, with the peak occurring 

between 590nm (lower concentrations of HMP) and 550nm (higher concentrations of 

HMP), indicating a shift to absorb more green light with increasing concentrations of 

HMP. There is also a reduction in the absorbance of red light, as the minor peak at 

630-640nm is lost. This change in the absorbance spectrum corresponds to the 

change in the colour under white light, which appears to shift from blue to purple.  

 

There is additional variance between the spectra of toluidine blue + HMP of different 

concentrations. At lower concentrations of HMP the absorbance at the peak 

wavelength appears to generally be much lower than that of higher concentrations This 

corresponds to visual assessments of it being ‘lighter’ in colour. The absorbance at the 

peak wavelength appears to increase with increasing HMP concentration. 
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A correlation analysis was performed between absorbance values and HMP 

concentration at each wavelength. Despite the shift of the peaks occurring between 

the wavelengths of 590-550nm, the correlation analysis reveals that readings at 690nm 

have the highest correlation to HMP concentration (R
2
= 0.5595, p = <0.0001), relating 

to the absorbance of red light. 

 

This spectral shift presents several opportunities for assessing the HMP concentration 

in samples. At any HMP concentration there appears to be a peak shift, and the size 

of this shift is an indication of HMP concentration, with a greater shift indicating greater 

HMP concentration. Secondly, lower absorbance values at the peak correspond with 

lower concentrations of HMP, and higher absorbance values with higher 

concentrations of HMP. 

 

Additionally, readings at the wavelength 690nm have a high correlation to HMP 

concentration (Figure 6.14a and 6.14b). Therefore, it is logical to assume a formula 

could be developed including the terms peak wavelength, absorbance reading at 

peak wavelength, absorbance at 690nm. When (peak wavelength * absorbance 

reading at peak)/absorbance at 690nm was plotted against HMP concentration, a 

curve was produced (Figure 6.14c and 6.14d) with which the absorbance spectra of 

toluidine blue samples could be used to predict HMP concentration at concentrations 

between 0.01 and 0.2M HMP. At concentrations above 0.2M HMP, the curve flattens 

and the difference between concentrations becomes indistinguishable. 
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6.3.8 Measuring HMP release – toluidine blue assay 

The developed toluidine blue O assay was then used to analyse samples of water into 

which the alginate and chitosan delivery materials would have released their carried 

HMP.  The absorbance readings of the combined toluidine blue/chitosan release media 

showed the spectral shift that is indicative of HMP release. This steadily increased with 

release time until a peak at 360 minutes (Figure 6.15). The absorbance readings at 

360 minutes corresponded to concentration of 0.2M HMP on the generated curve. The 

corresponding concentrations of HMP to the absorbance readings at each time point 

are recorded in table 4.1. 

 

The absorbance readings of the combined toluidine blue/alginate release media also 

showed the spectral shift that is indicative of HMP release. This again increased over 

time, with a final peak which corresponded to a HMP concentration of 0.145M HMP at 

360 minutes (Figure 6.16). The corresponding concentrations of HMP to the 

absorbance readings at each time point are recorded in table 4.2. 

 

6.3.9 Measuring HMP release – hydroxyapatite demineralisation assay 

In addition to the colorimetric detection of HMP release, the released HMP also need 

to be effective at demineralising hydroxyapatite. When the release assays were 

repeated using hydroxyapatite sol instead of toludine blue O (Figure 6.17), contrasting 

results were recorded. The alginate group showed a significant decrease in the 

absorbance of the HA sol at each time point, indicating significant demineralisation 

(p=0.0008). In the chitosan group, no decrease in absorbance was measured at any 

time point, suggesting no demineralisation occurred.   
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Figure 6.15: The absorbance readings of the combined toluidine blue/chitosan release 
media, a) plotted as (peak wavelength * absorbance reading at peak)/absorbance at 
690nm, N=10 and b) the average for each time point compared to the standard curve. 
Error Bars = Standard Error of Mean (SEM). 
 
 

 

 

 

 

 

 

 

 

Table 4.1: The interpolated HMP release concentrations (M/l) of the chitosan films at 

each time point  
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Figure 6.16: The absorbance readings of the combined toluidine blue/alginate release 
media, a) plotted as (peak wavelength * absorbance reading at peak)/absorbance at 
690nm, N=10 and b) the average for each time point compared to the standard curve. 
Error Bars = Standard Error of Mean (SEM). 
 

 

 

 

 

 

 

Table 4.2: The interpolated HMP release concentrations (M/l) of the alginate at each 

time point 
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6.3.10 Formulation contact angle 

Changes in viscosity, surface tension and surface chemistry effect the ‘wetting’ of 

applied eye drops relative to the surface of the eye – i.e. how easily blinking and natural 

flow spread an eye drop across the eye’s surface [192-194]. The surface tension of an 

eye drop formulation, which is directly linked to the contact angle, has also been 

highlighted to have an important relationship with the drop size, and its consistency 

over multiple applications [195, 196]. It is therefore a useful comparison to measure 

the contact angle of the HMP-polymer formulations and HMP-alone solutions. 

 

Of the three formulations tested, 1M HMP had the largest contact angle, significantly 

greater than Alginate/0.5M HMP (p=0.0004) and HBSS (p<0.0001) with a mean of 

34.75° (Figure 6.18). The alginate/0.5M HMP formulation had a slightly larger average 

contact angle than the HBSS control at 21.7° vs 18.19° respectively, however this was 

not statistically significant. 
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6.4  Discussion 

Each of the polymeric materials examined – gellan, alginate and chitosan - presented 

a different reaction to HMP addition, with gellan and chitosan appearing to crosslink 

with the addition of HMP, increasing in viscosity, and alginate appearing to decrease 

in viscosity as HMP is added. 

 

i) Gellan 

The rheological assessment appeared to reveal equal degrees of crosslinking in each 

Gellan formulation upon initial addition of NaCl or HMP. Crosslinking can be assumed 

to be represented by an increase in the shear viscosity (peak) at shear stresses up to 

around 10
1
 Pa. Both NaCl and HMP appeared to crosslink the gellan, most likely 

because both solutions would provide sodium (Na
+
) ions with which the gellan can 

crosslink. However, the relative increases in viscosity do not directly correspond with 

the predicted amount of sodium available in each solution – 0.04M HMP should deliver 

six times the equivalent amount of sodium in a 0.04M NaCl solution. There has been 

much disagreement over the last 7 decades as to the appropriate representation of the 

structure of sodium hexametaphosphate/grahams salt. The 6-phosphate ring structure 

remains prolific, despite widespread rejection of that hypothesis. The more likely 

composition of so called hexametaphosphate is many different linear short and long 

chain polyphosphates [246, 270]. This therefore changes the idea of molar 

concentrations of the salt solution, as there are many molecular weights present. It 

may be better to consider HMP solutions in their percentage weight/volume. In this 

case, 0.125M HMP would be 7.65%, 0.25M would be 15.29%, 0.5M would be 30.59% 

and 1M would be 61.18% in water. Without a clear idea of the molecular make-up of 
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the HMP solution, it is difficult to assume what concentration of free sodium should be 

available in any given solution, and therefore hard to compare with NaCl. 

 

Up to and including the addition of 0.04M of each crosslinking agent, there appears to 

be no difference in the shear viscosity at pre-yield shear rates between the different 

formulations. The increase in concentration of NaCl or HMP from this point does not 

correspond with any significant further increase in the peak shear viscosity of the 

formulations. The NaCl formulations maintain this maximum shear viscosity at pre-

yield shear rates, whereas the HMP formulations show a decrease as HMP 

concentration increases. This suggests that unlike NaCl, HMP is in some way 

disrupting the structure of the crosslinked gellan and reducing its viscosity at pre-yield 

shear stresses.  

 

The peak shear viscosity of the HMP + gellan formulations never decreases as far as 

to be comparable to that of non-crosslinked gellan, suggesting there is not full 

disintegration of the crosslinked structure. Additionally, when both crosslinked (10mM 

NaCl) and non-crosslinked gellan were added to NaCl or various concentrations of 

HMP for 48 hours, each sample of gellan did not disintegrate, but crosslinked, 

becoming robust pellets. This is further evidence that it is not the crosslinks themselves 

that HMP disturbs as the peak pre-yield shear viscosity decreases. 

 

The fluid gel created by crosslinking gellan with sodium under stirring is suggested to 

consist of many units or ‘cells’ of crosslinked gellan rather than one homogenous 

crosslinked system, which allows the fluid gel to retain fluid like properties such as flow. 

It is possible that HMP addition disrupts the interactions between these crosslinked 
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units. It is well documented that HMP is used as a deflocculant in ceramics processing, 

adsorbing to the surface of micelles present in kaolin dispersions and altering the 

rheological properties of said dispersions by disrupting the interactions between the 

micelles [290]. It is possible that HMP is playing a similar role as a deflocculant in the 

gellan fluid gel, disrupting the interactions between the gellan particles either through 

adsorption onto their surface, such as with kaolin, or through a different mechanism. It 

is therefore again important to note the differences in the response of gellan to 

increasing HMP addition, compared to that of increasing NaCl addition. It is possible 

that increased crosslinking density or increases in sodium availability alone are 

responsible for this behaviour, through saturation of crosslinking within the individual 

particles changing their surface chemistry and limiting inter-particle interactions. 

However, since the effect is much more pronounced in the HMP formulations, we 

would in turn expect a steeper increase in shear viscosity from 0M to 0.04M addition 

in the HMP formulations compared to the NaCl formulations, as they would reach the 

threshold crosslinking density faster.  

 

Further to the rheological analysis, there is a noticeable change in the optical 

properties of gellan as the HMP and NaCl content increases. Crosslinked gellan fluid 

gel as prepared prior to HMP addition is optically transparent, with the same refractive 

index as water, allowing it to ‘disappear’ when immersed. However, as HMP is added 

the gellan loses its transparency and becomes cloudy. This becomes noticeable at 

around 0.04M addition, which correlates to the appearance of the middle ‘step’ (second 

yield point) in the rheological profile of the gellan. In addition to the suggestion that 

HMP anion could be in some way disrupting the relationship between the sodium-

crosslinked gellan units, this change in the rheological profile and the change in optical 
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properties could also indicate an introduction of an interstitial phase by the HMP 

between the gellan units. This phase may in part consist of the polyphosphate chains 

themselves and may cause the repulsion of the gellan particles.  

 

For the context considered within this thesis, the optical properties of the drop are of 

lesser importance, as the vision of those with BK is already greatly compromised, so 

use of a non-transparent agent could be considered. However, due to the structural 

changes occurring within the gellan, and the resulting ‘grainy’ texture, the formulation 

would be uncomfortable on the surface of the eye and is therefore unsuitable. 

 

ii) Alginate 

The sodium alginate gels did not crosslink with HMP addition, instead decreasing in 

shear viscosity as HMP addition increased. There was not a dramatic change in the 

shear viscosity profile of alginate as HMP was added, and the alginate largely retained 

the same flow properties. This could allow alginate to act as a suitable carrier for HMP 

as an eyedrop. However, previous investigations into the use of alginate gels with 

chelating agents, with the aim of improving drop retention and corneal permeability, 

found that there was no benefit to drug delivery of using alginate alone, or alginate with 

the agent. There was also evidence to suggest the alginate gel inhibited the action of 

the chelating agent [219]. Further investigation is therefore necessary to determine 

whether alginate improves the retention and performance of HMP on the ocular 

surface. This investigation also found an upper tolerance of HMP within alginate gels, 

as the alginate + 1M HMP appeared to separate. This is a limit to the transportation 

capacity of alginate gels, and may therefore be a limit to the demineralisation possible 

with an alginate formulation. 
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iii) Chitosan  

Similarly to Gellan, chitosan crosslinks with HMP addition. As chitosan carries the 

opposite charge to gellan, the crosslinking mechanism is different, with chitosan 

interacting with the negative HMP molecule rather than the positive sodium ion. It is 

thought that chitosan and HMP undergo ionotropic gelation. This creates a much stiffer 

gel, hence why 1/10
th
 the concentration of HMP is required to create a crosslinked 

chitosan gel with the same shear viscosity of gellan + HMP. The crosslinked chitosan 

gel does not have appropriate properties for an eye drop, however the formulated gels 

offered a potential alternative delivery mechanism in the form of topical films. 

 

Ocular inserts in the form of hydrogel films present an attractive alternative to eye 

drops, due to the ability to simplify treatment regimens and increase drug retention. An 

obvious area for innovation is drug-eluting contact lenses [61, 104-106, 108, 359], 

however other biological films can also be used. Amniotic membrane transplants are 

already used in some cases to expediate the wound healing post-superficial 

keratectomy for band keratopathy [21, 378, 379].  

 

The results of the mechanical testing of the chitosan films followed an expected trend, 

with the Shear modulus of the films increasing with the HMP concentration with which 

they were crosslinked. The films formed at the lowest concentrations of HMP were 

fragile, and could not be removed from the glass slides for testing. The gels formed 

with 1M and 2M HMP were more robust when handled and subjected to further 

analysis. This quantified the observed changes, with an increase in shear modulus as 

the formulation concentration of HMP increased from 1M to 2M. This is likely to 
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represent an increase in the crosslinking density of the gels as HMP concentration 

increases. However, as 2M HMP is a highly saturated solution, there may also be a 

degree of dehydration which is impacting the properties of the gel. This could be further 

examined by hydrating the gels in solutions of different osmolarity and repeating the 

assessments.  

 

 

iv) HMP release testing 

The release assessments of the chitosan films revealed that an effective dose of HMP 

was not released from the films formulated with either 1M or 2M HMP. This was 

confirmed by the hydroxyapatite demineralisation assay. The toluidine blue O assay 

indicated the release of a reagent from the films into the solution, which when 

compared to the control values suggested HMP at a concentration of 0.2M. However, 

this was rejected by the mineralisation data.   

 

The development of the toluidine blue assay was attempted in an effort to simplify the 

methods available for analysing the presence and concentration of HMP in a sample. 

The assay works most effectively in a sequence of two steps – identifying a spectral 

shift that corresponds with the presence of HMP, then appropriately quantifying the 

size and shape of that shift to estimate the HMP concentration. When considering HMP 

alone in a controlled way, the assay was effective, however when in combination with 

other materials and ions it became much harder to distinguish between the detection 

of HMP and the detection of other species. Although it cannot be used as a direct 

method of quantification, the demineralisation release assay is a much more relevant 

release assay protocol for the context under consideration. When the results of the two 
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assays were compared, it became clear that in the case of the chitosan films, an 

effective does of HMP was not released within the given time. It is likely that due to the 

reaction between chitosan and HMP to form crosslinks within the gel, that insufficient 

free HMP remained for the purposes of demineralisation. The alginate, however, was 

effective in releasing a dose of HMP that caused demineralisation in the HA sol within 

one hour. 

 

v) Contact angle measurements 

When the contact angle of the formulations (alginate + 0.5M HMP, 1M HMP and HBSS) 

were compared, 1M HMP had the highest average contact angle which likely responds 

to the highest surface tension and lowest ‘wettability’ of the drop. This is likely due to 

the low osmolarity of the solution, which is 61% Na-HMP w/v. The alginate formulation 

did have a larger average contact angle than that of the HBSS control, which suggests 

some viscosity is maintained compared to simple aqueous solutions. The shear stress 

ramp revealed that alginate formulations decreased in viscosity with HMP addition, 

likely due to the disruption of the tangled polymer network by repulsive anionic HMP 

molecules. 

 

vi) Summary 

The aim of the assessments carried out in this chapter is to establish whether the 

incorporation of HMP into an organic polymer gel would maximise the bioavailability of 

the delivered HMP and improve therapeutic efficacy. As a charged polymeric molecule, 

HMP elicited changes in the properties of the organic polymer gels, through the 

introduction of crosslinks or the disruption of the similarly-charged entangled polymer 

networks. Overall, these assessments revealed only one organic polymer/HMP 
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formulation which might present as a viable HMP delivery vehicle – sodium alginate 

gel. The alginate delivery material did not crosslink, creating a weaker gel than the 

other formulations, however this was more desirable than the crosslinked gels which 

developed heterogenous phases and became too stiff for the desired application.  
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7.  

CREATING A MODEL OF 

BAND KERATOPATHY 
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7.1 General Introduction 

 

Ocular toxicity testing has been established as an important step in ensuring consumer 

products are safe for use in the case of accidental ocular contact when used by the 

general public. This testing has largely taken the form of in vivo animal testing, such 

as the Draize test on rabbits [310], which involves administering 100µl of a test 

substance into the lower conjunctival sac of each rabbit and observing changes such 

as corneal clarity and ocular discharges for up to 1 week [380]. For multiple decades 

this testing has been endorsed by both industry and governments as necessary for 

ensuring public safety. However, concerns over the use of animals in research have 

pushed forward attempts to create more humane tests for such purposes. Additionally, 

the accuracy and cost of such testing has been called into question. As the scientific 

community moves away from animal testing unless absolutely necessary, the 

importance of developing relevant and accurate ex vivo and in vitro tests has been 

heightened. This shared effort and purpose has therefore greatly increased the number 

of ocular toxicity models available. 

 

As a further step to reduce the unnecessary use of animals in research, various ex 

vivo tests make use of ‘waste’ tissue from commercial abattoirs – namely porcine and 

bovine eyes. Porcine eyes are a good surrogate for the human eye and various models 

have been established where the tissue can remain healthy for a prolonged period 

[381, 382]. This has also been achieved in rabbit and rat eyes, although these are not 

comparable in size and some structures differ to those of human eyes [383, 384]. 
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In order to thoroughly assess both the ocular toxicity and therapeutic efficacy of HMP 

as a treatment for band keratopathy, a viable ex vivo band keratopathy model needs 

to be established. A review of ex vivo corneal models found in the literature revealed 

that most models maintain the corneal tissues in culture from 60 minutes up to 30 days 

(Table 5). The majority of studies sourced tissue from commercial food supply chains, 

most likely due to the ease and cost effectiveness.  All models cited (Table 4) used 

fresh tissue that was processed within 24 hours of slaughter. The majority cultured the 

tissue in under 4 hours post-slaughter to maintain optimum tissue viability. All models 

excluded eyes with visual defects, and some assessed with fluorescein before 

dissecting also. Sodium fluorescein is the clinical standard test for assessing the ocular 

surface for damage. Most models (Table 5) included transporting the ocular globe in a 

balanced salt solution or PBS to prevent desiccation of the ocular surface before use, 

and some maintained lids or conjunctiva as an extra degree of protection. The ocular 

surface desiccates easily, and prolonged desiccation will lead to loss of epithelial cell 

viability and as a result, ocular barrier function, which is critical for ocular penetration 

or wound healing tests. A number of models alternatively froze the tissue to preserve 

it before use. This is not appropriate for all models, as freezing can compromise the 

fine tissue structure and there is a risk of freeze-burn if not done correctly.  

 

For models which lasted less than 24 hours, no antimicrobial agents were listed in the 

preparation of the tissue, either as a washing step or as part of the culture medium (if 

used). This is likely due to the fact that infection would not have a significant impact on 

the results within that time frame, unless it was a pre-existing pathology which would 

have most likely presented as an ocular defect, leading to exclusion regardless. Many 

of these sub-24-hour tests were perfusion studies, looking at the permeation of a drug 
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or other substance through the corneal barrier. These assessments would require the 

corneal barrier to remain intact, which would factor into the shorter time periods for 

testing, as the tissue would lose viability and swelling might occur post 24 hours. 

Cultures which were established for longer periods introduced washing steps to the 

tissue preparation, most commonly with povidone iodine which replicates the common 

surgical procedure. In some cases, antibiotic/antimycotic washing steps were also 

included. Tissue from commercial sources poses a risk of infection, and in a laboratory 

environment these steps would be necessary to prevent infection of the culture and 

possible cross-contamination. For cultures lasting over 24 hours, the tissue was 

supplemented with medium, most commonly MEM or DMEM, supplemented with 

antibiotics, antimycotics and foetal bovine serum. Some models included dextran in 

the medium to reduce swelling of the corneas (corneal oedema). Cultures were 

incubated at temperatures between 32 and 37°C, representing the lower and upper 

limits of eye surface temperature and core body temperature. Cultures were also 

incubated with 5% CO2 as is common tissue and cell culture practice. Media was either 

changed regularly or continuously supplied through perfusion. Maintaining a regularly 

supply of fresh nutrients is key to maintaining tissue viability, and renewal of 

antimycotic and antibiotic solutions is necessary for infection control. Where cultures 

were not submerged, artificial tears or media were regularly applied to the epithelial 

surface to prevent desiccation, and cultures were also maintained at high humidity 

(~95%) for the same purpose. Models used multiple methods to maintain the corneal 

tissue shape, either a modified artificial anterior chamber, a scaffold or by filling the 

anterior chamber with agar. For corneal wound healing studies, wound healing was 

most commonly evaluated visually with sodium-fluorescein. Some models included 
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regular swabs of the corneal surface and medium to check for infection, or analysis of 

the outflow medium to ensure the tissue was metabolising at a healthy rate.  

 

Band keratopathy (BK) is characterised by the formation of opaque, grey/white mineral 

deposits in the cornea, most commonly just below the epithelial layer [11, 385]. BK is 

mostly commonly treated through a superficial keratectomy including EDTA chelation, 

however topical treatments are under investigation. At the time of writing, a clinical trial 

is underway investigating the use of twice-daily EDTA eye drops for BK treatment over 

a period of 6 months (ClinicalTrials.gov Identifier: NCT03985371). An ex vivo model of 

BK  was previously inadvertently created by Schrage et al [383]. Using the established 

ex vivo eye irritation test, healthy ex vivo rabbit corneas were mineralised using 

phosphate buffered eye drops, further confirming the link between this formulation and 

cases of BK [383, 386, 387]. Some animals are known to develop band keratopathy, 

including horses, alpacas and dogs [11, 388-390], however trying to use naturally 

occurring cases to harvest tissue for testing would be unsustainable. The aim of the 

work presented in this chapter is to establish whether a combination of the tissue 

culture techniques previously deployed in successful corneal models could be used to 

develop an intentional model of band keratopathy, through which formulations could 

be tested for the potential to treat the disease.



 

Table 5:  Published literature on the development of ex vivo corneal models 
for various tests, with their preparation, cleaning and maintenance steps 
outlined. Organised on length of test/culture time from shortest to longest 
 
Title Animal Length 

of test 
Transport 
Cleaning, preparation and maintenance 

Depth- and 
direction-
dependent 
changes in 
solute transport 
following cross-
linking with 
riboflavin and 
UVA light in ex 
vivo porcine 
cornea [391] 
 

Porcine 60 
minute
s 

• Stored on ice or in moist chambers at 4 C.  
• Warmed to room temperature for 45 min pre-treatment.  
• Used within 12 hours post-mortem. 
• No disinfection or washing listed. 
• Only eyes with clear corneas that showed no signs of 

abrasion or opacity were used. 

Ex vivo rabbit 
cornea diffusion 
studies with a 
soluble insert of 
moxifloxacin 
[377] 

Rabbit 3 
hours 

• Corneas stored in PBS for up to 1 hour pre-study 
  
• Eyeballs were rinsed with a saline solution.  

Ex vivo 
permeation of 
erythropoietin 
through porcine 
conjunctiva, 
cornea, and 
sclera [392] 

Porcine 6 
hours 

• Collected from a slaughterhouse, kept refrigerated 
immersed in PBS, and 1 h later conjunctivas, corneas 
and scleras were surgically dissected 

 

An Ex Vivo 
Evaluation of 
Moxifloxacin 
Nanostructured 
Lipid Carrier 
Enriched In Situ 
Gel for 
Transcorneal 
Permeation on 
Goat Cornea 
[393] 

Goat 12 
hours 

• Eyes procured from catering supply chain.  
• Immediately stored in Krebs ringer solution.  
• Once dissected, tissue pieces were stored in Krebs 

ringer solution under −80 C. 

A simple corneal 
perfusion 
chamber for 
drug penetration 
and toxicity 
studies [394] 

Porcine < 1 
day 

• Eyes were obtained from a local abattoir, transported to 
the laboratory at 4 C, and used within 2–3 hours of 
enucleation. 

• Corneas were perfused with BSS-Plus at a flow rate of 
1 ml/min.  

• The perfusion chamber was heated to 35 C.  
• The corneal epithelial surface was kept moist by 

applying BSS-Plus eye drops every 20 minutes.  
• Excess fluid was removed through the drainage 

channel.  
 

Bovine Cornea 
Opacity and 
Permeability 
Test: An in Vitro 
Assay of Ocular 
Irritancy  [395, 
396] 
 

Bovine 8 
hours+ 

• Eyes procured from local abattoir, transported Hanks 
Balanced Salt Solution.  

• The corneas were mounted into holders. Both 
chambers were then filled with MEM supplemented with 
1% fetal bovine serum (FBS), and corneas were 
incubated for 1 hr in a water bath at 32 C.  

1,25-
dihydroxyvitami

Mouse 48h + • Eyes were enucleated and stored in sterile PBS. 
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n D3 inhibits 
corneal wound 
healing in an ex-
vivo mouse 
model [397] 

• Eyes were fixed with subdermal injection needles in a 
24-well cell culture plate prepared with 500 μL paraffin, 
and kept submerged with PBS.  

• Post burn, eyes were incubated in DMEM/F12 (with 
stable glutamine) supplied with antibiotics (Gentamicin 
(10 μg/ml), Amphotericin B (0.25 μg/ml); without serum.   

Corneal wound 
healing is 
modulated by 
topical 
application of 
amniotic fluid in 
an ex vivo organ 
culture model 
[379] and [398] 

Rabbit 36 
hours 

• Eyes were enucleated immediately following 
euthanization and placed in 50 ml tubes containing 
Dulbecco Modified Eagle Medium, on ice.  

• A circular central epithelial defect was created on each 
cornea 2 hours post- enucleation. The sclero-corneal 
ring was excised leaving 3–5 mm of sclera. 

• The ends of laboratory test tubes were glued tightly 
concave-side down into each well using acrylic glue. 
Dulbecco Modified Eagle Medium with 
antibiotic/antimycotic solution (1/200) was then added 
to each well to just cover each dome (12 ml per well).  

• The sclero-corneal rings were placed in the culture 
plates to be incubated at 37C with 5% CO2. Culture 
medium was changed once during the experiment. 

An ex vivo 
cornea infection 
model [109, 399] 

Rabbit 2 
days+  

• Frozen 
• 10% Povidone Iodine for 30 minutes in a sterile field, 5x 

wash with sterile PBS 
• The sterilized cornea is placed into a supporting mould, 

and is filled with soft agar. 
Ex vivo injury 
model [400, 401] 

Rabbit 48 
hours 

• Stored overnight in DMEM and antibiotics during transit  
• Dissected corneas were placed anterior side down in a 

glass spot plate containing DMEM, and their endothelial 
side filled with melted 0.75% agar (50 C).  

• After the agar solidified, corneas were turned over and 
cultured at 37 C in a humidified 5% CO2 incubator in a 
12 well plate using DMEM (high glucose) containing 1× 
MEM NEAA, 1× RPMI 1640 vitamins, 0.1 mg/ml 
ascorbic acid and 0.01 mg/ml ciprofloaxin 

Ex vivo eye 
irritation test 
[402] [403] [383] 
 

Rabbit 3 days • Rabbit corneas obtained from slaughterhouse. 
• Corneas excised and placed in an artificial anterior 

ocular chamber.  
• Corneas are prepared and cultivated within 8 hours 

postmortem. 
• Chamber supplied with a culture medium containing 

Earle salts and HEPES buffer (Eagle minimal essential 
medium [MEM], HEPES buffer 5.8 g/L). 

• Medium was constantly replenished by a micropump 
with an entrance pH value of 7.4 ± 0.2 and a flow rate 
of 6.44 μL/min.  

• The corneas were incubated at a temperature of 32 C 
and a humidity of more than 95% throughout all the 
experiments.  

• There was no additional moisturizing with culture 
medium MEM. 

Microvesicle 
delivery of a 
lysosomal 
transport protein 

Rabbit 96h • Removed immediately post-mortem.  
• Washed three times in sterile PBS 
• globes were incubated at 37Cin a 5%CO2 incubator in 

150 ml flasks with gas-permeable stoppers containing 
50 ml Ham’s F12 medium 
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to ex vivo rabbit 
cornea [404] 

Ex Vivo Corneal 
Organ Culture 
Model for 
Wound Healing 
Studies [405] 

Porcine 5 days 
+ 

• Immediately put into PBS 
• Eyes dipped 3x in 10% iodine then 2x in PBS. 
• Wound the centre of the cornea. Remove cornea with 

limbus from globe. 
• Fill endothelial side with Agar + DMEM + Collagen.  
• Add 4 ml of SSFM to the 60mm plate, maintaining 

corneas at an air-liquid interface at the limbal border in 
5% CO2 at 37 C.  

• Refresh media after 24 h and thereafter every other 
day. Wet the corneal surface once daily by adding 1 
drop of SSFM from the conditioned media in the dish to 
maintain moisture. 

Establishing a 
porcine ex vivo 
cornea model for 
studying drug 
treatments 
against bacterial 
keratitis [406] 

Rabbit 
and 
Porcine 

5 days 
+ 

• Transferred in sterile PBS solution 
• process them immediately upon arrival. 
• Once all eyes are cleared of surrounding tissue, place 

in 3% (v/v) povidone iodine in PBS and leave for 1 min. 
Rinse with sterile PBS.  

• Excise the cornea leaving about 3 mm of sclera 
surrounding the cornea.  

• Briefly rinse it in 1.5% (v/v) povidone iodine solution in 
PBS.  

• Place Each CSR in a 34mm petri dish with 3ml media 
(DMEM with insulin, EGF, FCS, Penicillin-Streptomycin, 
Amphotericin B and Dextran).  

• Change media after 24 hours.  
• After 48 hours rinse with PBS. 

Evaluation of 2 
ex vivo Bovine 
Cornea Storage 
Protocols for 
Drug Delivery 
Applications 
[407] 

Bovine 1, 4 
and 7 
days 

• Storage in optimized organ culture (OC) medium at 
37 C or phosphate-buffered saline (PBS) at 2-8 C  

• Histology revealed that storage in OC consistently 
caused detachment of the epithelial layer by day 4 of 
storage, whereas both storage conditions caused a 
significant increase in stromal thickness and tissue 
vacuolation.  

Development of 
a novel ex vivo 
equine corneal 
model [408] 

Equine 7 days • Immediately post-euthanasia, the ocular surface was 
washed with a 1% dilute betadine solution.  

• The cornea along and 2–3 mm of perilimbal sclera was 
harvested.   

• CSRs were immediately placed into a sterile 50-ml test 
tube filled with 20 ml of MEM placed on ice for transport 

• The CSR was again washed with a 1% betadine 
solution followed by copious rinsing with sterile PBS. 

• CSR was sterilely placed into a 50-ml tissue culture 
plate epithelial side up. 15ml of MEM media 
supplemented with 10% fetal bovine serum, essential 
amino acids, penicillin, streptomycin, fungizone, sodium 
pyruvate, and MEM vitamins added.  

• Each CSR was visibly inspected to ensure it was 
completely submerged.  

• The total culture media were changed once daily. 
Ex 
Vivo Organotypi
c Corneal Model 
of Acute 
Epithelial Herpes 

Rabbit 7 days • Explanted corneas are cultured in Minimum Essential 
Medium (MEM) supplemented with Non-Essential 
Amino Acids (1X), L-Glutamine (2 mM), Penicillin (200 
U/ml), and Streptomycin (200 μg/ml).  
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Simplex Virus 
Type I Infection 
[409] 

• Thoroughly rinse the cornea in sterile PBS containing 
Penicillin (200 U/ml) and Streptomycin (200 μg/ml).  

• Add the 1% agarose-containing medium to the 
endothelial concavity of the cornea.  

• Place the cornea with the supporting gel scaffold 
epithelial side up into a 35 mm tissue culture dish and 
add culture medium to cover the epithelial surface. The 
cornea may be cultured in this way for over a week, 
with medium changes every 48 hr.  

Establishment of 
a porcine 
corneal 
endothelial 
organ culture 
model for 
research 
purposes [410] 

Porcine 15 
days 

• Whole porcine eyes were purchased from a local 
abattoir.  

• The eyes were enucleated without thermal treatment of 
the pigs and were processed within 12 h after death.  

• The eyes were kept at 21 C. Eyes were disinfected for 
5 min in a 1:20-solution of iodine and Dulbeccos’s PBS.   

• Corneoscleral buttons, central corneal buttons and split 
corneal buttons were harvested. Each was transferred 
into a 12-well plate with the endothelial-side upwards.  

• Wells were filled with 3 ml Culture Medium 
supplemented with 2.5% fetal bovine serum. Afterwards 
the samples were cultured at 37 C and a CO2 content 
of 5% for 15 days in an incubator.  

• Culture medium was renewed after the third and eighth 
day of cultivation. 

Ex vivo Caprine 
Model to Study 
Virulence 
Factors in 
Keratitis [411] 

Goat 15 
days 

• Eyes washed five times with PBS.  
• Incubated in 2.5% povidone iodine solution for 5 

minutes, washed three times with PBS, and then 
incubated in 0.1% gentamicin for 15 minutes, then 
washed 3 more times in PBS.   

• The dissected cornea was placed on an agarose-
gelatin solid support in a culture plate containing 1 ml 
DMEM with 10% FBS and antibiotics (penicillin, 100 I. 
U./ml and streptomycin, 75 μg/ml) and gentamycin (35 
μg/ml) and placed in a CO2 incubator at 37 C.  

• The medium was changed after every 24 hours.  
Development 
and assessment 
of a novel ex 
vivo corneal 
culture 
technique [412] 
 

Dog and 
Rabbit 

21 
days 

• 8 dog corneas and 10 rabbit corneas were wounded 
with an excimer laser.  

• Corneas were cultured for 21 days on agarose based 
dome scaffolds or on flat-topped scaffolds. 

Assessment of 
Topical 
Therapies for 
Improving the 
Optical Clarity 
Following 
Stromal 
Wounding in a 
Novel Ex Vivo 
Canine Cornea 
Model [413] 

Dog 21 
days 

• Each globe received a stromal excimer laser 
phototherapeutic keratectomy (PTK).  

• Each identical black scaffold was then centred of a 6-
well plate well and affixed using methyl cyanoacrylate 
adhesive. The scaffold- microplate assembly cured for 
24 hours before being sterilized with ethylene oxide.   

• Each wounded corneoscleral rim was placed epithelium 
side-up onto a black scaffold 

• Culture wells were then filled with medium up to the 
limbus.  

• Each plate was covered, placed on a nutating plate at 
24 rpm and incubated at 37.8C in a humid atmosphere 
containing 5% CO2.  

• For the first 24 hours, Dulbecco’s modified Eagle’s 
medium and Ham’s F-12 nutrient mixture with L-
glutamine at a ratio of 1:1 supplemented with 10% fetal 
bovine serum, HEPES, dextran 40. chondroitin sulfate 
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and 10% antimicrobial solution (streptomycin, penicillin, 
and amphotericin) was used. Thereafter, only 1% 
antimicrobial solution (streptomycin, penicillin, and 
amphotericin) was used. 

An experimental 
study to test the 
efficacy of MSCs 
in reducing 
corneal scarring 
in an ex-vivo 
organ culture 
model [414] 

Human 28 
days 

• Modified artificial anterior chamber 

Development 
and Assessment 
of a Novel 
Canine Ex Vivo 
Corneal Model 
[415] 

Canine 28 
days • At the time of euthanasia, a neomycin–polymixin B–

bacitracin ophthalmic ointment (Vetropolycin®) was 
applied.  

• The eyelids were then secured closed with 1 in. surgical 
adhesive dressing for transport. 

• Periocular skin and conjunctival sacs were 
decontaminated with 0.2% povidone-iodine.  CSR were 
excised and rinsed with sterile PBS three times for 10s 
each.  

• A scaffold was constructed by modifying a standard six-
well plate with syringe covers secured concave side 
down in 4 of 6 wells with adhesive. The scaffold was 
decontaminated by gas autoclave sterilization.  

• Each CSR was placed epithelial side up on the scaffold. 
Media was added dropwise to each CSR culture well 
until reaching the limbus (7 ml). The scaffold was 
placed on a nutating plate that rotates clockwise in 
three-dimensional axes at 24 cycles/min in incubator 
conditions: 37 C, 5% CO2, and 95% humidity.   

• A random cornea was sampled, using sterile swab 
technique of the cornea and media, for microbial culture 
at each time point days 0, 3, 7, 14, and 28 for routine 
aerobic culture analysis.  

• All corneas were also stained with fluorescein sodium 
0.5% with 160 μL of eye wash to rinse at each media 
change. Corneas were assessed with cobalt blue filter 
for stain retention that would highlight epithelial defects.  
At days 0, 7, 14, and 28, two CSR were removed from 
culture for histology. 

Development of 
ex vivo organ 
culture models 
to mimic human 
corneal scarring 
[416] 

Human 30 
days 

• Corneas were cultured for 30 days at 37 C in 5% 
CO2 using 10 ml of medium per six-well plate.  

• DMEM/Glutamax and Ham’s F-12 mixed in a 1:1 ratio 
with 10% fetal bovine serum, 50 µg/ml vitamin C, 100 
UI/ml penicillin, 20 µg/ml streptomycin, and 1 µg/ml 
Fungizone was used.  

• The medium was changed three times a week. The 
posterior face of the cornea was in contact with sterile 
blotting paper, soaked with culture medium, and placed 
on a conformer to maintain the curved shape of the 
cornea, while the anterior face was in contact with air.  

• A drop of medium was added twice a day either to the 
top of the cornea or directly into the wound. 



7.2  Materials and Methods 

 

7.2.1 Preparation of 10x Simulated Bodily Fluid (SBF) 

Simulated Bodily Fluid is commonly used to create mineral coatings on the surface of 

various materials, for example titanium [417-419]. SBF was prepared as described by 

Chen et al [420]. NaCl (5.84% w/v), KCl (0.037% w/v), CaCl2 (0.277% w/v), 

MgCl2·6H20 (0.102% w/v), NaH2PO4 (0.120% w/v) and NaHCO3 (0.084% w/v) were 

added to Milli-Q water sequentially, under stirring. The next reagent was added after 

the previous was fully, visibly dissolved. The solution was then sterile filtered (0.2μm) 

before use. 

 

7.2.2 Ex vivo corneal biopsy SBF mineralisation 

In order to test the formation of mineral deposits in tissue treated with SBF, un-scalded, 

whole porcine eyes were prepared as previously described (chapter 3: general 

methods, section 3.7). 5mm biopsies were taken from the porcine corneas using a 

disposable biopsy punch. The samples were placed with the epithelial layer facing 

upwards in specialised well inserts (Cellcrown) and placed in a 96-well plate, prepared 

with fresh 100μl media (HBSS + Penicillin/Streptomycin 1%).  The epithelial surface of 

each corneal sample was then treated with 20μl of 10x simulated bodily fluid (SBF) 

and incubated at 37°C for 24 hours. After 24 hours, the 10x SBF solution was removed 

from the well of the ocular insert. The corneal biopsies were removed from the inserts, 

and fixed in 4% PFA overnight.  The samples were the appropriately prepared for 

cryosectioning as previously described (Chapter 3, section 3.11). Slides were stained 

with Von Kossa stain (as described, Chapter 3, Section 3.14) or haemoxylin and eosin 
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(H&E) (as described, Chapter 3, section 3.12) and imaged under bright field 

microscopy (EVOS 5000).  

 

7.2.3 Whole cornea model – optimisation 

An accurate assessment of the efficacy of HMP as a treatment for band keratopathy 

relies upon the creation of an ex vivo model in which mineral deposits are induced in 

viable whole corneas. In developing the ex vivo organ culture model, it was decided 

that a combination of 10x SBF and high concentration (0.5M) sodium phosphate 

solutions would both be used to treat the ocular surface to increase the chances of 

rapid mineralisation. Previous investigations have shown that high concentrations of 

phosphate preservatives in eye drops can induce band keratopathy [14, 383, 386, 

387]. Povidone iodine washes were introduced after repeated infections on initiation of 

the organ culture. DMEM-F12 has been highlighted by multiple previous organ culture 

studies as an appropriate medium for maintaining ocular tissue health and viability 

(Table 4). Agar was used to maintain the shape of the corneal-scleral rim and to 

provide an additional nutrient source for the tissue. 

 

Whole unscalded porcine corneas were received within 4 hours of death from a 

commercial abattoir. The superficial conjunctival tissue was removed before the globe 

was sterilised for 5 minutes in 10% povidone iodine solution. The cornea of each eye 

was wounded using a handheld miniature drill, creating abrasions around 4mm in 

diameter at 3 positions around the cornea.  The globe was then dissected to remove 

the posterior tissues, leaving the cornea with a rim of sclera 5mm wide. The corneal-

scleral rim (CSR) was then placed in 7.5% povidone iodine solution for 30 minutes 

before moving into a sterile tissue culture hood. The CSR was rinsed three times in 
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sterile PBS and placed inverted (endothelial side upwards) in the well of a 12 well plate. 

2% agar/DMEM was prepared prior to dissection and sterilised via autoclave. Prior to 

dissection the autoclaved agar was placed in a water bath at 80°C to prevent 

solidification. Immediately before use, the water bath with the agar was reduced in 

temperature to 37°C. The anterior chamber was then filled with liquid 2% agar. The 

agar was allowed to solidify before the CSR was reinverted and placed in a well of a 6 

well plate and supplemented with DMEM:F12 media, with added 10% foetal bovine 

serum, 10% penicillin/streptomycin, 1% amphotericin B and 0.2% gentamycin. The 

medium was added to the volume at which is reached the limbus of the CSR. The 

CSRs were then acclimatised overnight in a humid incubator at 36.5ºC and 5% CO2.  

 

To mineralise the corneas, 0.5M NaPO4 solution and 10x SBF solution were added to 

the epithelial surface alternately, three times daily. Media was changed twice daily - 

before mineralisation treatments and 2 hours after the final treatment. When the media 

was changed, fresh media was used to bathe the corneal surface to prevent 

desiccation. Mineralisation was assessed by visualising corneal opacity. This was 

performed by directing an LED light through the posterior of the CSR, revealing 

mineralisation in the form of opacities on the corneal surface.  

 

Wound healing was assessed through fluorescein staining. Once the fluorescein stain 

showed no obvious wound, and the wounded eyes started to show opacities which 

were representative of mineral formation, the eyes were fixed in 4% paraformaldehyde 

and cryosectioned as previously described (Chapter 3, section 3.11).  
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For comparison, corneas were prepared and wounded and maintained in culture 

without the mineralisation treatments. These corneas were included as non-

mineralised controls and were removed from culture at the same time points as the 

mineralised corneas.  

7.2.4 BK model and tests of formulation 

Topical demineralisation treatments were then assessed using the mineralised cornea 

model. Once corneas were mineralised, 0.3ml of sterile-filtered treatment solution– 1M 

HMP, 0.5M HMP, 2% EDTA or 0.5M HMP/alginate - was applied to the surface of each 

cornea 5 times over 48 hours, with a minimum of 4 hours between treatments. 

Treatment was applied in a sterile laminar flow hood. Corneas remained in DMEM 

throughout treatment and continued to be incubated at 36.5ºC and 5% CO2 in between 

treatments. Media was changed in between treatments. After 5 treatments/48 hours, 

mineralisation was then reassessed as described (section 7.2.3), and the corneas 

were fixed and embedded for cryosectioning as previously described (Chapter 3, 

section 3.11). 

 

7.2.5 Stain Quantification  

Silver staining was quantified using the ImageJ software and calculated as area 

stained. To do this, images of each cornea taken at 20x magnification were converted 

to the RGB stack type, and the threshold was set at Red 240. The measurement was 

then taken of the above threshold area.  
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7.3   Results 

7.3.1 Ex vivo Corneal biopsy SBF mineralisation 

The aim of treating the corneal biopsies with 10x SBF was to induce mineralisation in 

the tissue. After 24 hours of treatment with 10x simulated bodily fluid, the sectioned 

and stained corneal biopsies showed some evidence of mineralisation (Figure 7.1, 

visualised as black staining). When assessing the tissue integrity, the epithelial layer 

of the corneas showed disintegration or complete detachment, as evidenced by the 

absence of the characteristic bright pink (nuclear fast red) stained band at the edge of 

the stromal tissue. Although the 10x SBF treatment was applied to the corneal surface, 

evidence of mineralisation was not localised only to the epithelial/stromal interface. 

Clusters of stained particles were dispersed throughout the stromal tissue also. The 

level of mineralisation indicated was not substantive enough to be considered a replica 

of that shown in cases of Band Keratopathy. 

 

7.3.2 Assessing the whole cornea model as a replication of BK 

Whole corneas were cultured and treated with mineralising agents in an attempt to 

replicate band keratopathy. Sections from the visibly mineralised corneas were positive 

for calcium in the Von Kossa stain (Figure 7.2), appearing as black/brown staining. 

Image analysis quantified an average of 67490µm
2
 stained per 305,731 µm

2 
imaged, 

an average of 21.7% of the total area. Both the non-wounded and wounded corneas 

mineralised, however there was a higher level of mineralisation in the wounded 

corneas - 101021 µm
2
 in the wounded corneas and 25767.8 µm

2
 in the non-wounded 

corneas (p<0.0001) (Figure 7.3). The depth of the mineralisation was also visibly 

greater in the wounded corneas, penetrating further into the stromal tissue. In  
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comparison, the average quantified area stained in the non-mineralised group was 380 

µm
2
, significantly lower than the mineralised corneas (p<0.0001). 

 

Both the H&E staining and the nuclear fast red/Von Kossa staining showed minimal 

epithelial retention in the mineralised corneas. In the non-mineralised corneas (Figure 

7.4), epithelial retention was visibly greater, but there was still major epithelial layer 

degradation compared to what would be expected of a healthy corneal surface.  

 

There were also noticeable differences in the stromal tissue, with minimised nuclear 

staining in some areas leading to the tissue to appear smoother. In heavily calcified 

areas, as evidenced by the level of staining, the nuclei of the cells also often appeared 

stained black, whereas this is not the case in the other areas of the stroma.  

 

7.3.3 Assessing the efficacy of various HMP formulations to treat band 

keratopathy 

The mineralisaed corneas were then treated with topical demineralising formulations. 

Visualisation of the corneas prior to treatment confirmed corneal opacities consistent 

with the wounding patterns of each cornea (Figure 7.5). Post-treatment visualisation 

also confirmed the removal (absence) of the opacities in each cornea in each treatment 

group after 48 hours of treatment (five doses). All treatment groups showed a 

significant reduction in calcium staining (Figure 7.6) compared to the non-treated, 

mineralised controls (p<0.0001). Between the treatment groups, 1M HMP had the 

smallest quantified area stained, showing no evidence of remaining mineralisations. 
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Figure 7.4: Top: H&E stained sections of non-mineralised porcine corneas. Bottom: 
Von Kossa stained sections of non-mineralised porcine corneas. Anterior corneal 
surface oriented to top of page. Both the Haemoxylin and Eosin staining and the 
Nuclear Fast Red/Von Kossa staining show marginally improved, but still minimal, 
epithelial retention in comparison to the mineralised corneas. The lack of black/brown 
staining is indicative of the absence of calcium mineral formation. Scale bar = 150µm  
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The 0.5M HMP/Alginate group also showed no evidence of substantial remaining 

mineralisation. In the 2% EDTA group, substantial mineralisation was found in once 

instance, but this was not consistent. The 0.5M HMP (alone) treatment group 

consistently showed evidence of residual mineralisation, showing as clusters of black 

marks. There was, however, still a reduction in comparison to the untreated corneas 

in both the quantity (area stained) and depth of the mineral remaining. There were no 

significant differences in the average quantified stained area between each treatment 

group, nor was there a significant difference between the non-mineralised corneas and 

the treated corneas. 

 

All but one cornea in the 1M treated group showed complete absence of any remaining 

epithelial layer, and in each group there was evidence of loss of nuclear staining in 

areas which were wounded.  

  







7.4  Discussion: 

 

i) Mineralisation of tissue using 10x SBF 

In an attempt to create a rapid and simple model of BK, mineralisation of corneal tissue 

biopsies was attempted with 10x SBF, which is used to create mineral coatings on 

material surfaces [417-419]. The corneal biopsies treated with 10x SBF for 24 hours 

showed some evidence of mineralisation, however this was not substantive enough or 

localised enough to be considered a replica of band keratopathy. Epithelial detachment 

was obvious both on visualisation of the samples during processing – epithelial layers 

were clearly visible detached from the tissue body in solution – and on analysis of the 

stained sections. These observations indicated that to successfully replicate BK, an 

organ culture model would be necessary, to allow for maintained tissue viability whilst 

mineralisation occurred.  

 

ii) Assessment of the ex vivo band keratopathy model 

The corneas which were successfully cultured and mineralised revealed several 

important findings with regards to the viability of the ex vivo model created. Firstly, the 

wounding was not necessary for mineral formation. However, where the corneas were 

wounded, the mineral reached deeper into the stromal layer and the staining reveal 

was more diffuse, suggesting the mineralisation was less granular in nature. Although 

the wounding may not be necessary for mineralisation of the tissue, it provides multiple 

advantages for the model, namely some control of level of mineralisation and the size 

of the mineral ‘patches’. By creating wounds in which the mineral can form, the 

mineralisation process was more easily visualised and monitored with the use of the 

LED light and without the need for additional techniques. Band Keratopathy can form 
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with or without ocular injury, but is likely more severe in ocular injury cases, as was 

replicated in this model development. 

It can be observed from the model deployed that all corneas maintained their clarity 

post-treatment, indicating tissue viability and lack of induced inflammation and 

associated scarring. 

 

The model created in this work is designed to represent band keratopathy in the human 

eye. Band keratopathy can form through systemic imbalances of calcium and 

phosphate or local challenges to the ocular environment. This model replicated local 

challenges, similar to the reports of band keratopathy occurring in patients who use 

phosphate buffered eye drops [383]. In order to accelerate mineralisation and shorten 

the model timeframe in an attempt to maintain optimal tissue viability, high 

concentrations of sodium phosphate and SBF were used. This method induced 

mineralisation quickly, however it appears the formation of the mineral disrupted the 

epithelial layer.  Only one of the treatment groups showed any evidence of epithelial 

retention, which was a single instance in the 1M group, and this was not consistent. It 

is possible that the corneal wounding was too extensive, and the mineralising agents 

too concentrated, for corneal epithelial healing to occur. It also known that extracellular 

calcium ions play a crucial role in encouraging cell proliferation for wound healing, and 

depriving the ocular surface of calcium with the application of calcium chelating agents 

may well have also prevented successful re-epithelialisation [421]. 

 

Even where the corneas were not wounded, the mineralisation appears to destabilise 

the epithelial layer. In the Von Kossa stain images, clusters of cells and mineral could 

be seen detaching from the ocular surface. This is not dissimilar to the progression of 
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severe Band Keratopathy, which can cause corneal erosion and the development of 

severe dry eye syndrome. This is, however, a potential limitation to the testing of the 

demineralising formulations, as the epithelial barrier may have been compromised, 

aiding in the demineralisation process. It is also possible that the tissue was losing 

viability, however this was not reflected in a loss of corneal clarity (aside from the 

mineralisation) as would be expected. The use of povidone iodine to sterilise the eyes 

prior to culture may also limit wound healing and challenge the ocular surface [422], 

however optimisation of the process previously showed that this step was necessary 

to prevent infection of the culture. Previous attempts to create a corneal organ culture 

model have faced similar issues where medium has been used to cover the ocular 

surface [407] (Table 4). 

 

Although calcification can appear in both H&E and Von Kossa staining, in the former 

as dark purple/black and in the latter as brown/black – our assessments showed that 

Von Kossa, is much more sensitive for detecting calcification, with the Von Kossa-

stained samples indicating much higher levels of mineralisation across all samples 

than the H+E-stained samples (Figure 7.2). The H+E-stained samples were, however, 

much clearer for assessing epithelial retention, particularly as in the Von Kossa stained 

samples the presence of calcium often masked whether the epithelial layer was still 

present.  

 

The Von Kossa images also showed evidence of the cell nuclei in the stromal layer 

potentially acting as nucleation sites for the mineralisation process. In areas of 

mineralisation, in the surrounding stromal tissue the nuclei of the stromal cells 

appeared as black, indicating silver/calcium staining, instead of the expected pink of 
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the nuclear fast red stain. As cell nuclei store an abundance of phosphates, it is 

possible that as the extracellular phosphate and calcium levels rise due to the 

mineralising treatments, the nuclei of the cells provide a rich environment for mineral 

nucleation to occur. This would be different to the process through which mineralisation 

occurs for processes such as bone formation, which rely on the matrix production and 

vesicle release of osteoblasts [423]. 

 

 

iii) Utilising the ex vivo BK model to assess the efficacy of topical 

demineralisation treatments 

When formulating a treatment to replace the superficial keratectomy procedure, it is of 

primary importance that the chemical agents deployed do not trigger an ocular 

challenge so great that opacity-inducing inflammation or corneal scarring is induced. 

 

When considering the ability of each of the treatments tested to remove the formed 

mineral, the 1M HMP and 0.5M HMP/alginate groups were the most effective 

demineralising agents when comparing the average quantified area stained. With 

regards to the 1M HMP group, this would be expected, as it is in agreement with the 

hydroxyapatite demineralisation assessment performed previously (Chapter 4, Figure 

4.3). The improvement of 0.5M HMP/alginate in comparison to 0.5M HMP alone could 

indicate greater ocular retention of the alginate formulation, creating a longer window 

of bioavailability of the demineralising agent. The previous formulation assessment 

(Chapter 6, Figure 6.18) showed that the alginate/HMP and 1M HMP solutions had a 

higher viscosity than that which would be expected for a simple aqueous salt solution,  

and both also showed a higher contact angle than HBSS (control). 
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It is however, worth considering that all groups tested were effective at demineralising 

compared to the untreated controls.  

 

iv) Summary 

The aim of the work presented in this chapter is to create, assess and then utilise an 

ex vivo porcine corneal organ culture model as a replica of band keratopathy. 10x SBF 

and 0.5M phosphate solutions were effective and inducing corneal mineralisation, as 

confirmed by Von Kossa staining. The model was then used to test potential topical 

treatments for BK. All formulations tested – 1M HMP, alginate/0.5M HMP and 2% 

EDTA – were successful at demineralising the corneas. The choice of which agent 

would be most effective as a topical treatment for band keratopathy will therefore rely 

on further evidence of the toxicity and long-term effects of their use on the ocular 

surface. Further development of this model as a corneal wound healing model could 

offer an additional avenue for the exploration of the toxicity of HMP based treatments. 



 

 

8.  

GENERAL DISCUSSION, 

LIMITATIONS, AND 

SUGGESTED FUTURE 

WORKS 
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The aim of this project was to assess whether sodium hexametaphosphate could form 

the basis of an effective topical treatment for calcific band keratopathy, an ocular 

condition which is characterised by the ectopic formation of the calcium-phosphate 

hydroxyapatite in the cornea. This larger topic was approached through four key 

questions: 

 

(a) Can Sodium hexametaphosphate effectively demineralise hydroxyapatite within 

the time period associated with the retention of an eye drop of the eye 

 

With the view of using Sodium hexametaphosphate as a topical agent for the treatment 

of corneal calcification, this investigation has firstly highlighted the potential for HMP 

to demineralise precipitated hydroxyapatite quickly. 1M HMP was the most effective of 

the concentrations of HMP assessed, inducing significant demineralisation within 1 

hour of treatment. The HMP treatment concentrations did not produce a linear trend 

as would have been anticipated for a test of this nature. 0.125M HMP, the lowest 

concentration tested, appeared to rapidly demineralise the hydroxyapatite before 

producing a second precipitate, most likely an insoluble calcium-phosphate. These 

data highlight the narrow line dividing sodium hexametaphosphate as a mineralisation 

aid, as in the human body and in its role in dental protection, and a demineralising 

agent, as in its commercial use as Calgon and in the studies conducted with ectopic 

calcification [273, 274, 297, 298, 302]. For the context considered within this work, 

reliable demineralisation is key to the efficacy of a HMP formulation to treat calcific 

band keratopathy, therefore where possible it appears a higher concentration is 

desirable.  
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The majority of the investigation into the efficacy of HMP as a demineralising agent 

used absorbance readings of synthesised nanohydroxyapatite. Although the relevant 

number of repeats were performed to ensure the appropriate power in the calculations, 

there is naturally a high variability in this technique, both through differences in batches 

of synthesised HA and pipetting errors, as the HA sol is not a homogenous solution. 

Additional checks could be performed on the synthesised HA to ensure homogeneity 

between batches, such as XRD analysis. In the case of the Calcium and Magnesium 

Chloride metal ion affinity assays, the main limitation of those results is the lack of 

further analysis of the precipitations produced. Again, further analysis through XRD or 

elemental analysis through XRF would provide an explanation as to which precipitates 

had formed in each case. Where possible, it would also be beneficial to investigate 

further the properties of the hydroxyapatite formed in cases of band keratopathy, to 

ensure that the in vitro testing of possible treatments accurately reflects the 

characteristics of the naturally occurring mineral. 

 

(b) Is Sodium hexametaphosphate toxic to the ocular tissue 

 

Neither the demineralisation nor the cell metabolism assay results show a strictly linear 

relationship with HMP concentration. It is therefore relevant to compare the 

demineralisation efficacy and cell metabolism assay results of the different treatment 

concentrations of HMP, to see if in combination they speak to the relationship between 

HMP concentration and its ability to chelate calcium ions. When cell viability and 

demineralisation (reduction in absorbance) are compared (Figure 8.1), there is a loose 

trend of higher relative demineralisation pairing with higher relative cell viability at 
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Previous studies have shown that polyphosphates have a higher affinity for sodium 

than potassium. As there is abundant sodium in the sodium hexametaphosphate 

solutions, it is unlikely that HMP is depriving cells of K
+
 ions [288], however sodium 

overload may be a contributing factor.  

 

When the demineralisation results are compared to the results of the MgCl2 and CaCl2 

absorbance assay (Figure 16b), we see a mirroring – where demineralisation is lowest, 

precipitation formation is highest, as would be expected. A comparison of these results 

may suggest that greater sequestration of ions from the cell culture medium at 0.25M 

HMP may be inducing greater toxicity and loss of cellular adhesion. 

 

Further investigation is necessary to explain the trends seen in demineralisation 

efficacy and cytotoxicity across the concentrations of HMP presented, potentially 

focussing on the affinity at different concentrations to different metal ions. A recurring 

theme within the results presented here, is the non-linearity of the relationship between 

the concentration of HMP and its affects. This can be seen in the demineralisation of 

hydroxyapatite, the MTT assay results, the interaction between HMP and BSA, and 

the interaction between HMP and Gellan. The trends exhibited could in theory link to 

the findings in previous studies which link polyphosphate behaviour to chain length, 

however, there has not been any suggestion previously that changing the 

concentration of a solution of sodium hexametaphosphate might change the proportion 

of different chain lengths within the solution. As a best estimate, the highly saturated 

solutions formed at 1M HMP may incur incomplete hydrolysis of the polyphosphate 

salt, however this would need to be investigated with chain length determination, such 
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as size fractionation through gel electrophoresis or column fractionation, end group 

titration and light scattering [239, 267, 307, 373, 424].  

 

As polyphosphates may play a key role in cellular metabolism, metabolic assays 

cannot be relied upon to provide a full picture of the cytotoxicity of sodium 

hexametaphosphate. Additionally, these investigations have found that HMP also 

interferes with the commonly used LDH colorimetric assay, and our propidium iodide 

staining assay produced unexpected results. Therefore, the toxicity data is 

inconclusive. It has, on the other hand, raised some interesting avenues for further 

investigation.  

 

When considering the apparent permeabilization of the cellular membrane by HMP, it 

could be examined whether it is possible to deliver therapeutic or genetic agents such 

as mRNA to the cells as a result of this permeabilization. Additionally, it would need to 

be seen whether this permeabilization is recoverable and reversible, potentially with 

the replenishment of metal ions in the media. A traditional wound healing/scratch assay 

on relevant corneal cells (epithelial cells or keratocytes) may offer evidence as to 

whether the cells can recover from HMP treatment [361, 384]. This would be relevant 

to the higher concentrations of HMP, as we have shown the lower concentrations of 

HMP cause the cells to lose adherence. Again, it remains to be seen whether the cells 

that lose attachment may recover if placed in HMP-free media, as they do with trypsin-

EDTA for example.  

 

During this investigation, unsuccessful attempts were made to culture both human 

(HCE-2) and porcine corneal epithelial cells. The use of multiple cell lines for future 
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investigations would be advantageous, as it has previously been noted that HMP can 

illicit different effects on different cell lines [315]. An additional area of exploration could 

be the impact of HMP on the epithelial barrier function, for example with transepithelial 

resistance measurement [360]. As a calcium chelating agent, it would be anticipated 

that HMP would interfere with the epithelial tight junctions (cadherins). However, 

through this same line of reasoning it would be expected that the higher concentrations 

of HMP which demineralise HMP rapidly would also cause the cells to lose adherence, 

and it would therefore make a relevant comparison. It is worth noting that the propidium 

iodide assay performed in this investigation would normally be performed as a 

live/dead assay with a green fluorescein or other counterstain to counter the red stain. 

Both fluorescein and calcein counterstains were unsuccessfully attempted, with neither 

green stain successfully appearing under fluorescent microscopy. The brightfield 

images of the cells provide appropriate evidence for the exclusion of the red propidium 

iodide dye in the cases of the untreated control and give and idea of cell confluency, 

however a counterstain analysis which allowed contrast between permeated and non-

permeated cells would have been preferrable. This would have allowed for better 

comparison between the treated and untreated cells, allowing the contextualisation of 

cell metabolism assay results based on the number of recorded live or dead cells. 

 

An angle not fully investigated in this project is the binding of HMP to proteins, either 

on ocular cells or within the tear film. As this is a known property of inorganic 

polyphosphates, and this work has highlighted the ability of HMP to form complexes 

with BSA. It would be reasonable to investigate the potential impact of this in the 

desired context, with investigations into the binding of HMP to various proteins found 

in the ocular environment [242]. Additionally, inorganic polyphosphates play a role in 
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the host immune response, and any immunogenic properties of HMP would need to 

be considered. In particular, the recruitment and any induced phenotype changes of 

macrophages and neutrophils could be analysed [164, 425]. 

 

In relation to the toxicity assays, the osmolarity of the HMP solutions needs to be 

considered in the context of the results presented. In all cases other than the 1M HMP, 

the tissues visibly swelled in the treatment media. In the case of 1M HMP, the tissue 

shrank and desiccated, recovering once the treatment media was replaced. Potential 

desiccation can also be seen in the treated corneal biopsies (Figure 5.6). The effect of 

this desiccation is not clear based on the results achieved, but in moving towards a 

potential in vivo model, the effects of this would need to be considered. An additional 

limitation of these investigations is the ration of volumes within the assay. A relatively 

small piece of tissue 5mm in diameter and around 3 mm thickness, creating a volume 

of ~24mm
3
 is placed in a 750ml (750mm

3
) volume of treatment media, creating a ratio 

of 125:4. In the context for which HMP is being assessed, the ratio would be reversed, 

with a much larger tissue body compared to the eye drop (between 20µl and 100µl). 

 

Many ocular formulations are designed within strict pH limits, usually within 6.8-7.4, in 

order to preserve the pH of the tear film and to protect the ocular surface. In this 

context, we have shown that increasing the pH of HMP to 7 from 5.2 limits but does 

not prevent demineralisation (Figure 4.7). The benefits of a neutral pH therefore need 

to be weighed against the cost of a loss in demineralisation efficacy. This decision 

should be informed by relevant toxicity data, however the toxicity data acquired within 

our investigations do not give a clear idea of the impact of concentration or pH on the 

cytotoxicity of the HMP concentrations tested. Further work with relevant cytotoxicity 
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tests could be done to determine which would be more beneficial – rapid 

demineralisation at the potential cost of toxicity, or a gentler treatment which may 

require longer treatment periods. 

 

(c) Can the delivery of Sodium hexametaphosphate to the eye be optimised by 

incorporating polymeric hydrogel materials 

 

With regards to the formulation of the optimal delivery vehicle for HMP to the ocular 

surface, it is clear that HMP has a dramatic impact on the properties of the polymers 

tested. Due to the high concentration necessary to induce rapid demineralisation, a 

useful further comparison would be between the ocular surface retention of HMP and 

HMP/polymer formulations. This can be performed in vivo using fluorescein loaded 

drops and allows for the potential to analyse further the influence of the formulation on 

the tissue structure and function through anterior chamber OCT and immune cell 

imaging [62, 63]. Performing such analysis in vivo would give valuable additional 

information as to the behaviour of the formulations under blinking conditions. It would 

also provide an opportunity to perform whole mount immunofluorescence 

immunohistochemical analysis of immune markers such as CD45 (differentiated 

hematopoietic cells), CD68 (monocytes), MHC class II (antigen presenting cells), IBA-

1 (macrophage specific protein), F4/80 (antigen presenting cells) and ZO-1 (tight 

junction protein) which would provide a well-rounded idea of the ocular immune 

response to the different formulations. The materials chosen for this investigation have 

all previously been developed for ocular formulations and are considered safe for this 

purpose when the right preparation techniques are used to maintain sterility. However, 

due to reactions that occur between HMP and the carrier materials, further toxicity 
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assessments of the HMP/hydrogel formulations would need to be performed in addition 

to HMP alone, to ensure the HMP/hydrogel combinations do not incur other adverse 

responses. 

 

Within the formulation work performed here within, data from rheological tests such as 

the shear stress ramp (Figures 6.3, 6.4, 6.5) are used to predict how each gel might 

behave in the desired context – as a drop administered topically to the ocular surface. 

The assumption is that a higher viscosity leads to a greater eye drop retention. 

However, although a relationship between viscosity and residence time has previously 

been extrapolated for eye drop formulations, these tests can only provide a suggestion 

as to how a drop might behave in vivo. Several factors are not taken into account in 

these tests, including the storage time of the formulation, the curvature of the eye, 

mucoadhesion, lacrimal clearance, true blinking mechanics and the potential 

acceleration of clearance through ocular irritation. In particular, the dilution of HMP 

delivered to the ocular surface needs to be further considered. The demineralisation 

assessment results could suggest that a higher concentration of HMP would produce 

faster and more consistent results, however if that higher concentration, say 1M HMP, 

is diluted by tears to 0.125M HMP, the results presented here suggest that re-

mineralisation may be a risk. 

 

The toluidine blue assay developed in this work was not successful in distinguishing 

between HMP and other molecules in the solutions including the polymeric carriers 

being assessed, however toluidine blue could be redeployed to investigate the 

penetration of HMP into the corneal tissue. Sections of treated corneas could be 

stained with toluidine blue, and a colour shift within the tissue would indicate the 



 228 

presence of HMP [374]. The penetration of HMP into the tissue would be a relevant 

measure of therapeutic potential, indicating an advantageous release profile form the 

carrier material or optimum retention of the drop on the ocular surface. 

 

The chitosan films developed using 1M and 2M HMP did not release therapeutically 

effective doses of HMP, however, such films may be useful in a host of other 

application, including as moisture-retaining, anti-microbial wound dressings [363-366, 

426]. Dermal models could be employed to assess the efficacy of the developed 

material in this context [361, 366]. 

 

A future avenue to be explored, is the potential for HMP to form stable lipid emulsions, 

either in combination with polymers such as chitosan, or alone. As elucidated in the 

introductory literature review, lipid based formulations for ocular drug delivery offer an 

attractive alternative where hydrogel or polymer formulations may fall short. 

Particularly in a disease where the development of dry eye is common, as is true for 

patients with BK, the delivery of lipids in tandem with the demineralising agent may 

offer additional symptomatic relief [51, 52, 143]. The interactions between the lipid and 

HMP would need to be examined, alongside the toxicity of the combined agents and 

the release profile, however. 

 

In addition to the physical properties assessed herein, any potential treatment would 

need to be further optimised with sterilisation in mind. HMP solutions can be sterile 

filtered, however this is not true of gels which may need to be sterilised by heat 

treatment of radiation. These processes can further change the structure of the 

material, and this would have to be taken into account. 
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(d) Can a relevant ex vivo test be developed to assess the efficacy of sodium 

hexametaphosphate in treating band Keratopathy 

 

The ex vivo porcine model of band keratopathy developed to test the HMP formulations 

can be best compared to the very late stages of severe disease, where the epithelial 

layer has been ruptured and mineral is deeply embedded in the stromal tissue. The 

model provides evidence of the potential efficacy of HMP in the context of treating band 

keratopathy topically, however there are limitations to the model. The wounding 

performed on each eye was not necessarily consistently sized in either diameter or 

depth due to the method of wounding – a handheld miniature drill. Previous methods 

of wounding were attempted including abrasion using an algebrush or scalpel, and the 

drill provided the most consistent results, however this could be further optimised. The 

assay was designed to provide rapid mineralisation in order to maintain tissue viability. 

Viability was monitored with visual assessments of corneal clarity and media colour, 

however testing of the culture media would allow for constant monitoring of lactate 

levels and other markers of tissue viability which would allow for the exclusion of non-

viable tissue earlier in the model. Additionally, alternative models have developed 

media pumping systems through which the tissue media is constantly replenished and 

monitored, which would aid in this [383, 384, 402, 403].  

 

Within this model, 300µl of each formulation was applied to each eye at each 

treatment. This is large than the average eye drop, which usually have a volume 

between 10 and 100µl. This was due to the fact that with no conjunctiva or eye lids, 

the majority of the formulation ran immediately off the surface of the eye and into the 
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media. Of course, in vivo the same can happen as the blinking reflex occurs and some 

is lost to the tears, but to test the formulations it was necessary to ensure a portion of 

the treatment remained on the eye. This highlights a limitation that occurs across 

demineralisation, toxicity and ex vivo model work – without an accurate idea of the 

contact time of each formulation, the data created was working on estimates of the 

minimum and maximum residence times for an eye drop. For the demineralisation 

assessment, we assumed a minimum contact time of 1 hour as previous studies have 

provided evidence that aqueous drops are still resident at this time. For the in vitro 

toxicity assays, a maximum residence time of between 4 and 6 hours was assumed, 

as this represents a time point beyond the upper limit of data on more viscous eye drop 

formulations. Both the ex vivo model and the toxicity assessments could be repeated 

with a more accurate treatment regime relative to residence time data. For the toxicity 

assessment, it would be vital to examine the effect of a repeated dosing regimen with 

recovery in between, something that was only touched on in the work begun here. 

 

Analysis of previous ex vivo models (Table 4) revealed multiple considerations for the 

development of an ex vivo band keratopathy organ culture model. Porcine tissue was 

chosen for our model development for both the similarities in size and structure to a 

human eye, and the availability of fresh tissue. Smaller rabbit eyes had been previously 

used in an organ culture model – the ex-vivo eye irritation model – which successfully 

replicated topical phosphate induced band keratopathy [383]. Smaller eyes are 

potentially easier to maintain in culture, however this model relied on specialised 

perfusion chamber apparatus.  
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An additional consideration relates to how important the presence of the Bowman’s 

membrane is to the aetiology of BK in the human eye. It is presumed that in many 

cases mineralisation begins here, before spreading into the stroma or rupturing the 

epithelial layer in more severe cases. This is separate to the development of BK in 

cases of injury or ulceration. In animals, cases of BK are commonly reported in horses 

and dogs [11, 388]. Neither horses not dogs have a Bowman’s layer, suggesting that 

it may not be essential in the development of the disease, but still may affect the 

likelihood and progression [388, 427, 428]. There has been disagreement over whether 

porcine corneas have a Bowman’s layer, with multiple conflicting reports. However, 

recent scanning electron microscope (SEM) and tunnelling electron microscope (TEM) 

images strongly suggest that the Bowman’s layer is present in the porcine cornea 

[429]. This should allow a model developed with porcine cornea to more accurately 

replicate the development of BK in humans.  

 

A consistent limitation of the model developed in this work is the degradation of the 

epithelial layer. Multiple steps could be taken to improve this limitation of the model, 

including the incorporation of agents which encourage epithelial cell growth such as 

Insulin, EGF and hydrocortisone into the culture media. Additionally, if alternative 

sterilisation steps could be explored to remove the need for povidone iodine treatment, 

the epithelial layer may be better protected before the tissue enters culture. A further 

optimisation step would include the homogenisation of the wounding performed on 

each eye to ensure each eye is wounded as similarly as possible, to increase 

consistency between samples.  
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Although an ex vivo model was chosen to replicate band keratopathy in this work, 

future studies could include the development of more complex in vitro 3-D cellular 

assays, which allow for the investigation of the response of various immune cells to 

HMP treatment. 3D models are suitable for the investigation of injury and regeneration 

models, which would be complimentary to the research questions proposed here [430]. 

3D models would also allow for investigation into the responses of human corneal cells 

(as opposed to porcine) without the issues of sourcing high volumes of ex vivo human 

donor tissue, and would also enable the assessment of intra-cellular mechanisms 

between epithelial and stromal cells (as opposed to a single cell type), without the risks 

and challenges associated with ex vivo organ culture models such as infection and 

loss of tissue viability [430]. 

 

Relevant to the toxicity investigation for this potential treatment is the passage of the 

drop from the ocular surface to surrounding tissues, including through the nasal 

passage to the stomach or bloodstream. An ocular residence time analysis using 

fluorescein could be adapted to also include endpoints which investigate the final 

destinations of the drop. Due to the previous evidence, as well as that presented 

through our own investigations, suggesting the possibility of multiple reactions to HMP 

by different tissues and cell lines, it may be necessary to investigate the toxicity of HMP 

on conjunctival, vascular and other tissues.  

 

Despite the development of increasingly accurate ex vivo and in vitro assays, it is still 

necessary for any treatment hoping to reach clinical trial or use to create in vivo animal 

data. Testing HMP formulations in vivo on an animal with induced band keratopathy 

would be a robust test of the potential for further development. Wound healing and 
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related models are common in animal work, and a similar mineralisation protocol could 

potentially be followed to induce band keratopathy in a murine eye using high 

phosphate eye drops and/or 10x SBF. However, this may be unnecessary, as multiple 

investigations have induced band keratopathy as an unintended side-effect without the 

need for wounding. One of these found that the use of ketamine/xylazine anaesthetic 

agents appeared to induce corneal cloudiness, which was later diagnosed as band 

keratopathy with a slit lamp [431]. Additionally, excess systemic or topical vitamin D 

can induce band keratopathy without the need for corneal abrasion [20]. The same is 

true of silicon oil. Each of these avenues could be explored to develop a less invasive 

in vivo model to continue this investigation. 

 

e) Emergent questions for future analysis 

In addition to the questions raised by the investigation into each of the four primary 

areas covered here (demineralisation, toxicity, formulation and ex vivo modelling), 

the success of any future formulation developed using HMP will rely on factors 

outside of the scope of this investigation. This includes the practicality of 

manufacturing the solution on a larger scale for clinical use, and the behaviours of 

the patients it is prescribed to. A comparative study (likely a clinical trial) would need 

to be performed between outcomes of patients who have the current standard 

superficial keratectomy treatment, and the new formulation. The efficacy of the new 

formulation, beyond it’s biochemical characteristics, will depend on adherence from 

the patient to the desired treatment regime – something which is a barrier to all eye 

drop-based treatments [110-112, 114].  
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9.  

CONCLUSIONS 
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Four questions were highlighted as key to this investigation –  

(a) Can sodium hexametaphosphate effectively demineralise hydroxyapatite within 

the time period associated with the retention of an eye drop of the eye 

(b) Is sodium hexametaphosphate toxic to the ocular tissue 

(c) Can the delivery of sodium hexametaphosphate to the eye be optimised by 

incorporating polymeric hydrogel materials 

(d) Can a relevant ex vivo test be developed to assess the efficacy of sodium 

hexametaphosphate in treating band keratopathy 

 

The experiments performed have gone some of the way to answering each of these. 

It was found that Sodium hexametaphosphate at concentrations at and greater than 

0.125M can induce significant reductions in the measured absorbance of 

hydroxyapatite sol within 1 hour of treatment, with 1M HMP appearing the most 

effective of the concentrations tested.  

 

The toxicity of HMP remains to be further explored, with the work presented here 

suggesting that HMP negatively effects cell adhesion and metabolism and induces 

permeabilization of the cellular membrane, in a concentration dependant manner, but 

with a non-linear relationship between concentration and these behaviours.  

 

HMP was found to induce dense crosslinking in gellan and chitosan, creating materials 

unsuitable for an eye drop. Chitosan films were developed, but these failed to release 

therapeutically effective levels of HMP. Alginate, however, appeared to present as a 

viable option for carrying concentrations of HMP below 0.5M.  
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Finally, an ex vivo model of band keratopathy was developed in porcine eyes, but with 

limited epithelial retention. This model was used to successfully show mineralisation 

and demineralisation of the tissue by HMP and the current clinical standard, EDTA. 

When compared, 1M HMP appeared to be more successful in demineralising the 

tissue when following the same treatment course as 2% EDTA.  

 

Further work needs to be performed to investigate the toxicity of concentrations of HMP 

which could effectively demineralise calcified ocular tissue in vitro, avoiding 

metabolism assays which may provide misleading results due to the role of 

polyphosphate in cellular metabolism. In addition, the ex vivo model of band 

keratopathy should be further optimised to maintain epithelial barrier function if 

possible, and create a more accurate assessment of treatment efficacy. An analysis of 

the chain lengths of polyphosphates present in sodium hexametaphosphate could 

shed light on some of the behaviours described throughout this work. 
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