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Abstract 

Acanthamoeba keratitis (AK) is a severe corneal infection that 

poses a public health problem. Treatment of AK remains 

challenging because it relies on prolonged therapeutic regimens 

often utilising drug combinations. The considerable damage to 

human ocular tissue of patients with AK is partially mediated by 

soluble factors present in the protozoan Acanthamoeba 

castellanii’s secretome. The two aims of this thesis were to 

characterise the structural, functional and metabolomic changes 

occurring in human corneal cells caused by A. castellanii 

secretome and to investigate the potential amelioration of 

infection using cerium oxide nanoparticles (CeO2NPs).  

Human SV40 immortalised corneal epithelial cells (ihCECs) and 

corneal stromal cells (CSCs) were treated with various 

concentrations of A. castellanii-conditioned medium (ACCM) for 

different exposure times. ACCM significantly decreased cell 

viability, triggered apoptosis, disrupted the cell actin cytoskeleton 

and altered the ultrastructural properties of corneal cells, in a 

time- and concentration-dependant manner. These ACCM-

related cellular alterations were mediated by A. castellanii 

proteases. Amino acid analysis of ACCM showed that serine and 

cysteine proteases are secreted by A. castellanii. ACCM also 

altered the levels of elements within CSCs, including changes in 

the abundance of potassium, sodium and calcium. However, 

ACCM exposure did not affect the DNA concentration of CSC 

cells. Liquid chromatography/mass spectrometry-based 

metabolomic analysis showed that ACCM induced alterations in 

nucleotide and amino acid contents in CSCs.  

CeO2NPs adversely compromised the proliferation and structural 

integrity, and encystation ability of A. castellanii in a dose-
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dependent manner, they had no significant effect on corneal 

cells when utilised at doses up to 200 μg/mL. These results 

reaffirm previous findings and provide new insight into the 

adverse impact caused by A. castellanii secretome on corneal 

cells. The promising anti-A. castellanii effect of CeO2NPs 

warrants further validation including testing their cytotoxic 

potential against human ocular tissue. 
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1. Chapter One: Literature Review 

1.1 The research problem 

Acanthamoeba species are free-living, single-celled eukaryotes 

and ubiquitous protozoa. Some Acanthamoeba species can be 

opportunistic human pathogens. For example, Acanthamoeba 

castellanii genotype T4 is the agent that causes Acanthamoeba 

keratitis (AK), a serious ocular condition that compromises the 

sight (Carnt et al., 2018; Marciano-Cabral and Cabral, 2003).  

The pathogenesis mechanism associated with eye infection as a 

result of Acanthamoeba is uncertain. However, it is necessary to 

understand the mechanisms related to this organism’s 

pathogenic potential, in order to develop new and more effective 

therapeutic interventions. Existing drugs have a limited effect, 

and numerous challenges are encountered as a result of 

frequent application with adverse side effects, especially during 

the late infection phases. Modern, long-term treatment uses a 

combination of drugs which have few effects, many of which are 

insignificant. Although chemotherapy is particularly costly, and 

results in detrimental and toxicity concerns as well as drug 

resistance, it remains the preferred treatment (Lorenzo-Morales, 

Khan and Walochnik, 2015). Consequently, the aim of this thesis 

is to create and characterise new and significant information in 

order to elucidate the molecular mechanism of AK pathogenicity. 
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Given the current limitations of anti-Acanthamoebic drugs, this 

thesis also aims to test a new preventive agent against A. 

castellanii.                    

1.2 General aspects of Acanthamoeba 

1.2.1 History of discovery 

In 1930, Acanthamoeba was initially defined by Castellanii as a 

eukaryote of contaminated culture from fungal culture (Marciano-

Cabral and Cabral, 2003; Visvesvara, 1991; Castellanii, 1930). 

Sawyer and Griffin (1975), placed the Acanthamoeba genus in 

the Acanthamoebidae family (Sawyer and Griffin, 1975; Fuerst, 

Booton and Crary, 2015). In 1958, Culbertson produced the first 

hypothesis concerning the infectious nature of Acanthamoeba 

(Marciano-Cabral and Cabral, 2003; Culbertson, Smith and 

Minner, 1958). Nagington et al, were first to report AK in the UK 

(Nagington et al., 1974), and Jones et al, were the first to 

document AK in the USA (Jones, Visvesvara and Robinson, 

1975). Following this, numerous studies have defined the place 

of Acanthamoeba in AK, revealing that contact lenses are a 

major risk factor for AK because of lens contamination 

(Visvesvara, 1991; Radford, Minassian and Dart, 2002; Lindsay 

et al., 2007). 
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1.2.2 Classification of Acanthamoeba 

Acanthamoeba is in the Protista Kingdom as shown in Table 1-1. 

The Acanthamoeba taxonomy mainly emanated from 

morphological studies in trophozoite and cyst (Visvesvara, 

1991). A minimum of 10 species had been detected and 

recorded by 1977. In the same year, Pussard and Pons 

recognised variation in cyst morphology and recorded at least 18 

species (Visvesvara, 1991; Khan, 2006; Pussard and Pons, 

1977). Booton et al, (2005) documented 25 Acanthamoeba 

genus species with pathogenic attributes, which included A. 

castellanii, as well as other Acanthamoeba species (Booton et 

al., 2005). The Acanthamoeba classification genus was 

previously limited to the morphological identification, mainly 

concerning the morphology and size of the cysts. Nevertheless, 

this categorisation may now be considered fallible. Therefore, in 

order to categorise Acanthamoeba spp. correctly, new 

identification processes have been developed recently. 
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Table 1-1 The taxonomic classification of Acanthamoeba  

 (Martinez and Visvesvara, 1997). 

 

As molecular tools have advanced, the classification basis of the 

Acanthamoeba genus’ categorisation basis has moved to the 

gene sequences of ribosomal ribonucleic acid (rRNA). The 

Acanthamoeba genus is currently categorised into 20 different 

isolates bearing genotypes (T1-T20) (Fuerst, Booton and Crary, 

2015; Corsaro et al., 2015). Each of these shows a difference in 

sequences with the others of at least >5 (Siddiqui and Khan, 

2012). This categorisation shows that 90 per cent of keratitis 

cases are the result of Acanthamoeba castellanii, particularly 

genotype T4. 

1.2.3 Life cycle and morphology of Acanthamoeba 

The Acanthamoeba species’ life cycle involves two phases: the 

metabolically active trophozoites and the cyst, which is the 

Kingdom Protista

Subkingdom Protozoa

Phylum Sarcomastigophora

Subphylum Sarcodina

Superclass Rhizopoda

Class Lobosea

Subclass Gymnamoeba

Order Amoebida

Suborder Acanthopodina

Family Acanthamoebidae

Genus Acanthamoeba
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dormant phase (Figure 1-1). During the trophozoites stage, they 

replicate by mitosis. Since trophozoites are active, they are 

considered to be infective types of Acanthamoeba whose size is 

between 12 and 35 μm, whereas the length of the cyst is 

between 5 and 20 μm (Khan, 2006). A central nucleolus is 

enclosed with the nucleus of the trophozoites, and their 

cytoplasm, includes contractile vacuoles (Marciano-Cabral and 

Cabral, 2003; Khan, 2006). They carry on their surfaces, spine-

like configurations known as acanthopodia which give 

Acanthamoeba its broadly applied and accepted name. 

Acanthopodia are the outward extension developing from the 

cytoplasm allowing the organism movement and adherence to 

the host cell’s surface (Marciano-Cabral and Cabral, 2003; 

Bowers and Korn, 1968; Khan, 2006).  

 
Figure 1-1 Acanthamoeba has two major stages in its life cycle: 
trophozoite and cyst forms. The trophozoite is the infective form of 
Acanthamoeba (A). Under unfavourable conditions, the trophozoite 
transforms into a cyst (B). (Siddiqui and Khan, 2012). 
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It is known that trophozoites, being the infectious and active form 

of Acanthamoeba, obtain their nutrition by feeding on other 

environmental micro-organisms, including bacterial cells and 

other micro-organisms on the surfaces to which they attach 

themselves (Marciano-Cabral and Cabral, 2003; Khan, 2006). To 

manage extremely, adverse environmental conditions, 

Acanthamoeba change to their dormant form to the cyst. It has 

been recorded that in exceptional environmental conditions 

including the presence of biocides, high temperature and 

high/low pH, induce the development of cysts through a 

procedure known as encystment is induced. The encystment 

process involves monoclonal antibodies binding to specific 

membrane proteins in A. castellanii (Marciano-Cabral and 

Cabral, 2003; Villemez, Carlo and Russell, 1985) and serves as 

a mechanism for parasite protection and survival. When 

environmental conditions become favourable, the cysts change 

back into the active trophozoites; a process known as 

excystment. 

Infections occur when Acanthamoeba cysts or trophozoites 

come into contact with eyes, wounds or skin lesions, or the 

respiratory tract. Once inside the body, they move with the 

bloodstream into other vital body parts, proliferating and causing 

infection and proliferation (Figure 1-2) (Marciano-Cabral and 
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Cabral, 2003; Schuster and Visvesvara, 2004). It must be 

understood that Acanthamoeba species do not require a host in 

order to complete their life cycle. Since Acanthamoeba is able to 

survive as an infectious organism by infecting both humans and 

animals, or as a free-living amoeba, it functions as an 

opportunistic organism (Martinez and Visvesvara, 1997).  

 
 
Figure 1-2 Acanthamoeba life cycle: Acanthamoeba has two specific 
stages: trophozoite and cysts. The trophozoite is the infective form of 
this parasite, which attacks the eyes, the respiratory tract or skin. 
Acanthamoeba eye infection can result in AK. When Acanthamoeba 
enters the body through skin wounds or through the respiratory 
system, it can lead to encephalitis, and also cause cutaneous 
infections. The cystic stage is formed when the trophozoite is 
subjected to stressful conditions. 
 
 

 

 

 



 

 

23 

1.2.4 Epidemiology of Acanthamoeba 

Acanthamoeba species are extensively scattered in nature, 

especially in water and soil environments, as a free-living 

amoeba. Bacteria in these environments is a significant factor in 

maintaining these parasites because the bacteria are a food 

source (Marciano-Cabral and Cabral, 2003; Schuster and 

Visvesvara, 2004). Despite Acanthamoeba worldwide 

distribution and it being impossible to avoid contact with the 

parasite, the number of Acanthamoeba infections is 

comparatively small. It has been demonstrated by past studies 

that Anti-Acanthamoeba antibodies are present in about 80% of 

humans (Chappell et al., 2001; Ahmed Khan, 2003), thereby 

showing the ability of healthy persons to resist being infected by 

Acanthamoeba. 

The survival of A. castellanii is associated with their ability to 

adapt easily to various host environments to remain viable for 

long periods. The organism can survive extreme conditions of 

pH, moist heat of 60°C, irradiation, chemical conditions, and 

even freezing temperatures for years without any destruction or 

impairment (Sriram et al., 2008). Acanthamoeba can transform 

into the cyst stage during adverse conditions, particularly during 

food outages and exposure to a chemical such as disinfectants. 
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Therefore, survival is sustained by ensuring the cysts are 

resistant to adverse environments. 

1.2.5 Acanthamoeba T4 genotype 

Acanthamoeba T4 genotype is commonly used in studies 

investigating the pathogenicity of Acanthamoeba spp. as it is 

involved in the pathogenicity of the majority of AK cases 

(Siddiqui and Khan, 2012; Maghsood et al., 2005), The T4 

genotype strain used in the present work was isolated from a 

clinical AK case and thus is highly relevant for the study of 

pathogenic effect of A. castellanii on corneal cells.  

1.3 Structure of the human cornea: the target organ 
of Acanthamoeba 

The human cornea is a dome-shaped, avascular transparent 

tissue located at the front of the eye that is directly exposed to 

the external environment (Figure 1-3). The human cornea allows 

light to enter the eye, then refracts the rays onto the retina 

(Baylis et al., 2011; Klausner et al., 2007). The cornea’s surface 

protects the eye from external agents which have the potential to 

cause diseases and to damage deeper structures. Although at 

first glance the corneal tissue appears to lack substance, it is in 

fact a highly organised tissue comprising collagen fibrils, proteins 

and numerous cells. The corneal cells acquire oxygen and 

nutrients from the adjacent environment by a diffusion process 
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which also involves tear fluid and aqueous humour (Shafaie et 

al., 2016; Alzubaidi et al., 2016). As the major property of the 

cornea is transparency, it does not contain blood vessels like 

other body tissue. Therefore, nutrients diffuse directly from the 

tear fluid on the external environment and the aqueous humour 

in the internal environment (Sridhar, 2018). A histological cross-

section shows that the cornea has six specific layers: 1) 

epithelium, 2) Bowman's membrane, 3) stroma, 4) Dua's layer, 

5) Descemet's membrane, and 6) endothelium (Figure 1-4).  

 

Figure 1-3 Schematic of the human eye. 
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Figure 1-4 Cross-sectional structure of the human cornea. 

 

1.3.1 Corneal epithelium 

The corneal epithelium in humans is the outermost layer at the 

anterior of the cornea, with a thickness of about 50 μm. It 

comprises the intermediate layer of the epithelium (known as 

wing cells), sub-basal nerve plexus, superficial epithelial cells 

and basal epithelial cells (Alzubaidi et al., 2016; Klausner et al., 

2007). The main purpose of the epithelium is to block foreign 

materials like dust and bacteria from entering the eye and the 

corneal stroma below, and provides a surface for absorbing 
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nutrients directly from the tear film before distributing the 

nutrients to the other parts of the cornea (Sridhar, 2018; 

Masterton and Ahearne, 2018). The corneal epithelium 

comprises between five and seven layers of stratified squamous 

epithelial cells, starting with basal cells in the deepest layer, and 

non-keratinized layers of cells such as the polyhedral wing cells 

in the second layer and squamous cells with flattened nuclei at 

the top. The cells undergo continuous cell division, with the basal 

cells and wing cells migrating to the corneal interior to 

differentiate into the squamous, which eventually mature fully 

and drop off into the tear film (Sridhar, 2018; Masterton and 

Ahearne, 2018). 

1.3.2 Bowman’s layer 

The Bowman’s layer is an acellular membrane which separates 

the stromal layers and the epithelium and is 12 μm thick. It 

comprises proteoglycans and collagen (Klausner et al., 2007). A 

search of the literature shows no clear consensus on the 

physiological function of the membrane, but it is hypothesised 

that it serves as a physical barrier to protect the nerve plexus 

and stimulates epithelial nerve supply and sensory recovery. 

1.3.3 Corneal stroma 

The corneal stroma, which comprises 90% of the thickness of 

the human cornea, mainly comprises an extracellular matrix 
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(ECM) of collagen fibres and proteoglycans. The cells within the 

stroma are known as keratocytes which repair and regenerate 

ECM (Klausner et al., 2007). Stromal wound healing is 

associated with the sequential action of growth factors on 

keratocytes. During the healing process of a corneal wound, 

released growth factors include the following: fibroblast growth 

factor-2 (FGF-2), transforming growth factor-beta (TGF-β), 

platelet-derived growth factor (PDGF), and insulin-like growth 

factor (IGF) activate keratocytes. These multiply and differentiate 

into myofibroblasts or fibroblasts, and subsequently migrate 

(Etheredge, Kane and Hassell, 2009). Similarly, in vitro, the 

growth factors IGF-I and IGF-II lead to the proliferation of 

keratocytes whilst retaining their dendritic morphology. ECM 

provides the transparency required for the cornea to transmit the 

light to the retina and provides the required structural strength for 

the cornea (Etheredge, Kane and Hassell, 2009). The 

components and organization of the ECM is imperative for the 

structure and function of the corneal stroma, regulated by a 

process the control collagen fibril formation or stromal 

fibrillogenesis. Some of the key components of the stromal ECM 

include the fibril forming collagens, network forming collagens, 

and leucine-rich proteoglycans.  
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1.3.4 Dua's Layer 

Dua et al. have recently recognised a new layer in the human 

corneal tissue known as “Dua's Layer (DL)” or Pre-Descemet’s 

Layer (Shafaie et al., 2016; Dua et al., 2013). It is positioned 

between Descemet's membrane and the stroma. Although the 

DL is thin, it is characterized by its unique strength and airtight 

properties, which allows it to withstand pressure. The strength of 

the DL is attributed to the close packaging of collagen fibres 

(Dua, Faraj and Said, 2015). The findings by Dua et al. (2013) 

suggest that the DL is separated from the deep stroma and 

extend to the cornea periphery as indicated by the extension of 

stress lines. However, Dua et al. (2015) reveal that there are 

variations in the DL from one patient to another based on age, 

with the line of cleavage differing between adults and children in 

histological examinations.  

1.3.5 Descemet’s membrane 

This is a basal membrane of the corneal endothelium with a 

thickness of about 8 to 10 μm. The Descemet’s membrane 

consists of an interfacial matrix extending to the corneal stroma. 

The membrane contains a variety of collagen molecules, as well 

as laminin (Klausner et al., 2007). The function of the 

Descemet’s membrane is to provide additional protection against 

physical injury to the eye or infections, protecting the endothelial 
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cells lying below it. Damage to the membrane leads to corneal 

opacity and may require a corneal transplant because the 

membrane has poor regeneration potential (de Oliveira and 

Wilson, 2020). 

1.3.6 Corneal endothelium 

The corneal endothelium is a layer of cells with thickness of 

approximately 5 μm. It occupies an important function as a 

barrier to fluid movement by regulating stromal hydration and 

transferring electrolytes and nutrients from the aqueous humour 

(Klausner et al., 2007). The endothelium allows solutes including 

nutrients to move from the aqueous humour to the corneal 

shallow layers while also pumping water from the stroma to the 

aqueous humour, a process that averts corneal oedema 

developing which may lead to visual loss. This is especially 

important because corneal endothelial cells are lost with age, yet 

the cells do not regenerate. Overall, the main function of the 

endothelium is to regulate corneal hydration and nutrition 

(Klausner et al., 2007). 

1.4 Human infections caused by Acanthamoeba 

1.4.1 Acanthamoeba keratitis (AK)  

AK, which is a result of Acanthamoeba spp is a corneal disease 

that is sight threatening. It results in serious inflammation and 
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intense pain and can cause reduced vision leading to blindness 

if untreated (Stapleton et al., 2009; Dart, Stapleton and 

Minassian, 1991). Contact lenses are a major risk element in 

developing AK. However, other conditions, such as a poor 

standard of personal hygiene can also lead to developing AK. 

These risk elements cause bacterial contamination and 

formation of biofilms which are a rich nutrient source for 

Acanthamoeba (Carnt and Stapleton, 2016; Dart, Stapleton and 

Minassian, 1991). Corneal trauma caused by injury due to 

foreign materials and followed by exposure to contaminated 

water is another potential risk factor associated with AK. 

1.4.1.1 Life cycle of Acanthamoeba keratitis 

During Acanthamoeba keratitis, the  presence of Acanthamoeba 

on the ocular surface is completely incidental, probably caused 

by using contaminated contact lenses, or exposure of 

accidentally injured corneas being exposed to environmental 

sources contaminated with Acanthamoeba (Khan, 2006). Both 

Acanthamoeba cysts and trophozoite stages are able to enter 

the eyes. However, the cornea can only be infected by 

Acanthamoeba in the infective stage, trophozoite. Therefore, the 

cyst has to transform into the trophozoite once inside the eye to 

be infective. Once inside the cornea, trophozoites will multiply 

continuously and feed on the corneal cells as well as on any 
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contaminant bacteria (Khan, 2006). This leads to the progressive 

destruction of the corneal epithelium and Bowman's layer, 

offering a passage through to the stroma (described in detail in 

sections 1.5 and 1.4.1.2).  

1.4.1.2 The host immune response in Acanthamoeba keratitis 

When the eye is exposed to Acanthamoeba spp., the amoebae 

attach themselves to corneal epithelial cells by binding to the 

glycoproteins on the cell surface. Acanthamoeba produce a 

mannose-binding protein (MBP) that mediates adhesion to  cells 

by binding to mannosylated glycoproteins on the cell surface 

(Marciano-Cabral and Cabral, 2003). The adherence of the 

organism to the cornea is followed by the invasion and 

destruction of the host cells, through release of proteases. The 

organism penetrates the epithelial cells and the Bowman's 

membrane by utilizing collagenolytic and	 proteolytic enzymes to 

allow invasion. Acanthamoeba then penetrates the corneal 

stroma, where invasion and destruction continue through the 

cytotoxic secretions and the phagocytotic processes. 

The human body can react to an infection through either an 

innate or adaptive immune response. The innate immune 

response is immediate but not specific to the pathogen, whereas 

the adaptive response is long-term and specifically targets the 

pathogen, normally through antibody production. The innate 
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immune response plays a large part in fighting off initial infection, 

as described by Clarke and Niederkorn (2006a) The initial 

defence against Acanthamoeba spp is the tear fluid that the 

lacrimal system generates, as well as the continuous movement 

of the eyelid (Khan, 2005; Khan, 2006; Cwiklik, 2016). The tear 

film contains antimicrobial proteins such as lactoferrin, lysozyme, 

and immunoglobulin A (IgA), that prevent Acanthamoeba 

adherence and invasion (Alsam et al., 2007). If adherence and 

invasion occur, innate immune cells such as neutrophils and 

macrophages are activated and infiltrate the cornea after 

infection and can kill the Acanthamoeba trophozoites through 

release of proteases, preventing infection from progressing.  

Macrophages are unable to fight fully formed cysts do exhibit a 

chemotactic response to cyst lysate and trophozoites. The 

immune cells release, and induce other cells to produce, 

chemokines and cytokines. Upregulation of toll-like receptor 4 

(TLR4) occurs activates the release of proinflammatory 

cytokines such as interleukin-8 (IL-8) and tumour necrosis factor-

a (TNF-α). These inflammatory cytokines promote the immune 

responses by encouraging pathogen clearance, recruiting more 

immune cells and increasing inflammation (Ren, Gao and Wu, 

2010). These are early response cytokines that are synthesized 
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during the acute inflammatory response, and then their levels 

significantly reduce within 6 hours after infection.  

Macrophages generate an inflammatory response by secreting 

macrophage inflammatory protein (MIP-2), leading to neutrophil 

recruitment (Hurt et al., 2001). Neutrophils are a key mediator in 

the innate immune response and are recruited to kill the 

trophozoites. Neutrophils are also able to eradicate the cyst form 

of the organism through a myeloperoxidase-dependent 

mechanism (Clarke and Niederkorn, 2006a). 

Although the innate immune system mounts the initial defence 

against Acanthamoeba infection, the adaptive immune response 

may also be triggered after a lag time in which T and B cells 

undergo expansion	 (Clarke and Niederkorn, 2006a). In the adult 

population, 50-100% of people express specific antibodies for 

Acanthamoeba antigens, suggesting that exposure to 

Acanthamoeba spp. is common and progression of the disease 

to full infection is rare. In cases where the adaptive immune 

response fails to irradicate the disease, it may be due to the 

presence of dominant cysts remaining in the stroma. This is due 

to the body is being unable to completely eradicate the cyst 

form, in these cases treatment options are employed, such as 

mixed therapies using topical antimicrobial agents. 
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1.4.1.3 Clinical features of Acanthamoeba keratitis 

AK is both a painful and progressive disease. The symptoms are 

clinically associated with the invasion and degradation of corneal 

components, leading to photophobia, redness and tearing 

(Lorenzo-Morales, Khan and Walochnik, 2015; Carrijo-Carvalho 

et al., 2017; Pérez-Santonja et al., 2003). The amoebas are first 

limited to the corneal epithelium; subsequently, the epithelial 

cells erode, and the organism punctures and invades the stroma, 

thereby creating a ring-shaped infiltrate, a common sign of 

amoebic keratitis. The clinical signs include the formation of an 

annular abscess, cataract, scleritis, glaucoma, corneal 

perforation, and secondary microbial infections that could 

develop as a result of AK. However, changes in the posterior 

area of the eye; for instance, the optic nerve and retina, are rare 

(Illingworth and Cook, 1998). 

1.4.1.4 Diagnosis of Acanthamoeba keratitis 

As AK mimics bacterial, fungal and viral infections, it can be 

difficult to diagnose. Nevertheless, it can be detected by isolating 

the micro-organism in culture medium from biopsy or corneal 

scrapings. The most frequently applied techniques for 

recognising Acanthamoeba infection are histopathological 

examinations, culture in specific medium, electron/optical 

microscopy and polymerase chain reaction (PCR) (Marciano-
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Cabral and Cabral, 2003; Schaumberg, Snow and Dana, 1998; 

Khan, Jarroll and Paget, 2001). The most effective, sensitive and 

dependable technique to detect Acanthamoeba infection is PCR. 

Real-time multiplex PCR simultaneously identifies several 

genotypes in one sample; moreover, immunofluorescence 

assays have been applied in clinical samples to recognise 

Acanthamoeba spp. (Siddiqui and Khan, 2012; Qvarnstrom et 

al., 2006).  

1.4.1.5 Treatment of Acanthamoeba keratitis 

Acanthamoeba infections are treated by applying various 

combinations of antimicrobial agents (Roberts and Henriquez, 

2010; Lorenzo-Morales, Khan and Walochnik, 2015; Pérez-

Santonja et al., 2003). Although the majority of such drugs are 

effective on trophozoites, they are not effective against cysts. 

The cyst wall contains a physical barrier against anti-amoebic 

drugs because of its sturdy attributes (Lorenzo-Morales, Khan 

and Walochnik, 2015; Khan, 2006). In cases that do not respond 

well to traditional therapy, recurrent infections can occur (Dart, 

Saw and Kilvington, 2009). The lack of efficient antimicrobials 

against all Acanthamoeba isolates is among the problems 

encountered when treating AK (Siddiqui and Khan, 2012). 

Consequently, there is an urgent requirement for enhancing anti-
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Acanthamoeba chemotherapy and alternative methods of 

developing therapeutic interventions. 

Chlorhexidine (CHX) and polyhexamethylene biguanide (PHMB) 

are broad-spectrum medications that treat a wide range of 

protozoa, bacteria, and viruses. They are used for treating AK 

(Marciano-Cabral and Cabral, 2003; Lorenzo-Morales, Khan and 

Walochnik, 2015). Both the drugs have shown to have good 

efficacy against both types of Acanthamoeba. The CHX and 

PHMB cationic molecules act on the cell membrane by binding 

to the cell membrane’s negatively charged lipid bilayer, causing 

cell damage and death. PHMB causes impairment of the 

cytoplasmic membrane, resulting in increased permeability and 

fluidity, while CHX causes respiratory enzymes inhibition and 

cellular components loss, and thus the integrity of the 

microorganism cell is lost  (Hübner and Kramer, 2010; Polat and 

Vural, 2012). Both drugs are considered generally safe, although 

CHX requires lows doses of administration to avoid any toxic 

effect. 

Nevertheless, the long-term usage of both drugs, especially at 

elevated concentrations, may lead to the formation of cataracts, 

iris atrophy, reduce or zero cornea regeneration, and ulceration 

of the cornea (Dart, Saw and Kilvington, 2009; Carrijo-Carvalho 

et al., 2017). Therefore, care must be taken when using these 
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antiseptics to avoid corneal toxicity. Furthermore, according to 

Dart (2003), corneal toxicity can be associated with cumulative 

drug deposition through systematic medications such as 

chloroquine, indomethacin and amiodarone, which result in 

deposits within the corneal epithelium.  

AK treatment is difficult and requires a long-term usage of 

pharmaceuticals (Dart, Saw and Kilvington, 2009; Carrijo-

Carvalho et al., 2017). Generally, treatment can be given 

immediately following corneal debridement, in which topical 

antimicrobials are applied every hour for three days from when 

therapy commences. It is suggested that this is applied for 

several days, depending on the response to treatment. The dose 

can be reduced to being taken every two hours for a minimum 

period of three to four weeks. Nevertheless, it is common 

practice to observe patients frequently, during and after 

treatment in order to avoid a recurrence of infection with 

resistant cystic forms.  

However, the drug may not have the anticipated impact in 

certain cases in the late stage of AK treatment. Therefore, 

surgical intervention, such as corneal transplantation and 

debridement may be needed (Marciano-Cabral and Cabral, 

2003; Lorenzo-Morales, Khan and Walochnik, 2015). When 

patients are not treated, the cornea will become ulcerated and 
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damaged as the disease progresses, leading to complications 

such as secondary glaucoma iris atrophy.  

1.4.1.6 Epidemiology of Acanthamoeba keratitis 

Despite the rarity of this disease, recent studies have indicated a 

higher rate of AK in those who wear contact lenses. The studies 

have also revealed that contact-lens wearers are as many as 80 

times more likely to develop keratitis because of corneal 

abrasions, poor contact-lens hygiene and the application of 

contaminated saline cleaning solutions (Dart, Stapleton and 

Minassian, 1991). In developed nations, approximately 90% of 

AK cases are diagnosed in contact-lens wearers (Kilvington and 

Lam, 2013; Radford, Minassian and Dart, 2002) and in 2010, it 

was estimated that, from a global perspective, about 140 million 

people wear contact lenses (Swanson, 2012; Rabiah et al., 

2019). This data is valuable because it indicates the potential 

increase in AK as a public health problem. Since contact lenses 

are associated with AK, prevention measures focus on 

decontamination of lens using good storage solutions and eye 

hygiene. Decontamination should target both the cysts and the 

trophozoites.  

Furthermore, it has been accepted that non-contact lens wearers 

can also develop keratitis as a result of Acanthamoeba (Sharma, 

Garg and Rao, 2000; Lorenzo-Morales, Khan and Walochnik, 
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2015; Demirci et al., 2006). Consequently, researchers have 

been motivated to examine other risk factors which could 

contribute to developing AK, revealing that certain groups have a 

greater risk of being infected than do others. For instance, 

people whose immune system is weak, such as those who have 

HIV/AIDS and those being given chemotherapy are more 

susceptible to infections (Friedland et al., 1992; Marciano-Cabral 

and Cabral, 2003; Fatemeh, Maryam and Zeynab, 2017). The 

immune system plays an important role in fighting AK because 

immune-competent individuals can prevent disease recurrence 

and minimize the risk of development of infection with severe 

disease or treatment failure involving innate and acquired 

immunity. However, the role of antibodies in Acanthamoeba 

infection is not fully known and inconsistencies exist in the 

explanation of immune responses (Marciano-Cabral and Cabral, 

2003). 

Further research findings reveal that the incidence rate of 

Acanthamoeba varies globally. It has been estimated that in the 

United States, there are 1.65 to 2.01 cases annually in contact 

lens wearers (Dart, Saw and Kilvington, 2009; Kolar et al., 2015),  

and that the corresponding statistic in the United Kingdom is 

17.53 to 19.50 per million (Dart, Saw and Kilvington, 2009). The 

number of parasitic infections in developing nations could be 
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considerably greater as a result of higher temperatures, outdoor 

events and the availability of efficient antimicrobials. 

1.4.1.7 Control of Acanthamoeba keratitis  

The prevalence of these Acanthamoeba means that it is 

impossible to avoid contact with them. Nevertheless, simple 

precautions can be taken to reduce contact with Acanthamoeba, 

incusing ensuring that corneal injuries are not exposed to soil 

and water that could have been contaminated by 

Acanthamoeba, and by avoiding swimming pools or hot springs 

which have not been properly treated. Contact-lens wearers 

should clean their lenses regularly with a disinfectant solution 

rather than with tap water and avoid wearing them while 

swimming. Lastly, in order to avoid progression of this disease, 

correct diagnosis and efficient treatment should be conducted at 

an early stage (Illingworth and Cook, 1998; Cohen et al., 1987; 

Lorenzo-Morales, Khan and Walochnik, 2015). 

1.4.2 Other infections caused by Acanthamoeba 

Acanthamoeba spp. may infect other body systems, thereby 

resulting in encephalitis and cutaneous infections (Marciano-

Cabral and Cabral, 2003; Schuster and Visvesvara, 2004).  

However, cutaneous infections due to Acanthamoeba spp. occur 

rarely, and only in HIV/AIDS patients or those having 
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immunosuppression as a result of any other cause, and are 

characterised by erythematous nodules or ulcerations 

(Chandrasekar et al., 1997; Marciano-Cabral and Cabral, 2003). 

Such lesions are possible entry routes for infection of the central 

nervous system (CNS), In such cases, there is a connection 

between spreading of Acanthamoeba to other sites in the host 

and cutaneous acanthamebiasis (CA) (Marciano-Cabral and 

Cabral, 2003). Histologically, cutaneous lesions appear on the 

skin, and where Acanthamoeba is present, it is located 

especially in perivascular spaces or blood vessels (Marciano-

Cabral and Cabral, 2003; Friedland et al., 1992).  

Granulomatous Amoebic Encephalitis (GAE), which is regarded 

as being a CNS infection, is a life-threatening and unexpected 

disease which occurs as a result of Acanthamoeba spp. and 

other free-living amoebae species (Martinez and Visvesvara, 

1997; Julio Martinez, 1991).  Acanthamoeba, in this situation, 

functions as an opportunistic pathogen because most currently 

reported cases are in immunologically debilitated persons, such 

as those who have HIV/AIDS, those receiving chemotherapy or 

broad spectrum antibiotics, pregnant women and chronic 

alcoholics (Martinez and Visvesvara, 1997; Julio Martinez, 

1991). 
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The possibility of this infection is higher in patients with illnesses 

such as renal failure, haematological disease, hepatic disease, 

pneumonitis, cirrhosis of the liver, diabetes, transplant receivers 

and AIDS (Julio Martinez, 1991; Siddiqui and Khan, 2012; 

Martinez and Visvesvara, 1997). The long-term application of 

immunosuppressive drugs required to treat certain cases leads 

to the breakdown of the body’s immune system which may result 

in secondary infections; for instance, GAE (Khan, 2006). 

However, this infection’s pathogenic mechanisms remain 

unclear. The pathophysiological complications which involve the 

CNS cause a proinflammatory response, and an incursion into 

the blood-brain barrier (BBB) tissue, and subsequently lead to 

inflammation and neuronal injury (Schuster and Visvesvara, 

2004; Siddiqui et al., 2011; Khan, 2007). Consequently, it is 

necessary to conduct additional studies in order to explore the 

pathogenic mechanisms connected with such infections.  

Studies show that the Acanthamoeba trophozoites access the 

CNS by two routes, namely, cutaneous infection or the lungs 

through haematogenous dissemination. Infections are caused by 

inhaling of amoebic cysts that invade the nasal passage 

mucosa, subsequently migrating to the lungs, and then entering 

the bloodstream (Visvesvara, Moura and Schuster, 2007; Khan, 

2008; Khan, 2007). Following this, they are able to cross the 
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blood-brain barrier and enter the CNS, leading to infection. As 

this illness gradually becomes worse, its incubation period may 

be weeks, or even months, and could be present for an 

unspecified time. 

1.5 Pathogenesis of Acanthamoeba keratitis 

Pathogenesis of AK, which is a long procedure, involves 

numerous factors that cause the disease, and depends on the 

environment, host and parasite. A characterisation of virulence 

factors of Acanthamoeba is given below. This involves both 

direct and indirect factors (Lorenzo-Morales, Khan and 

Walochnik, 2015; Khan, 2006; Ahmed Khan, 2003). 

 1.5.1 Direct factors 

A) Contact-dependent mechanisms: 

In order to attach, invade and damage host cells, Acanthamoeba 

castellanii are dependent on contact. This induces secondary 

events; for instance, secretion of extracellular proteins, adhesion 

to the host cells and the capability of phagocytosing, resulting in 

the death of the host cells as shown in figure 1-5. 
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Figure 1-5 Pathogenesis of AK. 1) Acanthamoeba trophozoite 
adheres to the membranes of the corneal epithelial cells through MBP 
and mannose-glycoproteins. 2) The trophozoites penetrate the corneal 
epithelium via cytolysis, phagocytosis, and release hydrolytic enzymes 
in particular proteases. 3) The trophozoites degrade Bowman’s layer 
and continue to produce proteases, which causes cellular tissue 
damage. 4 and 5) Destruction of stromal cells with the appearance of 
late symptoms of AK, which leads to secretion of inflammatory 
cytokines, further increasing cytolysis and cell apoptosis. 6) Infection 
of the corneal endothelium is rarely detected. The figure adapted from 
(Clarke and Niederkorn, 2006b). 

 

Adhesion is the initial step of establishing the AK infectious 

procedure which enables the parasite to cross biological barriers 

within the host cells. Acanthamoeba trophozoite binds itself to 

the membranes of the host cell through mannose-binding protein 

(MBP) which binds to mannose-glycoproteins on the corneal 

epithelial cell (Yang, Cao and Panjwani, 1997; Clarke and 

Niederkorn, 2006b). This interaction is required in order to 

penetrate the epithelial cells, causing the disease. Furthermore, 
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it is thought that the amount of acanthopodia on the trophozoite 

surface is the second noteworthy element in the adhesion 

procedure to the surface of the cornea (Lakhundi, Siddiqui and 

Khan, 2017).  

Phagocytosis, which has important functions in Acanthamoeba 

infection pathogenesis, is induced by adhesion of trophozoites 

with host cells, defined as the ingestion procedure of the host 

cells (Lorenzo-Morales, Khan and Walochnik, 2015; Khan, 2006; 

Avery, Harwood and Lloyd, 1995). Acanthamoeba employs 

phagocytosis as a means of feeding by using amoebastomes as 

food cups even in the incubation stage to promote pathogenesis. 

Therefore, pseudopods surround the bond particles, which are 

ingested into the cytoplasm and are then released into the 

cytoplasmic stream as a phagosome. Acanthamoeba 

phagocytosis is defined as a tyrosine kinase-actin-dependent 

mechanism associated with the polymerisation into filamentous 

(F)-actin of monomeric globular actin (G-actin) to enable 

phagocytosis regulation. As a result, phagocytosis is activated 

by sodium orthovanadate (an inhibitor of protein-tyrosine 

phosphatase), whereas Genistein (an inhibitor of protein-tyrosine 

kinase) inhibits the phagocytosis process. Studies have revealed 

that Acanthamoeba-mediated host cell death has been 

suppressed by cytochalasin D, which is an actin polymerisation 
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inhibitor, thereby implying that actin-mediated cytoskeletal 

modifications have an important role in Acanthamoeba 

pathogenesis (Lorenzo-Morales, Khan and Walochnik, 2015; 

Khan, 2006). 

B) Independent contact factors:  

The majority of pathogens, including Acanthamoeba, can 

produce hydrolytic enzymes which can damage host cells. Some 

enzymes could be required for regular cellular functions, 

whereas others may be needed for metabolic activities produced 

under particular conditions (Lorenzo-Morales, Khan and 

Walochnik, 2015). Acanthamoeba uses proteases and 

phospholipases as contact independent factors. 

Proteases are recognised as being a virulence element for 

viruses, bacteria and numerous protozoa which include 

Acanthamoeba (Lakhundi, Siddiqui and Khan, 2017; Khan, 

2006). Subsequent to successful parasitic adhesion, 

Acanthamoeba trophozoites secrete proteases which cause 

cytopathic impacts. Proteases are proteolytic enzymes capable 

of degrading the peptide bonds of proteins in order to feed 

pathogenic organisms (Khan, 2006; Lorenzo-Morales, Khan and 

Walochnik, 2015). They enhance the feeding during 

phagocytosis, enabling A. castellanii invasion by degrading the 

corneal epithelial and endothelial cells, iris ciliary body cells, 
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bowman’s membrane, stroma, and even cause macrophage-like 

cells apoptosis, leading to the development of AK.  

The quantity and presence of proteases produced by 

Acanthamoeba have been associated with their invasive ability, 

possibly as determinants for the virulent phenotype offered by 

some isolates (Rocha-Azevedo et al., 2010).  Aspartic acid 

proteases, cysteine proteases, serine proteases, and 

metalloproteases are the most frequently occurring proteases, 

and Acanthamoeba spp. produces all of these with the exception 

of aspartic acid proteases (Lakhundi, Siddiqui and Khan, 2017; 

Khan, 2006).  Studies have revealed that all Acanthamoeba 

isolates display a greater degree of serine protease activity than 

others do in every determined genotype. Consequently, further 

studies are required in order to understand more 

comprehensively the proteases that have an essential function in 

Acanthamoeba infections. 

Phospholipases are a diverse set of hydrolase enzymes 

connected by glycerophospholipids, which lead to host 

membrane disorders. The five most frequently occurring 

phospholipases in consecutive order are: groups A1, A2, B, C 

and D. Each of these is specifically able to insert a particular 

ester bond into the substrate at the membrane target (Lorenzo-

Morales, Khan and Walochnik, 2015; Khan, 2006). 
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Phospholipases promote phagocytosis by cleaving 

phospholipids. Therefore, they disrupt the membrane allowing A. 

castellanii penetration into the eye cells through cell lysis. This 

encourages degradation of Bowman’s membrane and 

impairment of cellular function, thus the development of AK. 

Studies imply that the phospholipases and/or 

lysophospholipases of Acanthamoeba have a direct function in 

the infection risk for the host cell, and also in the induction of 

immune response and ease of virulence of Acanthamoeba 

(Lorenzo-Morales, Khan and Walochnik, 2015; Khan, 2006).   

 1.5.2 Indirect factors 

Another factor that may enable Acanthamoeba pathogenesis is 

the ability to survive under stressful conditions including salinity, 

extreme temperatures/pH, lack of food, and the increase in 

resistance to antimicrobials (Marciano-Cabral and Cabral, 2003; 

Schuster and Visvesvara, 2004). Pathogenic Acanthamoeba is 

more tolerant of such conditions than weak/non-pathogenic 

Acanthamoeba. However, the exact mechanisms associated 

with these survival mechanisms need to be elucidated.  

The broad distribution of Acanthamoeba and capability of 

survival in numerous habitats contributes considerably to the 

parasite’s pathogenic potential (Khan, 2006). The life-cycle 

formats of Acanthamoeba (trophozoites and cysts) are also 
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regarded as mechanisms linked to this organism’s pathogenic 

potential. The cysts are resistant to unfavourable temperature 

and pH, as well as to various antimicrobial drugs which have the 

potential to cause the disease to recur (Lorenzo-Morales, Khan 

and Walochnik, 2015; Khan, 2006). Furthermore, the cyst form is 

able to survive for years while retaining its attributes.  

The acanthopodia on the surfaces of the trophozoite infective 

forms enables them to adhere to the host cells, feed and move 

(Khan, 2001; Schuster and Visvesvara, 2004). Acanthopodia 

have a significant function in infections because their presence 

in pathogenic isolates exceeds that in non-pathogens.   

Various factors, for instance, prolonged wearing of lenses, 

contaminated tap water and home-made lens-cleaning solutions 

mean that AK is generally linked to contact-lens wearers. Such 

factors have an impact on the proliferation of micro-organisms 

such as bacteria, and in certain situations, the formation of 

biofilms on/under contact lens’ surfaces (Carnt and Stapleton, 

2016; Marciano-Cabral and Cabral, 2003). However, not all 

contact lens wearers develop AK. They could be due to personal 

hygiene behaviour, the type of decontaminant used, 

environmental conditions as well as disease and genetic factors 

that affect immune competence. 
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Biofilms in contact lenses can lead to contamination by 

Acanthamoeba because trophozoites can more easily survive 

due to the greater availability of nutrients and resistance to 

disinfectants (Lorenzo-Morales, Khan and Walochnik, 2015; 

Khan, 2006). Biofilms provide a micro-environment rich in 

various nutrients, which favours the growth of trophozoites. 

Furthermore, the biofilm growth, which comprises a broad 

community of micro-organisms, induces the development of 

resistance to disinfection because it hampers proper cleaning, 

thereby promoting the development of resistant variants. 

Consequently, the research findings suggest that biofilms 

occupy an essential function in AK in contact-lens wearers.  

1.6 Proteases and amino acids and their roles in 
Acanthamoeba 

Acanthamoeba exhibits proteolytic activity associated with the 

need to degrade food substances. There is a correlation 

between pathogenicity and extracellular protease activity, with 

pathogenic Acanthamoeba exhibiting higher levels of 

extracellular protease activity (Lorenzo-Morales, Khan and 

Walochnik, 2015). A. castellanii produces serine proteases, 

cysteine proteases, and metalloproteases, which facilitate host 

cell invasion. 
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An approach elucidated in the literature on the characterization 

and pathogenicity of A. castellanii is the use of amino acid 

analysis of culture media. Several researchers have investigated 

the changes in amino acids in the culture media of A. castellanii 

and related parasites. Dolphin (1976) investigated the amino 

acids in a culture media prior to and subsequent to inoculation 

with A. castellanii. The findings indicate that A. castellanii 

exhibits selective utilization of amino acids from culture medium; 

no amino acid was exhausted during normal population growth.  

However, the secretion mechanisms of A. castellanii shows 

variation under different protein availability conditions 

(Gonçalves et al., 2018). Serine proteases and 

metalloproteinases were predominant. Although the secretory 

mechanism of amoebas is not clear, the secretome profile of A. 

castellanii indicates a potential role in pathogenesis. 

In another study, Hong et al. (2018) characterized the 

biochemical and molecular properties of cysteine protease of A. 

castellanii. The findings suggest a potential role for cysteine 

proteases in A. castellanii encystment; however, the biological 

functions and chemical properties of the cysteine protease 

remain poorly understood. Therefore, further studies are needed 

to understand in more detail about proteases and amino acids 
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that represent an essential role in the pathogenicity of 

Acanthamoeba. 

1.7 The role of trace elements in biology and 
pathogenesis of Acanthamoeba 

One of the approaches described in the literature for studying 

how Acanthamoeba interacts with human corneal cells entails 

elemental analysis. A trace element that has received 

heightened scholarly attention is calcium (Mattana et al., 1997). 

Different microminerals and trace elements play an important 

function in the growth of cells, such as calcium, sodium, chlorine, 

and magnesium among others. Research findings show that 

calcium ions play a vital role in controlling cellular responses, 

including cell homeostatic processes, apoptosis, and cell 

proliferation. Previous in vitro studies suggest that A. castellanii 

releases ADP molecules which induces an increase in cytosolic 

free-calcium concentration in cell cultures as well as cell 

morphological changes (Mattana et al., 2002; Mattana et al., 

2009). The variation in free calcium concentration depends on 

the trans-membranous influx of Ca2+  (Mattana et al., 2002). An 

increase in the concentration of Ca2+ disrupts normal cellular 

metabolism leading to intoxication and cell death. It is not clear 

how A. castellanii monitors environmental changes and 

conditions that lead to viable trophozoites. These findings 
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suggest the need to investigate the effect of the A. castellanii 

and the conditioned medium on calcium concentration. 

According to Siddiqui et al. (2019), sodium, calcium, and 

potassium ion transporters and the proton pump inhibitors plays 

a vital role in the encystation and excystation of A. castellanii. 

The findings demonstrated that ion transporters play an 

important role in the cellular differentiation of Acanthamoeba. 

Since trace elements may influence the osmolarity of the media, 

it is possible that they also affect the encystation in A. castellanii, 

with variations in physiological characteristics. According to 

Cordingley and Trzyna (2008), the specific molecules 

responsible for the osmolarity change in axenically grown 

cultures of A. castellanii include inorganic compounds such as 

sodium chloride and magnesium chloride; however, inorganic 

compounds do not provide metabolic energy. Since the growth 

of Acanthamoeba in axenic media is problematic, some 

researchers have examined possible additives to enrich the 

media, including adjustment of the mineral elements in the 

culture media and addition of yeast RNA (Megha et al., 2017). 

These findings demonstrate that elemental analysis of the 

conditioned medium of Acanthamoeba trophozoites and human 

corneal cells could offer useful insights on the pathogenesis of 

AK. 
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1.8 Metabolomic studies 

Metabolomics is an “omics” science which aims at study the 

complete or partial metabolite profile in a biological system at a 

specific time (Krastanov, 2010; Alvarez-Sánchez, Priego-Capote 

and Luque de Castro, 2010). A metabolome is defined as the 

quantitative number of metabolites having a low molecular 

weight that are present in a cell, organism or biological liquid 

within a particular physiological environment. Basically, this 

combines organic species, for example, carbohydrates, lipids 

and also amino and organic acids. However, inorganic and 

elemental species can also be studied. Metabolomic techniques 

can be applied to document various data. These include 

information associated with the number of metabolites 

consumed by the system, and also the relative quantitative data 

regarding the metabolites produced by the organism.   

Metabolomics has been applied to an increasing number of 

studies in order to comprehend protozoan parasites (Jeelani and 

Nozaki, 2014), and how they interact with their hosts (Kafsack 

and Llinas, 2010; Olszewski et al., 2009), as well as to assess 

their susceptibility to drugs (Vincent and Barrett, 2015). The 

consensus of these studies is that metabolism plays an 

important role in the parasitism and pathogenesis of protozoan 

species, with the discovery of novel metabolic biomarkers 
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providing reliable information for the diagnosis and treatment of 

parasitic diseases. Additionally, the metabolomics protocol for 

analysing Acanthamoeba trophozoites’ metabolome was culture 

with bacteria or mammalian cells. Notable differences in the 

metabolites of bacteria, mammalian cells and amoebae were 

indicated by the results (Hauber et al., 2011; Zhou et al., 2018).  

However, evidence suggests that A. castellanii T4 genotype 

prefers to use multiple pathways for energy metabolism (Alves et 

al., 2017; Wu et al., 2018). Thus, cellulose synthesis, glycolysis, 

and protein metabolism pathways are employed. In 

metabolomics, the detection of glucose, urea, and lactate is an 

indicator of the anaerobic glycolysis pathway. The parasite 

hydrolyses glucose, the major percussor for cellulose synthesis. 

Also, cellulose synthesis is crucial for cyst formation, as shown 

by the increased expression of cellulose synthase and UDP-

glucose pyrophosphorylase genes during encystation (Garajová 

et al., 2019). More so, protein metabolism in A. castellanii is 

identified by detecting metabolites like urea, fumarate, and 

creatinine (Alves et al., 2017). Wu et al. (2018) note that the key 

pathways in protein metabolism in Acanthamoeba species are 

the cysteine biosynthesis and the L-serine metabolic pathway, 

with cysteine synthase and phosphoglycerate dehydrogenase 

playing key roles in cysteine biosynthesis and serine degradation 



 

 

57 

(Wu et al., 2018). These pathways provide energy for the 

organism's development, invasion, and transformation. Findings 

suggest that the secretion mechanisms of the Acanthamoeba 

vary depending on the protein availability conditions (Gonçalves 

et al., 2018) and that serine proteases and metalloproteinases 

are the predominantly found in extracellular vesicles. Although 

the secretory mechanism of amoebas is unclear, the secretome 

profile of A. castellanii indicates a potential pathogenic role. 

1.9 Mode of action for current Anti-Acanthamoeba 
therapy 

Acanthamoeba infection management presents many challenges 

and considerable endeavour has been applied to the 

development and testing of drugs to combat this infection. These 

include antibiotics, antiseptics and antimicrobials, which have an 

impact on several functions and targets in Acanthamoeba. The 

combination strategies of CHX and PHMB have confirmed 

effectiveness in curing AK patients and are the initial therapeutic 

option, because they target the amoeba’s plasma membrane, 

resulting in membrane-damage, lysis, and then death. The 

antiseptic diamidines, which are effective against nucleic acid 

and the protein biosynthesis, act against cysts and trophozoites 

(Marciano-Cabral and Cabral, 2003; Lorenzo-Morales, Khan and 

Walochnik, 2015; Elsheikha, Siddiqui and Khan, 2020).  
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The cyst wall functions as a physical barrier for the drugs that 

target Acanthamoeba. Targeting the cyst wall is a helpful 

strategy for controlling Acanthamoeba (Anwar, Khan and 

Siddiqui, 2018; Siddiqui and Khan, 2012; Elsheikha, Siddiqui and 

Khan, 2020). The molecular structure of the cyst walls generally 

contains cellulose. Therefore, targeting cellulose biosynthesis 

with a specific inhibitor, such as 2,6-dichlorobenzonitrile (DCB), 

can prevent encystment. Following the breaking of the cellulose 

component, the parasite will be prone to therapeutic compounds, 

and become unable to survive on the host.  

The impact of drugs that target intracellular calcium levels 

against Acanthamoeba keratitis has been revealed by past 

studies (Baig, Iqbal and Khan, 2013; Elsheikha, Siddiqui and 

Khan, 2020). Amlodipine, which is used to treat Acanthamoeba 

represents a drug target for a dihydropyridine calcium channel 

blocker. Calcium is necessary for molecule movements in and 

out of the cell, thereby feeding the cell and enabling other 

functions. Therefore, the parasite is unable to survive when such 

pathways are targeted by certain therapeutic agents.   

Nucleic acids are necessary molecules in the cell that control the 

cellular procedures. Drugs that suppress the Acanthamoeba’s 

DNA or RNA stop the functioning of such processes, enabling 

this pathway to be a good target for Acanthamoeba (Siddiqui, 
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Aqeel and Khan, 2016). Another significant aim for certain anti-

amoebae drugs is reduction of protein synthesis. Povidone-

iodine (PVP-I) disinfectant damages nucleic acid and protein 

synthesis, affecting cellular activity (Visvesvara, Moura and 

Schuster, 2007; Elsheikha, Siddiqui and Khan, 2020). 

There are other important therapeutic targets for Acanthamoeba 

including proflavine and antiseptics acriflavine, which bind the 

cellular and nuclear membranes, and also compromise the 

membrane integrity and lipid bilayer, in both cysts and 

trophozoites (Elsheikha, Siddiqui and Khan, 2020; Roberts and 

Henriquez, 2010). It has been demonstrated that phospholipid 

analogues have trophicidal and restricted cysticidal activities. 

These analogues repress phospholipid biosynthesis and also 

disrupt the induction of apoptosis as well as intracellular 

signalling and cellular membranes (Julia et al., 2002; Elsheikha, 

Siddiqui and Khan, 2020; Roberts and Henriquez, 2010). Further 

research is required to understand in more detail the mode of 

action of novel drugs that may allow the development of more 

effective therapeutic interventions. 

1.10 Prospects for using nanoparticles in the 
treatment 

Nanoparticles (NPs) are usually defined as matter particles 

whose sizes range from 1 to 100 nm (Ivask et al., 2014; Yah, 
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Simate and Iyuke, 2012). The unique properties and features of 

NPs including small size, amenability to improved solubility, and 

a multi-functionality that enables them to interact with complex 

cellular functions (Singh and Lillard, 2009). They are classified 

as organic and inorganic. Organic nanoparticles, which are 

comprised of organic compounds such as polymersomes and 

liposomes (Kumar and Lal, 2014; Khalid et al., 2020), are more 

suited for biological applications and environmentally friendly 

since they usually degrade readily. By contrast, inorganic 

nanoparticles exhibit outstanding electrical, magnetic, heat 

conduction, size-dependent physicochemical and optical 

properties, which enhances their strength (Khalid et al., 2020). 

Inorganic nanoparticles such as those manufactured using silver, 

gold and cerium have received a great deal of attention from 

scholars for their antimicrobial activities. Inorganic NPs can kill 

microbes by several mechanisms, including disruption of cell 

membrane integrity, inhibition of enzymes, and disruption of 

energy metabolism (Shaikh et al., 2019; Babenko et al., 2012).  

An example of a redox NP is cerium oxide (CeO2NPs), which 

can be naturally sourced from flora, evaporating water, and soil 

erosion (Aderibigbe, 2017; Farias, Santos and Sampaio, 2018). 

CeO2NPs have been described as both pro-oxidant and anti-

oxidant; this can be due to manufacturing causing different 
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physicochemical parameters and the levels of Ce3+/Ce4+ on the 

surface. CeO2NPs can self-generate, which is enabled by redox-

cycling between 3+ and 4+ states (Xue et al., 2012; Cassee et 

al., 2011). This gives CeO2NPs variable properties of both being 

an effective scavenger of reactive oxygen species and cause 

extensive elevation of reactive oxygen species (ROS), leading to 

cell death or apoptosis. Furthermore, CeO2NPs show powerful 

absorption of ultraviolet radiation (UV).  

CeO2NPs’ specific design gives beneficial physiochemical 

properties, thereby facilitating their medical application (Farias, 

Santos and Sampaio, 2018) and use as an antimicrobial 

(Kannan and Sundrarajan, 2014; Babenko et al., 2012). 

CeO2NPs may also be utilised for the delivery of drugs, medical 

equipment coatings,  and in pathogen diagnosis (Zhang et al., 

2018; Charbgoo, Ramezani and Darroudi, 2017). Recently, the 

mimetic and multi-enzyme properties of CeO2NPs have been 

identified, thereby increasing their potential application in 

biological disciplines, including biosensor design, bio-analysis 

and biomedicine (Charbgoo, Ramezani and Darroudi, 2017). 

Their integration into biosensors potentially enables biomarkers 

to be recognised continuously, even under hypoxia, which was 

notably challenging when detection relied on oxidising reactions. 
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The versatility of CeO2NPs in scavenging numerous ROS gives 

them an advantage over conventional antioxidants. This has 

motivated scholars to explore whether CeO2NPs can be used to 

treat conditions associated with oxidative stress (Xu and Qu, 

2014; Zhou et al., 2020). The latter refers to a situation whereby 

the excessive production of ROS exceeds the antioxidant 

scavenging capacity, or antioxidant availability decreases 

(Adeoye et al., 2018). The antioxidative properties of CeO2NPs 

are caused by the various ionisation states of Ce+4 and Ce+3, 

which facilitate the scavenging of ROS and can effectively 

ameliorate oxidative stress and reduce chronic inflammation (Xu 

and Qu, 2014; Estes et al., 2021). CeO2NPs have exhibited 

potential for the treatment of retinal diseases connected with 

oxidative stress, such as retinal degeneration, diabetic 

retinopathy, and retinal detachment (Chen et al., 2006). 

Research has demonstrated that CeO2NPs are non-toxic in 

human lens epithelial (HLEC) cells when used in high 

concentrations up to 200 μg/mL, and they have protective effects 

toward oxidative stress (Hanafy et al., 2020; Hanafy et al., 2019). 

While they may be useful in the treatment of certain ocular 

conditions, knowledge regarding the extent to which CeO2NPs 

are toxic in corneal cells is limited. 
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Oxidative stress-induced by nanoparticles is associated with 

particle surface, size, and the presence of metals. Damage from 

ROS is associated with cellular responses, such as immune cell 

activation, systems toxicity, and mitochondrial respiration 

(Manke, Wang and Rojanasakul, 2013). CeO2NPs can be 

designed to reduce oxidative stress in cells, thereby benefiting 

the therapeutic potential for human inflammation (Hirst et al., 

2009), as well as anti-cancer impacts (Renu et al., 2012). 

CeO2NPs can also serve as ROS-scavengers because surface 

oxygen vacancies allow the reduction of Ce4+ to Ce3+, which 

contributes to reduced ROS levels.  

Existing evidence highlights the potential environmental and 

health risks of CeO2NPs. For example, research has shown that 

A. castellanii readily takes up CeO2NPs from the environment 

through phagocytosis, which are then released back into the 

environment through other organisms along the food chain 

(Palmieri et al., 2011). Furthermore, ingestion of CeO2NPs by 

Acanthamoeba spp. may produce microorganisms that are 

resistant to therapeutic interventions (Palmieri et al., 2011). 

Thus, it is essential to conduct an extensive assessment of 

CeO2NPs to determine the margin of safety with respect to their 

ROS-based protective effects on one hand and environmental 

safety concerns on the other.  
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Consequently, CeO2NPs are regarded as being non-toxic for 

humans even though certain studies have revealed that 

nanoparticles have a certain degree of toxicity (Xia et al., 2008; 

Renu et al., 2012), based on their concentration, exposure time 

or synthesis method (Dhall and Self, 2018). At high 

concentrations and lower pH, CeO2NPs exhibits pro-oxidant 

properties, whereas in other environmental conditions this can 

be reversed. Additionally, the body has no CeO2NPs clearance 

systems; hence, the body can suffer systemic toxicity when 

treated with CeO2NPs (Dhall and Self, 2018). However, it is 

possible to systematically alter NPs for the purpose of controlling 

size of the particle, morphology and coating substance of the 

generated NPs. This can cause significant changes in their 

behaviour by altering their physicochemical characteristics and 

interactions with biosystems (Albanese, Tang and Chan, 2012; 

Chen and Chang, 2005).  Thus, it is essential that the method of 

synthesis selected is appropriate for the targeted application. 

There is now an urgent need to develop non-toxic CeO2NPs so 

that their antioxidant properties can be employed to eradicate 

infections. 
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1.11 Research hypothesis and aims 

It will be helpful to examine the impact of A. castellanii-

conditioned medium (ACCM) on corneal cells, as this will enable 

an understanding of the pathogenicity of A. castellanii, and the 

potential role of A. castellanii secretome in the structural damage 

and functional changes that accompany their infection. The 

recognition of such changes, and finding molecular constituents 

of the Acanthamoeba secretome, may disclose novel insights 

into the mechanism utilised by A. castellanii in damaging the 

ocular tissues. In this thesis, the hypothesis that ACCM causes 

structural, functional and metabolomic changes in ocular cells 

will be tested, by which we recognised the following aims: 

• To evaluate structural and cytotoxic changes in human 

SV40 immortalised corneal epithelial cells (ihCECs) and 

primary human corneal stromal cells (CSCs) in response 

to ACCM infection by applying a series of viability assays 

(alamarBlue®, SRB, MTT), cell toxicity studies (LDH), 

immunofluorescent staining of cell actin and protease 

inhibitor assays. Transmission electron microscope (TEM) 

was used to reveal the ultrastructural changes at the 

single-cell level following ACCM treatment. 
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• To determine metabolomic changes that occur in CSCs 

before and after exposure to ACCM by applying LC-

MS/MS and bioinformatic analysis. 

• To perform inductively coupled plasma-mass 

spectrometry (ICP-MS) elemental profiling to compare the 

changes within the elemental composition of CSCs in 

response to ACCM. 

• To test the effect of CeO2NPs on Acanthamoeba and 

corneal cells, and also understand mechanisms of action 

of these CeO2NPs against Acanthamoeba.  
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2. Chapter Two: Materials and Methods 

This study was conducted at the University of Nottingham, UK. 

Preparation and culture of the human SV40 immortalised corneal 

epithelial cells (ihCECs) and primary human corneal stromal 

cells (CSCs) was carried out at the tissue culture laboratory in 

Academic Ophthalmology, School of Medicine, Queen’s Medical 

Centre (QMC). Parasite-related experiments were performed at 

the Parasitology Laboratory, School of Veterinary Medicine, 

Sutton Bonington. Work with A. castellanii or any materials 

derived from this parasite, such as culture medium, represent 

biological hazards (i.e., category 2 agents) and have been 

treated as potentially infectious. Therefore, all experiments were 

conducted following the local health and safety regulations and 

using a laminar flow hood. 

2.1. Cell lines and culture conditions 

2.1.1 Culture of ihCECs 

The human SV40 immortalized corneal epithelial cell line 

(ihCECs) was established in 1995 by Araki-Sasaki from primary 

human corneal epithelial cells (Araki-Sasaki et al., 1995). This 

cell line was kindly provided by Prof. Felicity Rose (School of 

Pharmacy, University of Nottingham, UK) to Academic 

Ophthalmology Department. IhCECs were transformed using the 
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early region of the simian virus (SV) 40 genome. The cells were 

cultured in EpiLife™ medium (Life Technologies, UK), 

supplemented with antibiotic-antimycotic solution to prevent 

possible contamination with fungi or bacteria, containing 

penicillin (20 Units/mL), streptomycin (20 µg/mL) and 

amphotericin B (50 ng/mL) (Sigma Aldrich, UK), and 1% (v/v) 

human keratinocyte growth supplement (HKGS) (Life 

Technologies, UK). Cell cultures were maintained in a humidified 

atmosphere at a temperature of 37°C with 5% CO2. Culture 

medium was changed twice a week.  

2.1.2 Isolation and culture of CSCs 

Anonymized corneoscleral rims left as a waste product after 

penetrating keratoplasty were obtained via materials transfer 

agreement from Nottingham University Hospitals Trust. All 

human tissue work was performed strictly according to the tenets 

of the UK Human Tissue Act. Human corneal stromal cells 

(CSCs) were extracted from corneoscleral rims according to 

techniques described previously (Sidney, McIntosh and 

Hopkinson, 2015).  Briefly, the residual sclera was removed from 

the corneoscleral rim and the remaining tissue was divided in 

about 16 pieces and placed into a 1 mg/mL collagenase solution 

(Sigma-Aldrich, UK), before incubation under agitation at 37°C 

for 7 h.  After filtration through a 40 μm cell strainer for removing 
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cells debris and centrifugation (Universal 32R, Hettich-

Zentrifugen, Germany) at 200 x g for 5 min, the resulting cell 

pellet was cultured in M199 basal medium containing 20% (v/v) 

fetal bovine serum (FBS) (Sigma Aldrich, UK), 2 mM L-

Glutamine (Sigma Aldrich, UK), and antibiotic-antimycotic 

solution. Cells were incubated in a humidified atmosphere at a 

temperature of 37°C within 5% CO2, and cultured medium was 

changed twice a week.  

2.1.3 Passaging of CSCs and ihCECs 

Both CSCs and ihCECs were passaged at the point when they 

reached 90% confluency. The medium was then discarded from 

the T-75 cm2 flask and the cell monolayers were washed twice 

with 5 mL of phosphate-buffered saline (PBS). Then, 2 mL of 

TrypLE-Express dissociation reagent (TrypLE; Life 

Technologies, UK) was added into the flask, and incubated at 

37°C for 5 min. TrypLE-treated cells were checked under an 

inverted microscope for cell detachment from the bottom of the 

culture flask. The TrypLE was deactivated with 3 mL of a serum-

containing M199 medium. The cells were harvested and 

subjected to centrifugation for 5 min at 200 x g, and 

supernatants were removed leaving a cell pellet. Cell pellets of 

ihCEC were suspended in an EpiLife™ medium and seeded into 

T-75 cm2 flasks at a passage rate of 1:3 (12 mL of EpiLife™ 
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medium/flask). The CSCs pellets were suspended in a M199 

medium and seeded into T-75 cm2 flasks at a ratio of 1:4 (11 mL 

of M199 medium/flask). All flasks were incubated at a 

temperature of 37°C in a humidified atmosphere with 5% CO2, 

with media refreshment twice a week. All media were freshly 

prepared.  

2.1.4 Cryopreservation of CSCs or ihCECs 

CSCs or ihCECs were harvested from the flasks as mentioned 

above in section 2.1.3. Following the centrifugation process, the 

supernatant was discarded, and the ihCECs or CSC pellets were 

resuspended in a 1 mL cryopreservation medium in labelled 

cryovials. Cryopreservation medium was prepared by adding 5 

mL dimethylsulfoxide (DMSO) (Sigma, USA) to 45 mL FBS, and 

filtered through a 0.2 μm filter into a new tube for the sterilisation. 

The labelled cryovials were then put inside a cell-freezing box 

(CoolCell LX, Corning, UK), and left overnight to freeze at a 

constant –1°C/min rate. Subsequently, the labelled cryovials 

were transferred and placed into a storage box where they were 

stored at –80°C to maintain cells viability. 

2.1.5 Recovery of cells from cryopreservation 

To recover the CSCs or ihCECs, the frozen cryovials were 

removed from the storage box, rapidly defrosted in a water bath 
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at 37°C, and subsequently transferred into universal tubes filled 

with 9 mL of the corresponding pre-warmed culture medium. The 

cells were centrifuged for 5 min at 200 x g, the supernatant was 

removed and the ihCEC and CSC pellets were suspended in 

either 10 mL EpiLife™ and M199 medium respectively. 

Following this, cells were seeded in T-75 cm2 flasks and 

incubated in a humidified atmosphere at a temperature of 37°C 

with 5% CO2. Each culture medium was replenished after 48 to 

72 h. 

2.2. Parasite strain and maintenance conditions 

2.2.1 Acanthamoeba castellanii culture 

A. castellanii trophozoites were maintained within T-75 cm2 

culture plastic flasks at a density of 1x106 trophozoites/flask. The 

trophozoites were axenically cultured in PYG [proteose peptone 

(0.75%; w/v, Sigma-Aldrich, Germany), yeast extract (0.75%; 

w/v, Sigma-Aldrich, USA), and glucose (1.5%; w/v, Sigma-

Aldrich, Germany)] growth medium according to a previously 

described method (Ortega-Rivas et al., 2016; Khan, Jarroll and 

Paget, 2001). The culture flasks were incubated at 25°C. The 

PYG medium was replaced twice a week. 
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2.2.2 Preparation of conditioned medium (ACCM) 

Following 24 hours of seeding at a density of 1x106 

trophozoites/flask as illustrated in section 2.2.1.  A. castellanii 

trophozoites, routinely maintained in PYG medium, were 

adapted to grow in the culture medium of corneal cells (M199 for 

CSCs or Epilife™ for ihCECs) by incubating A. castellanii in the 

corresponding medium for 48 h prior to obtain a conditioned 

medium that contained the secreted metabolites and used in the 

experiment. In this growth medium, antibiotic-antimycotic 

solution containing amphotericin B was used in the human cell 

cultures to prevent fungal contamination. It is possible that 

amphotericin B may have interfered with Acanthamoeba growth. 

However, in a preliminary time-course experiment using 

haemocytometer counting, A. castellanii was able to grow in 

human cell medium and PYG medium and their numbers 

approximately double every 24 h. No adverse effects on the 

growth of Acanthamoeba were observed and there were no 

signs of apoptosis in the Acanthamoeba. This indicates that the 

human cell growth medium did not prevent proliferation, probably 

because the amphotericin B was applied at a low dose for 

Acanthamoeba. Subsequently, A. castellanii trophozoites were 

separated from the culture medium by centrifugation at 1000 x g 

(Allegra X-22R centrifuge, Beckman CoulterTM) for 5 min. The 

pellet was discarded, and the supernatant was filtered through a 
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0.2 μm filter to remove any cell debris or microorganisms from 

the samples and to avoid potential contamination of cell cultures. 

Different dilutions of the filtered supernatant (hereafter called 

Acanthamoeba castellanii-derived conditioned medium [ACCM]) 

were made by mixing the ACCM with M199 or Epilife™ in 

different volumes [(v/v), 25%, 50%, 75%, and 100%)], which 

were used to test the cytotoxic effects of ACCM on corneal cells 

as described below. 

2.3. Bicinchoninic acid assay (BCA) 

The BCA protein assay was used to quantify the protein 

concentration of A. castellanii-derived conditioned medium 

(including M199 and Epilife™). The BCA assay was performed 

according to manufacturer’s instructions, using bovine serum 

albumin (BSA) as standards (Thermo Scientific Pierce, USA). 

Briefly, 25 μL of each sample was added in triplicate into 96-well 

microplates, and then 200 μL of working reagent of BCA was 

added per well. The plate was shaken for 30 seconds, and then 

incubated for 30 min at 37°C. Absorbance was measured at 562 

nm using a microplate reader (BMG Labtech GmbH, Offenburg, 

Germany). 
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2.4. Viability assays 

The cytotoxic effect of ACCM on the viability of CSCs and 

ihCECs were examined using three viability assays, namely 

alamarBlue assay, MTT assay and SRB assay. All viability 

assays were carried out in triplicates, in 96-well flat bottom 

(Costar; Corning, USA) microplates, and inside laminar flow 

hood under aseptic conditions. For all the viability assay, ihCECs 

and CSCs were harvested from the flasks as described above in 

section 2.1.3, and seeded in 96-well plastic tissue culture plates 

at 0.1 mL/well of the respective culture medium at a density of 1 

x104 cells/ well for ihCECs and at 6 x103 cells/well for CSCs. The 

numbers of cells were determined using a haemocytometer. 

After the cells were allowed to attach for 48 h, the media in the 

wells was replaced with ACCM at various concentrations of 

(25%, 50%, 75%, and 100%) to a final volume of 100 μL/well. 

Untreated wells contained 100 μL media/well of Epilife™ for 

ihCECs and M199 for CSCs were also set up. The plates were 

incubated at 37 °C and after 3, 24 and 48 h, the plates were 

subjected to analysis using alamarBlue, MTT and SRB assays 

as detailed below. 
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2.4.1 Evaluation of metabolic activity using alamarBlue 

assay 

At incubation time points, the cell viability was measured by 

addition of 10 μL per well of alamarBlue (Thermo-Fisher 

Scientific, USA), as previously performed (McBride et al., 2005; 

Larson et al., 1997).  The purpose of this assay is to evaluate the 

metabolic activity of cells and measure their viability. The plates 

were incubated for one hour and absorbance was measured at 

3, 24 and 48 h after incubation at 492 nm using a microplate 

reader (Labtech International Ltd, LT- 4000, UK). 

2.4.2 MTT cell viability assay 

The MTT assay measures viable cells by determining 

mitochondrial activity. Cell viability was determined by addition of 

10 μL/well of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide] (5 mg/mL in phosphate-buffered saline 

[PBS]; Sigma, USA), to each well, followed by incubation for 4 h 

at 37°C and 5% CO2. Then, 100 μL of MTT solubilisation 

solution (10% SDS in 0.01M HCl) was added into each well, and 

the plate was further incubated for 1 hour at 37°C. The number 

of live cells is directly correlated to the amount of reduced MTT, 

which was quantified based on absorbance at 570 nm using a 

microplate reader (Labtech International Ltd, LT- 4000, UK),  

(Elsheikha et al., 2014). 
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2.4.3 Sulforhodamine B assay (SRB) 

At 3, 24 and 48 h after incubation with ACCM, the samples were 

fixed, and subsequently stained with Sulforhodamine B (SRB) 

assay according to modified techniques described previously 

(Vanicha and Kanyawim, 2006; Ortega-Rivas et al., 2016). SRB 

is used for the determination of cell viability by measuring cell 

protein content. Briefly, the samples were fixed with 25 μL cold 

(10%, 4°C) trichloroacetic acid (TCA, Fisher, Belgium), then the 

samples were kept at 4°C for a period of one h. After removal of 

the supernatant, the plate was washed with distilled water, and 

then dried at an ambient temperature. An SRB solution of 25 μL 

(v/v, 0.05% SRB dye, dilution of acetic acid within a distilled 

water up to 1%) was placed into each well to stain the cells. 

Subsequently, the plates were covered with aluminium foil for 

the purpose of shielding them from light, and left for 15 min at an 

ambient temperature. The samples were rapidly washed three-

times using 1% (v/v) acetic acid to eliminate surplus cell-

unbound SRB dye. The plates were left to air-dry followed by 

addition of 150 μL of 10 mM tris-base (pH 10.5, 

tris(hydroxymethyl)aminomethane) for each well to solubilise 

SRB dye. The plate was then put on a shaker (Stuart, UK) for 

five min for the purpose of attaining an even distribution of the 

dye in the well’s supernatant. The absorbance was evaluated at 
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492 nm by a microplate reader (Labtech International Ltd, LT- 

4000, UK). 

2.5. In vitro cell toxicity studies 

2.5.1 Lactate dehydrogenase (LDH) cytotoxicity assay 

The assay measures production of the LDH enzyme, which is 

released from the plasma membrane of damaged cells into the 

cell culture medium. The cytotoxicity of ACCM against ihCECs 

and CSCs was assessed using an LDH cytotoxicity assay 

according to the manufacturer's instructions (Pierce™ LDH 

cytotoxicity assay kit; Thermo Scientific, USA). Briefly, ihCECs 

and CSCs were seeded in 96-well plates at 5 x103 and 3 x103 

cells/well, respectively. Cells were allowed to attach for 24 h, and 

the media was removed and replenished with media containing 

50% of ACCM or left untreated (control). At 3, 24 and 48 h after 

exposure to ACCM, an aliquot of 50 μL of culture supernatant 

per well was collected and transferred into another a 96-well 

plate in triplicate. Then, 50 μL of reaction mix solution containing 

substrate mix was added per well, mixed by gentle pipetting, and 

the plate was covered by aluminium foil for the purpose of 

shielding it from light, and left for 30 min at ambient temperature. 

After addition of 50 μL of stop solution, the absorbance was 

measured at 490 nm with 680 nm corrective background reading 

using a microplate reader (BMG Labtech GmbH, Offenburg, 
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Germany). Corrective background readings were subtracted and 

the percentage cytotoxicity was determined by applying the 

following formula: (sample or negative control value - total 

background (Acanthamoeba-conditioned medium) / total positive 

control (treated with 10 μL of Lysis Solution for 30 min at 37 ̊C) x 

100 = % cytotoxicity. 

2.5.2 Caspase 3 assay 

Caspase-3 activity level in CSCs and ihCECs was measured by 

caspase-3 assay (Caspase-Glo® 3/7 assay kit; Promega, USA) 

in accordance with the manufacturer's directions. The kit detects 

the enzymatic activity of caspase-3 in apoptotic cells. Briefly, 

CSCs and ihCECs were seeded in 96-well plates at 5 x103 and 3 

x103 cells, respectively for 24 h, followed by addition 50% of 

ACCM and incubated for 3, 24 and 48 h at 37 °C. After 

incubation, 100 μL of Caspase-Glo® 3/7 reagent was added to 

each well (controls and treated groups with 50% ACCM). The 

plates were covered and shaken for 30 seconds, followed by 

incubation for 30 min at ambient temperature. The luminescence 

reading was evaluated at 545-50 nm with a microplate reader 

(BMG Labtech GmbH, Offenburg, Germany). 
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2.6. Immunofluorescent staining of actin for corneal 
cells 

CSCs or ihCECs were seeded in 24-well plates at 12 x103 and 

20 x103 cells, respectively and incubated with ACCM (M199 or 

Epilife™) at various concentrations (100%, 75%, 50% and 25%) 

for 3, 24 and 48 h at 37°C. The experiment was carried out at 

room temperature according to protocol described previously 

(Sidney, McIntosh and Hopkinson, 2015). Briefly, the two types 

of corneal cells were fixed in 10% buffered formalin (VWR, N. 

9713.5000) for 10 min, and washed three times with PBS. Cells 

were permeabilized, in 0.1% (v/v) Triton X-100 (Sigma Aldrich, 

UK) diluted in PBS, for 10 min. After washing three times in PBS, 

blocking buffer (1% (v/v) BSA and 0.3 mol/L glycine [Sigma 

Aldrich] in PBS) was added to the wells, and incubated for 30 

min. Samples were stained for the F-actin with Alexa-Fluor 488 

phalloidin (Life Technologies, 1:60 diluted in blocking buffer) for 

20 min in the dark before washing once using blocking buffer. 

Cells were counterstained with DAPI (Life Technologies, 5 

μL/5mL in blocking buffer) to stain the nuclei for 10 min. Images 

were obtained using an inverted wide-field fluorescence 

microscope (DM-IRB, Leica, Wetzlar, Germany) equipped with a 

Hamamatsu digital camera (Hamamatsu Photonics, 

Hamamatsu, Japan). 
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2.7. Transmission electron microscopy (TEM) for 
corneal cells 

TEM was used to reveal the ultrastructural changes at the 

single-cell level following ACCM treatment. TEM fires an electron 

beam through a sample to generate a magnified image. CSCs 

and ihCECs were seeded in T-25 flasks at 7 x104 and 12 x104 

cells, respectively for 48 h, followed by addition 50% of ACCM 

and incubated at 37°C for a period of 48 h. Cells were processed 

for TEM as described previously (Maradze et al., 2018). Briefly, 

cells were gently harvested from the flasks with a cell scraper 

(Greiner, Bio-One, Germany), and fixed with 3% glutaraldehyde 

within 0.1 M cacodylate buffer (TAAB, Reading, UK) at a 

temperature of 4°C for a 24 h. Cacodylate buffer was used to 

wash the fixed cells twice which were then stored in cacodylate 

wash buffer for 1 day at 4°C. Cells were post-fixed in 1% 

osmium tetroxide (TAAB, Reading, UK) at 4°C for one hour, then 

washed in distilled water twice. They were then implanted in 3% 

(w/v) agarose, followed by dehydration in ascending ethanol 

series with 50% (v/v), 70% (v/v), 90% (v/v) and 100% (v/v) 

ethanol twice during each cycle for 10 min, and dehydration with 

100% propylene oxide (propox) twice for a period of 15 min. 

After dehydration, the cells were penetrated with resin (1:3 resin: 

propox mixed for 1 h, 1:1 resin: propox mixed for 24 h), and then 

embedded in plastic capsules in 100% resin and incubated for a 
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period of 48 h at a temperature of 60°C. Ultrathin sections were 

cut at 90 nm thickness using a Leica EM-UC6 ultramicrotome 

(Leica, Germany), and placed on gilder copper TEM grids 

(TAAB, Reading, United Kingdom). The samples were stained 

with uranyl acetate solution followed by Reynolds’ lead citrate 

(TAAB, UK) for 10 min. Images were obtained through the 

Tecnai BioTwin-12 TEM (FEI, United States) in cooperation with 

Ms Denise McLean from the University of Nottingham. 

2.8. Protease inhibitor assay 

The enzymatic activities in the ACCM were investigated using a 

protease inhibitor cocktail (Sigma-Aldrich, UK) containing 

bestatin, aprotinin, leupeptin, pepstatin A and E-64, with a wide 

specificity for inhibiting cysteine, serine, aminopeptidases and 

aspartic acid proteases. The protease inhibitor cocktail was 

added to ACCM (M199 and Epilife™ media) at concentrations 

2.5, 5 and 10 µL/mL and incubated for 30 min at 25 °C. Then, 

100 µL of treated ACCM were added to CSCs or ihCECs seeded 

in 96-well plates, which were incubated for 3, 6, 24 and 48 h at 

37°C and 5% CO2. Cells incubated in untreated medium or 

incubated with 100% ACCM were used as negative and positive 

controls, respectively. The proliferation rate of the cells subjected 

to the different concentrations of the protease inhibitor and the 
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control (untreated) cells was determined using SRB assay as 

described above.  

2.9. Preparation of culture supernatant of CSCs-
exposed to ACCM for analysis 

CSCs were seeded in T-75 flasks at 5 x105 cells for 48 h. The 

medium was replaced with 10 mL of 50% ACCM (ACCM-M199) 

and incubated for 0, 3, 24 and 48 h at 37°C and 5%-CO2. Cells 

treated with unconditioned M199 medium were utilised as a 

control. The experiment was performed three times with two 

replicates per-experiment, as shown in (Figure 2-1). Following 

incubation, the culture supernatant was transferred into new 

tubes and stored at -80°C. Assays were then performed to 

quantify protein concentration and DNA concentrations of the 

culture supernatant of CSCs-exposed to ACCM. Metabolites 

from CSCs pellets were also extracted for metabolomics 

analysis. Samples were subjected to analysis using the 

techniques detailed in the following sections. 
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Figure 2-1 Preparation of the culture supernatant of CSCs-exposed 
to ACCM for analysis. CSCs were incubated with 50% ACCM for 0, 
3, 24 and 48 h at 37 °C. Cells treated with unconditioned M199 
medium were used as a control. The experiment was performed 
three times with two replicates per-experiment. The culture 
supernatant was transferred into new tubes for analysis protein 
concentration, trace elements and DNA concentrations of the 
supernatant of CSCs-exposed to ACCM. Cells were gently 
harvested from the flasks with a cell scraper. Metabolites from CSCs 
pellets were also extracted for metabolomics analysis. 

2.9.1 The DNA concentrations of the culture 
supernatant of CSCs-exposed to ACCM 

DNA from the culture supernatant of CSCs exposed to ACCM 

was isolated using a ChargeSwitch® gDNA 1mL serum kit in 

accordance with the manufacturer’s recommended protocol 

(Thermo-Fisher Scientific, USA). 200 μL of supernatant from 

each sample was placed into 1.5 mL Eppendorf tubes. 140 μL 

Lysis Buffer (L19), 30 μL of proteinase K and 5 μL RNase were 

then added to the samples and mixed gently by pipetting 5 
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times, following which they were incubated at room temperature 

for 20 min. Following incubation, 50 μL purification buffer (N7) 

and 6 μL of ChargeSwitch® magnetic beads were placed into 

each Eppendorf tube. The samples were then mixed gently 5 

times and incubated at room temperature for 2 min to allow the 

DNA to bind to the beads. The tubes were placed in a 

MagnaRack™ for 3 min and the supernatants removed and 

discarded. The tubes were removed from the magnet and the 

pellets resuspended in 200 μL of Wash Buffer (W12) by gently 

mixing the solution with a pipette 5 times. The tubes were then 

placed in a MagnaRack™ for 2 min and the supernatants 

removed and discarded. After washing twice, the tubes were 

removed from the magnet and the pellets resuspended in a 50 

μL elution buffer (E5). The tubes were mixed gently by pipetting 

5 times, incubated at room temperature for 2 min, and then 

placed in a MagnaRack™ for 1 min. The eluates containing the 

purified DNA were transferred to clean 1.5 mL Eppendorf tubes. 

Finally, the DNA concentrations (ng/µL) were measured at 

260/280 nm using a NanoDrop 8000 Spectrophotometer 

(Thermo Scientific, USA). 

2.9.2 Metabolomics analysis 

The extraction of metabolites from CSC pellets was performed 

according to the modified techniques described previously 



 

 

85 

(Dettmer et al., 2011). The cells were rapidly washed three times 

with cold PBS, gently harvested from the flasks with a cell 

scraper (Greiner, Bio-One, Germany), and transferred into new 

tubes. Cells were centrifuged at 500 x g (Allegra X-22R 

centrifuge, Beckman Coulter TM) for 5 min, washed again with 

PBS, and centrifuged at 1000 x g for 5 min. The resulting pellet 

was transferred into Eppendorf tubes. The metabolites were then 

extracted twice with 1.5 mL of cold solvent (80% methanol and 

20% water, cooled to -48°C on dry ice) with three cycles of 

freezes, where liquid nitrogen was used to freeze and ice to 

defrost the samples for 3 min while shaking them. After the 

extraction of metabolites, the cells were subjected to 

centrifugation for 5 min at 14,000 x g, following which the 

supernatants were transferred to 15 mL Falcon tubes and stored 

on dry ice. A further aliquot of 1.5 mL of cold solvent (80% 

methanol and 20% water) was then added to the pellet. The 

metabolites were then extracted again utilising the three freeze 

cycles described previously. The second aliquot of the 

supernatant was then added to the 15 mL Falcon tubes. The 

extracted metabolite samples were maintained at –80°C and 

transported in dry-ice for metabolomics analysis at Glasgow 

University as described in detail in sections 5.2.3 and 5.2.4. 
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2.10. Elemental analysis 

The culture supernatant of CSCs exposed to ACCM was 

prepared for analysis as described in detail in section 2.9. 

Briefly, CSCs were seeded in T-75 flasks at 5 x105 cells for 48 h, 

followed by treatment with 50% ACCM-M199 and incubated for 

0, 3, 6, 24 and 48 h at 37°C. Cells treated with unconditioned 

M199 medium was used as a control. Culture supernatants were 

harvested from flasks and assessed to determine concentrations 

of trace elements using ICP-MS (Thermo-Fisher iCAP-Q, 

Thermo-Fisher Scientific, UK) in accordance with the standard 

protocol used at Nottingham University and in cooperation with 

Dr Catherine Williams. Following dilution of 1:20 (0.5 mL in 10 

mL) with 4%MetOH - methanol + 0.5%HNO3 - nitric acid + 

internal standards scandium (25 µg L-1), germanium (10 µg L-1), 

rhodium (5 µg L-1) and iridium (2.5 µg L-1) were applied to the 

sample diluent and an analysis of multi-elements performed. 

External calibration levels are typically in the range 0-100 μg L-1 

at part-per-billion (ppb) for micro elements and 0-100 mg L-1 

part-per-million (ppm) for macro elements. Samples were 

assessed using an auto-sampler (Cetac ASX-520) with a 

perfluoroalkoxy nebulizer ST (PFA-ST) (Elemental Scientific Inc.) 

(Thermo-Fisher Scientific, UK). The processing of samples was 

performed using Qtegra software (Thermo-Fisher Scientific, UK). 
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2.11. Amino acid analysis for ACCM 

Trophozoites of A. castellanii were cultured as illustrated in 

section 2.2.1. The trophozoites were then adapted to grow in l 20 

mL medium of corneal cells (M199 or Epilife™) and incubated 

for 3 and 48 h. 3 mL of A. castellanii-adapted culture was 

collected and replaced with the same volume of M199 or 

Epilife™ medium at each incubation point. The supernatant of 

ACCM was filtered through a 0.2 μm filter prior to the experiment 

and stored at -80°C until amino acid analysis was conducted 

using the modified techniques described previously (Schwarz, 

Roberts and Pasquali, 2005). The normal medium (NM) (M199 

or Epilife) was used as a control. 12 conical centrifuge tubes 

containing 60 mg of solid 5-sulphosalicylic acid (SSA) were 

prepared for the deproteinizing of each sample. 980 µL from 

each sample of ACCM and 20 µL internal standard norleucine 

(Sigma, MWt = 131.2, UK) were added to each tube. The 

samples and SSA were mixed gently by pipetting three times, 

following which the tubes were incubated for one hour at 4ºC. 

These were then centrifuged at 15,000 x g for 15 min at 4ºC to 

prevent any potential alteration of amino acids. The calibration 

standard was treated in the same way as the last steps with the 

samples to ensure both were prepared at the same pH for 

analysis and to provide similar retention times for corresponding 
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peaks. The supernatant was collected and filtered through a 0.2 

µm filter. 20 µL of treated standards or samples was injected into 

an amino acid analyser Biochrom 20 plus (Biochrom Ltd, UK) 

equipped with an ion-exchange column and UV detector in 

cooperation with Dongfang Li from University of Nottingham. The 

concentration of amino acids and related compounds were then 

calculated using EZChrom Elite software.  

2.12. Preparation of CeO2NPs stock solution 

Cerium oxide (CeO2NPs, Sigma Aldrich, UK) used in the present 

study were obtained as powder nanoparticles (size, 2-5 nm) from 

the School of Science and Technology, Nottingham Trent 

University, UK. To prepare the CeO2NPs stock solution, 2.5 mg 

of CeO2NPs nanopowder was added to 50 mL of nanopure 

water in a 50 mL tube. Probe-sonication was then applied to the 

suspension in a Fisherbrand® FB 15050 ultrasonicator (Elma 

Schmidbauer GmbH, Germany) into a nanopure water bath at 

80-Watt power and 50/60 Hz frequency for 30 min. The tube was 

subsequently placed in a UV oven (UVP, CL-1000 Ultraviolet-

Crosslinker, USA) for 3 h to kill any microbial contaminants. The 

tube was stored at 4°C until required. 
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2.13. In vitro toxicity testing of CeO2 on 
Acanthamoeba 

2.13.1 Preparation Acanthamoeba for the assessment 

A. castellanii trophozoites were cultured in a PYG medium as 

described in section 2.2.1. The flasks were placed on ice for 5 

min before shaking and trophozoites extracted from the culture 

medium by placing them in a centrifuge for five min at 1000 x g. 

Following centrifugation, the supernatant was removed and the 

pellet was suspended in 20 mL of the PYG medium. A 

haemocytometer was used to count the trophozoites, then 1 mL 

from the suspension containing about 2 x105 trophozoites was 

added to 6 mL of the PYG medium, and the mixture was 

transferred into its respective T-25 flask. This process was 

repeated until all the trophozoites were placed into 20 flasks. 

These were then labelled as one control (untreated) and four 

treated groups for each time point. Following this, the 

trophozoites were left to become confluent. Subsequently, 

CeO2NPs at doses of 100, 200, 300, and 400 μg/mL were 

utilised to incubate with the trophozoites for 3, 6, 24 and 48 h at 

25°C to a volume of 7 mL medium/flask. The control flask was 

filled with 7 mL of PYG medium. On completion of incubation, 

the effectiveness of the CeO2NPs was tested against A. 

castellanii by counting the cells using the haemocytometer, and 
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cell imaging was performed by using light microscopy at high 

and lower magnifications as described below. Each experiment 

was conducted three times. 

2.13.1.i Cell counting 

As previously described, Acanthamoeba trophozoites were 

treated with CeO2 at 100, 200, 300 and 400 μg/mL 

concentrations at 25° C for a period of 3, 6, 24 and 48 h. This 

enabled the effect of CeO2 on trophozoites growth to be 

monitored in vitro through cell counting. After incubation, the 

trophozoites were gathered from the cultures. Following the total 

number of trophozoites/cysts was determined by utilising a 

haemocytometer to count them within both central square and 

the four corner squares in both haemocytometer chambers 

(Superior Marienfeld, Germany) (Figure 2-2). This cell-counting 

method was verified by using an inverted microscope (Medline 

Scientific, CETI, UK). Based on these figures, the average 

number of cells was computed as x103 cells/mL.  The experiment 

was conducted three times, with the average overall values 

being calculated. 
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Figure 2-2 Counting chamber of the 

haemocytometer   

2.13.1.ii Imaging light microscope 

Following incubation with CeO2 (as described previously), an 

inverted microscope at high and lower magnifications (Leica 

DMIL, CMS, Germany) was employed to obtain images of the 

trophozoites.  

2.13.2 Electron microscopy TEM 

Trophozoites were conventionally cultured into a PYG medium, 

seeded in flasks, and then treated with 400 μg/mL of CeO2 (as 

described previously in section 2.13.1) the flasks were incubated 

at 25°C. The TEM technique was then used to analyse the flasks 

at 0, 24, and 48 h as detailed above in section 2.7.  
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2.13.3 Fluorescence microscopy 

Sterile 22 x 22 mm round glass-coverslips (Duran Group, 

Germany) were placed into 24-well cell culture plates. A. 

castellanii trophozoites were then cultured in PYG in each well at 

a 20 x103 cell/well density. Once the trophozoites became 

confluent, without removing their culture supernatants, they were 

treated with CeO2 at doses of 100, 200, 300, and 400 μg/mL for 

3, 24 and 48 h at 25°C to a volume of 1 mL medium/well. The 

control well also contained 1 mL of PYG medium/well. Following 

incubation, trophozoites were fixed with a mixture of 4% 

paraformaldehyde (40 g/L, pH 6.9, Sigma-Aldrich, Germany) and 

0.5 percent glutaraldehyde (TAAB, Reading, UK) in PBS at room 

temperature for 10 min. Subsequently, they were stained with 

phalloidin and DAPI as described above in section 2.6. For 

acridine orange (AO) staining of Acanthamoeba, the samples 

were lightly washed with sterile distilled water three times and 

stained by adding 250 μL of acridine orange (AO, Acros 

Organics, USA) to each well. This AO was prepared by 

dissolving 0.5 g of AO in 50 mL of sterile distilled water. 

Aluminium foil was then used to cover the plates to protect them 

from light and incubated for 10 min at room temperature before 

washing lightly 3 times using sterile distilled water. While 

preparing the images for both experiments, 1 mL of sterile 

distilled water was poured into each of the wells, and then 
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incubated at 4°C. The glass-coverslips containing samples were 

then extracted with care from a 24-well culture plate by raising it 

at the edge, and by using a curved needle and grabbing it with a 

pair of fine forceps. Subsequently, samples were inverted and 

placed on a drop of sterile distilled water which was placed on a 

glass slide (76 × 26 mm, Menzel Glaser, Thermo Scientific). 

Following this, a fluorescence microscope Leica upright PC with 

a Leica digital camera (Leica, DM5000B; Leica CTR5000; 

Germany) was then used to obtain images of the samples.   

2.13.4 Viability assays 

A. castellanii trophozoites were conventionally cultured in a PYG 

medium before seeding in 96-well plastic tissue culture plates at 

a density of 3 x103 cells. Once confluent, without removing their 

culture supernatants, the trophozoites were incubated with CeO2 

at concentrations of 100, 200, 300, and 400 ug/mL to a volume 

of 200 μL medium/well. Control wells contained 200 μL of the 

PYG medium. Each plate was incubated at 25°C and analysed 

by utilising SRB assays after 3, 6, 24, and 48 h (as described 

previously in section 2.4.3). 

2.13.5 Encystation assay for A. castellanii treated with CeO2 

As described previously in section 2.2.1, A. castellanii 

trophozoites were conventionally cultured within a PYG medium. 



 

 

94 

When they were confluent, they were extracted from the culture 

medium, and centrifuged at 1000 x g (Allegra X-22R centrifuge, 

Beckman CoulterTM) for 5 min to separate the trophozoites from 

the culture medium as described in section 2.13.1. The 

supernatant was removed, and the pellet was suspended in 10 

mL of an encystment buffer, which was made via dissolving 

magnesium chloride (0.48 g) as well as glucose monohydrate 

(10 g) (Sigma-Aldrich) in 100 mL of PBS. Trophozoites were 

counted using a haemocytometer and 7 x105 trophozoites were 

pipetted into each of the 5 centrifuge tubes containing 2 mL of 

the suspension. Subsequently, the tubes were labelled as one 

control (untreated) and four treated groups. Furthermore, 6 mL 

of a liquid medium: normal control as an encystment buffer and 

four treated groups of 100, 200, 300 and 400 µg/mL CeO2 with 

an encystment buffer were added to the tubes. A vortex mixer 

was employed to mix the suspension and to detach the 

trophozoites from the body of the tube. A 10 mL pipette was then 

utilised to place each suspension into its respective T-25 flask. 

Following this, the flasks were then labelled and incubated at 

25°C. After a period of 48 h, a haemocytometer was utilised to 

count the control and treatment groups. 

These were then gathered and centrifuged again as described 

previously. The pellets obtained were then treated with an equal 
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volume of 1% sodium dodecyl sulphate (SDS, cyst digestion 

buffer) (Fisher Scientific, Japan). They were prepared via 

dissolving 1 g of SDS in 100 mL of sterile distilled water. To 

solubilise the remaining trophozoites, the samples were left to 

stand for 30 min.  For post-SDS treatment, a count was applied, 

and the encystment percentage calculated by following formula 

(post-digestion total count / pre-digestion total count × 100 = 

percent encystment). This experiment was conducted three 

times, and the average overall values computed. 

2.14. In vitro toxicity testing of CeO2 on CSCs and 
ihCECs 

2.14.1 Viability assays 

As described previously in sections 2.1.3 and 2.4, CSCs or 

ihCECs were cultured within M199 and Epilife™ medium and 

then seeded in 96-well plastic tissue culture plates. They were 

then allowed to attach for 48 h, without removing their culture 

supernatants, they were incubated with CeO2 at 100, 200, 300, 

and 400 μg/mL concentrations to a volume of 200 μL 

medium/well. The control wells were filled with 200 μL/well of 

M199 for CSCs and Epilife™ for ihCECs. Following incubation at 

37°C, alamarBlue and SRB assays were utilised to analyse the 

plates after 3, 6, 24, and 48 h (as mentioned in sections 2.4.1 

and 2.4.3). 
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2.14.2 Fluorescence microscopy 

As described previously in sections 2.13.3 and 2.6, 24-well cell 

culture plates were prepared by placing glass coverslips into 

each well, and ihCECs or CSCs conventionally cultured in M199 

and Epilife™ medium. They were seeded at 12 x103 and 20 x103 

cells respectively and allowed to attach for 48 h, without 

removing their culture supernatants, they were incubated with 

CeO2 at 100, 200, 300 and 400 μg/mL concentrations to a 

volume of 1 mL medium/well. The control wells were filled with 1 

mL of M199 for CSCs and Epilife™ for ihCECs. The plates were 

then incubated for 3, 24, and 48 h at 37°C. Cells were fixed in 

4% paraformaldehyde and stained with phalloidin and DAPI for 

the immunofluorescent staining of actin as described above in 

section 2.6. However, in AO analysis, the cells were stained with 

AO as detailed above in section 2.13.3. A fluorescence 

microscope, Leica upright PC and a Leica digital camera (Leica, 

DM5000B; Leica CTR5000; Germany) were then used to obtain 

the images. 

2.15. Statistical analysis  

Each experiment was conducted in triplicate and then replicated 

at least twice. All statistical analysis was undertaken by applying 

the GraphPad Prism version 7 (GraphPad, San Diego, CA, 

United States). Analytical styles vary depending on the purpose 
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of experiments and are outlined in each chapter, including two-

way variance analysis (ANOVA). Data are indicated as mean ± 

SD, with statistical importance being depicted by asterisks; P-

value < (0.0001****, 0.001***, 0.01**, 0.05*). 
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3. Chapter Three: Comparative cytotoxicity 

of Acanthamoeba castellanii derived 

conditioned medium on human cornea 

epithelial and stromal cells 

3.1 Introduction 

Acanthamoeba keratitis (AK) is a severe corneal infection and a 

poses significant public health issue. Human ocular tissue is 

considerably damaged in AK, the pathogenesis of which is 

partially mediated by soluble factors existing in the protozoan A. 

castellanii’s secretome. (Marciano-Cabral and Cabral, 2003; 

Carnt et al., 2018). A. castellanii is an invasive and persistent 

parasite and expresses various virulence proteins, such as the 

mannose-binding protein, which mediates adhesion of the 

organism to mannose-glycoproteins on the surface of the cornea 

(Garate et al., 2006). Clinical symptoms associated with ocular 

infection can be attributed to inflammation and cellular damage. 

Misdiagnosis of fungal or viral infection is also possible, and any 

delay in initiating appropriate treatment can have sight-

threatening consequences (Jiang et al., 2015), and even with the 

most potent medications, treatment failure can occur.  

Previous studies reported that A. castellanii trophozoites 

produce a number of metalloproteinase and serine proteinases 
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(Cao, Jefferson and Panjwani, 1998). These proteinases 

possess cytopathic effects, which can kill corneal epithelial cells, 

and degrade the basement membrane, revealing the stromal 

matrix, and allowing penetration into the cornea’s deeper layers 

(Mitra et al., 1995). The majority of proteolytic enzymes in 

protozoal extracts indicates notable activity across a broad 

scope of a temperature of 8 to 45 °C and pH of between 3 and 9 

(Heredero-Bermejo et al., 2015). An earlier study showed that 

heat-resistant molecules, having low molecular mass (<10 kDa) 

released by viable trophozoites of A. castellanii caused several 

cytopathic effects in an epithelial (WISH) cell line, such as 

increase in cytosolic calcium, morphological alterations, 

cytoskeletal disruption, reduction in cell viability, and increased 

apoptosis (Mattana et al., 1997). Additionally, A. castellanii 

trophozoites have the capacity to develop contact-dependent 

cytolysis, thereby destroying phagocytic cells by using cytolytic 

factors and a finger-like projection (Marciano-Cabral and Toney, 

1998). Acanthamoeba griffin, an isolate from a contact lens-

wearing patient in Spain, induced focal lesions in HeLa cell 

monolayers which were attributed to the activity of the serine 

proteases and cysteine proteases secreted by the amoeba 

(Heredero-Bermejo et al., 2015). 
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In the present study, we examined the effects of cell-free 

supernatants from A. castellanii culture [A. castellanii-

conditioned medium (ACCM)], on the viability, apoptosis, actin 

cytoskeleton and ultrastructure of human SV40 immortalized 

corneal epithelial cells (ihCECs) and human corneal stromal 

cells (CSCs). The data showed that ACCM reduced cell viability, 

increased cell death via apoptosis, disrupted the actin 

cytoskeleton and caused morphological alterations at subcellular 

level. We also showed that the cytopathic effects caused by 

ACCM were mediated by proteases. Together, the results 

presented herein add further evidence to the extent of the 

cellular damage that can be caused by the secretome of A. 

castellanii.  
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3.2 Materials and Methods 

3.2.1 Cell culture conditions 

ihCECs were cultured in EpiLife™ medium as described above 

in section 2.1.1. CSCs were also isolated and cultured as 

mentioned in section 2.1.2. 

3.2.2 A. castellanii culture and conditioned medium 

preparation 

A. castellanii trophozoites were routinely cultured in PYG 

medium as described in section 2.2.1. ACCM was prepared with 

the same protocol that mentioned in section 2.2.2, which were 

used to test the cytotoxic effects of ACCM on corneal cells as 

described below. 

3.2.3 The bicinchoninic acid (BCA) 

BCA assay was used to quantify the protein concentration of 

ACCM for both M199 and Epilife™ according to the 

manufacturer’s instructions (Thermo Scientific Pierce) (described 

in detail in section 2.3). 

3.2.4 Viability assays 

ihCECs and CSCs were seeded in 96-well plates at 1 ×104 cells/ 

well for ihCECs and 6 × 103 cells/well for CSCs and incubated 

for 48 h at 37 °C and 5% CO2. the medium in the wells was 

replaced with ACCM at various concentrations of (25%, 50%, 
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75%, and 100%) to a final volume of 100 μL/well. Untreated 

wells contained 100 μL media/well of Epilife™ for ihCECs and 

M199 for CSCs. The plates were incubated at 37 °C and after 3, 

24 and 48 h, the cytotoxic effects of ACCM on the viability and 

proliferation of CSCs and ihCECs were examined using 

alamarBlue, MTT and SRB assays as described in detail in 

sections 2.4.1, 2.4.2 and 2.4.3, respectively. 

3.2.5. In vitro cell toxicity studies 

ihCECs and CSCs were seeded in 96-well plates at 5 × 103 and 

3 × 103 cells/well, respectively for 24 h. The cells were then 

treated with 50% of ACCM or left untreated (control) and 

incubated for 3, 24 and 48 h at 37°C. After incubation, the 

cytotoxicity of ACCM against these cells was assessed using 

LDH cytotoxicity assay as described in section 2.5.1. In addition, 

the level of caspase-3 activity in CSCs and ihCECs was 

determined using caspase 3 assay as described in section 2.5.2. 

3.2.6. Immunofluorescent staining of actin 

CSCs or ihCECs were seeded in 24-well plates at 12 ×103 and 

20 × 103 cells, respectively and incubated with ACCM (M199 or 

Epilife™) at various concentrations (100%, 75%, 50% and 25%) 

for 3, 24 and 48 h at 37°C. Immunofluorescent staining of actin 

was performed according to technique previously described in 

section 2.6. 
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3.2.7. Transmission electron microscopy (TEM) 

CSCs and ihCECs were seeded in T-25 flasks at 7 × 104 and 12 

× 104 cells, respectively for 48 h, followed by addition 50% of 

ACCM. After incubation for 48 h at 37°C, cells were processed 

for TEM as previously described in section 2.7. 

3.2.8. Protease inhibitor assay 

A protease inhibitor cocktail was added to ACCM at 

concentrations 2.5, 5 and 10 µL/mL and incubated for 30 min at 

25 °C. 100 µL of treated ACCM were added to CSCs or ihCECs 

seeded in 96-well plates, and incubated for 3, 6, 24 and 48 h at 

37 °C (described in detail in section 2.8). The proliferation rate of 

the cells was determined using SRB assay as described in 

section 2.4.3.  

3.2.9. Statistical analysis 

All statistical analysis was undertaken by applying the GraphPad 

Prism version 7 (GraphPad, San Diego, CA, United States). The 

differences between the effects of the various concentrations of 

ACCM at different incubation times were detected by two-way 

variance analysis (ANOVA). The results are indicated as mean ± 

SD, with statistical importance being depicted by asterisks; P-

value < (0.0001****, 0.001***, 0.01**, 0.05*).  



 

 

104 

3.3 Results 

3.3.1 The effects of ACCM on the viability of CSCs and ihCECs 

The effects of ACCM on the viability and proliferation of CSCs 

and ihCECs were assessed using alamarBlue®, MTT and SRB 

assays. Exposure to ACCM caused a decline (i.e. in a dose-

dependent manner) in viability and proliferation of CSCs and 

ihCECs at 3, 24 and 48 h of incubation for all assays (Figures 3-

1 and 3-2). As shown in (Figure 3-1 A), the result of the 

alamarBlue assay showed statistically significant differences in 

CSCs viability between the incubation groups compared to 

control at all incubation times. MTT test results also revealed 

significant differences in CSCs proliferation between treated and 

control cells at all examined incubation times (Figure 3-1 B). 

Likewise, the SRB assay revealed significant differences in 

CSCs proliferation between treated and control at all incubation 

times (Figure 3-1 C). Regarding the ihCECs, the alamarBlue® 

results showed that there were not significant differences in 

ihCECs viability between the incubation groups compared to 

control at 3 h, however there were significant differences at 24 

and 48 h (Figure 3-2 A). The MTT results also showed that the 

reduction in the viability of ihCECs was significantly different 

between treated and control cells at 3, 24 and 48 h (Figure 3-2 

B). Similarly, based on the cell proliferation rate as determined 
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by the SRB assay (Figure 3-2 C) there were significance 

differences between tested concentrations and control at 3, 24 

and 48 h. 

The BCA protein assay result revealed that a low protein 

concentration in the ACCM, which was proportional to the 

percentage of ACCM analysed, compared to the normal culture 

medium (M199 and Epilife) which had the highest protein 

concentration (Table 3-1). 

Table 3-1 Protein concentrations corresponding to 100%, 50%, and 
25% of A. castellanii-conditioned medium (ACCM) compared to the 
protein concentration in the control media. Protein was quantified 
using the BCA protein assay and the absorbance was measured at 
562nm. The experiment was performed three times with four replicates 
per-experiment. 

ACCM  

Concentrations 

Protein Concentration (µg/mL) 

ACCM_M199 

(Mean ± SD) 

ACCM_Epilife 

(Mean ± SD) 

100% 366.08 ± 16.71 238.42± 9.53 

50% 371.52 ± 5.81 257.41 ± 6.68 

25% 434.39 ± 18.38 289.54 ± 11.91 

Control* 472.66 ± 17.23 303.21 ± 12.74 

* Normal M199 and Epilife™ medium without any contribution from A. 
castellanii secretome 
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Figure 3-1 Effect of A. castellanii-conditioned medium (ACCM) on the 
viability and proliferation of CSCs using (A) alamarBlue®, (B) MTT and 
(C) SRB assays. Cultured CSCs were incubated with various 
concentration of ACCM (25%, 50%, 75%, and 100%) at 37 °C for 3, 24 
and 48 h. Cells treated with unconditioned M199 medium was used as 
a control. The absorbance values obtained at 492 nm were presented 
as the means ± SDs of 4 technical replicates, and each experiment 
was replicated three times. Two-way ANOVA detected significant 
differences between the results for groups treated with ACCM and 
untreated groups. Significant P-value < (0.0001****, 0.001***, 0.01**, 
0.05*), versus the control cells. 
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Figure 3-2 Effect of A. castellanii-conditioned medium (ACCM) on the 
viability and proliferation of ihCECs using (A) alamarBlue®, (B) MTT 
and (C) SRB assays. ihCECs were incubated with ACCM) at 25%, 
50%, 75%, and 100% concentrations for 3, 24 and 48 h at 37 °C. Cells 
treated with unconditioned Epilife™ medium were used as a control. 
Data are presented as absorbance values at 492 nm relative to 
untreated (control) cells. Two-way ANOVA showed significant 
differences between the results for cells subjected to ACCM and 
untreated cells. Significant P-value < (0.0001****, 0.001***, 0.01**, 
0.05*), versus the control cells. Each experiment was performed three 
times with 4 technical replicates per-experiment. 
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 3.3.2. The cytotoxic effects of ACCM on CSCs and ihCECs 

CSCs and ihCECs were incubated with 50% ACCM and the 

amount of LDH enzyme released into the cell culture medium 

was quantified. According to our previous results in terms of 

corneal cells being affected by the high concentrations of ACCM, 

50% ACCM was chosen for treatment the corneal cells. The 

results showed that there were significances differences 

between treated and control cells, however significant increase 

and decrease were detected for CSCs at 3 and 24 h, 

respectively (Figure 3-3 A). Regarding the ihCECs, there were 

also significant differences between treated and untreated cells 

at all time points after treatment, with increased level at 3 h, but 

decreased levels at 24 and 48 h (Figure 3-3 B). We also, 

examined the apoptotic activity of ACCM by measuring the 

caspase activity using caspase Glo-3/7 assay. Caspase 3 was 

activated in CSCs after stimulation with 50% ACCM after 24 h, 

and more activation was observed at 48 h (Figure 3-4 A). In 

ihCECs, significant reduction in the level of caspase 3 was 

observed in cells treated with ACCM at 48 h (Figure 3-4 B). 

 



 

 

109 

 

Figure 3-3 Results of the LDH assay. (A) CSCs and (B) ihCECs were 
incubated with 50% of A. castellanii-conditioned medium (ACCM) for 
3, 24 and 48 h at 37 °C. The absorbance was measured at 490 and 
680nm. Cells treated with unconditioned medium (M199 or Epilife™) 
was used as a control. The experiment was performed at least three 
times with 4 technical replicates per experiment. Data are presented 
as the mean ± SD. Two-way ANOVA detected some significant 
differences between the results for cells subjected to ACCM and 
untreated cells. Significant P-value < (0.0001****, 0.001***, 0.01**, 
0.05*), versus the control cells. 
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Figure 3-4 Results of the caspase activity in (A) CSCs and (B) 
ihCECs. Caspase 3/7 activity assay was performed with recombinant 
human caspase-3 enzyme to test the stimulatory or inhibitory effect of 
50% A. castellanii-conditioned medium (ACCM) at 3, 24 and 48 h at 37 
°C. The bar chart presents the means ± SDs of 4 technical replicates, 
and each experiment was repeated three times. Data were presented 
as relative luminescence unit (RLU), which was proportional to 
caspase 3 activity. Two-way ANOVA detected some significant 
differences between the results for cells subjected to 50% ACCM and 
untreated cells. Significant P-value < (0.001***, 0.01**, 0.05*), versus 
the control cells.  

 

 

 

3 24 48
0

200

400

600

            Time after treatment (h)  

Ca
sp

as
e-

3/
7 

ac
tiv

ity
 (R

LU
)

Control

50% ACCM***

*
ns

A           CSCs treated with ACCM (Caspase-3/7)      

3 24 48
0

1000

2000

3000

4000

            Time after treatment (h)  

Ca
sp

as
e-

3/
7 

ac
tiv

ity
 (R

LU
)

Control

50% ACCM

ns

ns
***

B           ihCECs treated with ACCM (Caspase-3/7)        



 

 

111 

3.3.3 Actin cytoskeleton derangement 

The CSCs and ihCECs were stained with phalloidin and DAPI to 

characterize the morphological alterations in actin arrangement 

after exposure to different concentrations of ACCM for different 

incubation times. As shown in Figure 3-5 (A-B) for CSCs and 

ihCECs respectively, the density of the cell monolayer was high 

in the control compared to the treated cells, where the integrity of 

the cell monolayer was compromised in a dose-response 

manner. We also observed abnormality in the shape of CSCs 

and ihCECs and derangement of the actin cytoskeleton, 

particularly at higher concentrations and longer exposure time 

(i.e. at 24 and 48 h with 50%, 75% and 100% ACCM). 

Additionally, in ihCECs cultured with 50%, 75% and 100% 

ACCM, cells became smaller and became more rounded at 3, 

24, and 48 h exposure (Figure 3-5 B). However, for both cell 

types, the number of cells was counted manually in each image 

of Figure 3-5 (A-B) and a graph of the results has been created 

and shown in Figure 3-6 (A-B). The results showed a significant 

decrease in cells density, in a time and concentration-dependant 

manner. 
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Figure 3-5 Effect of ACCM on fluorescence staining of actin cytoskeleton. (A) CSCs and (B) ihCECs were incubated with ACCM at the indicated 
concentrations and duration of incubation. Cells were fixed with 10% formalin for 10 min then stained for the F-actin with Alexa Fluor 488 phalloidin and the 
nuclei were counterstained with DAPI. Images were obtained with an inverted wide-field fluorescence microscope. Scale bar (25 μm) applies to all images. The 
imaging showed significantly decreased in cells density and disrupted the cell actin cytoskeleton, in a time- and concentration-dependant manner.
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 Figure 3-6 The impact of ACCM on the cells density of (A) CSCs and 
(B) ihCECs were determined by cell counting. The number of cells was 
counted manually in each image of Figure 3-5 (A-B), (three images for 
each condition). Data are presented as the mean ± SD. A two-way 
ANOVA revealed significant differences between the treated cells and 
the controls. Significant P-value < (0.0001****, 0.001***, 0.01**, 0.05*), 
versus the control cells. 
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3.3.4 TEM analysis of ACCM-treated corneal cells 

To further elucidate the effects of ACCM on CSCs and ihCECs, 

TEM was performed to reveal the ultrastructural changes upon 

50% ACCM treatment for 48 h. The results showed that cells 

exhibited normal cellular components in untreated cultures of 

CSCs (Figure 3-7 A-D) and ihCECs (Figure 3-8 A-D), including a 

largely convoluted nucleus, conspicuous nucleolus, normal 

cellular organelles, vacuoles, intact plasma membrane and no 

sign of cellular or organelle damage. On the contrary, cells 

treated with 50% ACCM for 48 h showed some damage and 

morphological changes. The nucleus was less visible or even 

absent in some cells (Figure 3-7 E-H). Consistent with the 

results of CSCs, significant damage to cells and more vacuoles 

were also observed in ihCECs compared to untreated cells 

(Figure 3-8 E-H). 

Based on the previous results, ACCM adversely compromised 

cell viability and structural integrity of corneal cells in a time- and 

concentration-dependant manner. ACCM significantly decreased 

cell viability/proliferation (Figures 3-1 and 3-2), and cytotoxic 

effects showed significant cell damage within the first 3 h of 

exposure for ihCECs and extremely significant damage at 24 

and 48 h for CSCs (Figures 3-3 and 3-4). Actin cytoskeleton 

staining showed that derangement of the actin cytoskeleton of 
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CSCs and ihCECs was observed after exposure to ACCM, 

particularly at 24 and 48 h (Figure 3-5). TEM analysis showed 

significant cell damage between 24 and 48 h for both cells 

(Figures 3-7 and 3-8), corroborating these results. In conclusion, 

treated CSCs exhibited majority apoptosis, while treated ihCECs 

exhibited majority cell lysis.  

 

Figure 3-7 Ultrastructural changes in ACCM-treated CSCs. CSCs 
were incubated with 50% ACCM–M199 for 48 h. (A-D) Control CSCs 
appeared morphologically normal with a largely convoluted nucleus 
(N) and conspicuous nucleolus. (E-H) CSCs treated with ACCM 
showed some of the damages and morphological changes (arrows). 
Also, there were some cell deaths with no apparent nucleus with 
cytoplasmic vesicles and lack of cell organelles (arrows). 
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Figure 3-8 Ultrastructural changes in ACCM-treated ihCECs. ihCECs 
were incubated with 50% ACCM-Epilife™ for 48 h. (A-D) Control 
ihCECs appeared morphologically normal with a largely convoluted 
nucleus (N) and conspicuous nucleolus. (E-H) ihCECs treated with 
ACCM showed some damages and morphological changes (arrows). 
Also, some cells appeared dead, and lack nucleus and cell organelles 
(arrows). 

3.3.5 Protective effects of enzyme inhibitor cocktail on the 

cytotoxicity of ACCM 

Here, we investigated whether the damaging effect of ACCM 

was mediated by the presence of proteases known to be 

secreted by A. castellanii (Figure 3-9). A gradual dose-

dependent increase in cell proliferation was observed in CSCs 

treated with protease inhibitor at all concentrations compared to 
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untreated (control) cells at 3, 6, 24 and 48 h after incubation 

(Figure 3-9 A). There were significant differences in CSC 

proliferation between the incubation groups compared to control 

at 24 and 48 h (Figure 3-9 A). This result suggests that the 

protease inhibitor cocktail protected corneal cells from the 

damaging effects of ACCM. Protease inhibition appeared 

maintain the growth rate of treated ihCECs, where there were 

significant differences between the incubation groups compared 

to control at 6, 24 and 48 h (Figure 3-9 B). 
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Figure 3-9 Protease inhibitor cocktail protects (A) CSCs and (B) 
ihCECs from the cytotoxic effect of ACCM. Cells were treated with 
ACCM that was treated with a protease inhibitor cocktail at various 
concentrations (2.5, 5 and 10 µL/mL). Cells were then incubated for 3, 
6, 24 and 48 h at 37 °C. Cell proliferation was examined using the 
SRB assay. Data represent the absorbance measured at 492 nm. 
Two-way ANOVA detected some significant differences between the 
results for cells subjected to 100% ACCM and untreated cells. 
Significant P-value < (0.0001****, 0.001***, 0.01**, 0.05*), versus the 
control cells. Each experiment was performed three separate times 
with 4 technical replicates per-experiment. 
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3.4 Discussion 

Cellular injury caused by A. castellanii infection is related to 

molecules secreted by the amoeba. The cytotoxic effects of the 

A. castellanii secretome have been demonstrated in some cell 

types (Khan et al., 2000; Mattana et al., 2002; Mattana et al., 

1997). However, the contributions of the cytolytic molecules 

present in the secretome of A. castellanii to the pathophysiology 

of corneal infection is still not completely known. In this study, we 

investigated the cellular basis for corneal cell (CSCs and 

ihCECs) sensitivity to the cytotoxic effects of ACCM. Our 

findings conformed to past findings (Mattana et al., 2002; Khan 

et al., 2000; Mattana et al., 1997), Our results also indicated that 

A. castellanii cytotoxicity when against human ocular cells has 

no necessity of contact with the amoeba host cell; however, cell-

free supernatants acquired from trophozoite cultures have the 

ability to cause cell damage and death. 

Various cell viability and proliferation assays were used in this 

study for assessing the viability and growth kinetics of corneal 

cells, such as alamarBlue, MTT and SRB assays.  AlamarBlue is 

used to evaluate the metabolic activity and viability of cells. It is a 

dye that changes from blue to red colour, with more cell growth 

(Rampersad, 2012). The MTT assay is used for quantifying 

cellular metabolic activity based on the ability of growing cells to 
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produce NADPH-dependent oxidoreductase enzymes, which 

reduces the tetrazolium dye to formazan, a purple insole solid 

(Berridge, Herst and Tan, 2005). The SRB assay works by 

binding SRB dye to basic amino acid residues in the intracellular 

proteins after fixing the cells with trichloroacetic acid (TCA) in 

mildly acidic conditions (Voigt, 2005). In this study, the effect of 

ACCM on the viability and proliferation of CSCs and ihCECs by 

alamarBlue®, MTT and SRB assays showed that ACCM caused 

a significant decrease in cell viability and proliferation (Figures 3-

1, 3-2), suggesting that exposure to ACCM can induce adverse 

effects on the viability and growth rate of the corneal cells.  

The cytotoxicity of ACCM against corneal cells was assessed 

using an LDH assay. LDH is a stable enzyme, released from the 

plasma membrane to the cell culture medium when cells are 

damaged. It is widely used as a marker for cytotoxicity and cell 

death. The LDH assay determines the damage levels to the 

plasma membrane by measuring the LDH released by the cells 

(Parhamifar, Andersen and Moghimi, 2019; Kumar, Nagarajan 

and Uchil, 2018). The released LDH enhances lactate oxidation 

resulting in NADH which combines with diaphorase enzyme and 

transforms the yellow tetrazolium salt into a red formazan. In this 

experiment, we measured the levels of LDH enzyme in the cell 

culture medium. Elevated LDH levels in culture medium post 
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treatment with ACCM reflect leakage in the cell membrane, 

which seems to depend on the cell type and duration of 

exposure to ACCM (Figure 3-3). Increased level of LDH seems 

to occur at an early stage of treatment 3 h, but the opposite was 

detected at 24 and 48 h. Cell lysis seemed to increase at 3 h in 

both CSCs and ihCECs, followed by decreased LDH level at 24 

h in CSCs, and at 24 and 48 h in ihCECs. 

We also determined the changes in the activity of caspase 3. 

Previous studies have shown that the changes in the 

mitochondrial membrane possibly cause a cytochrome c release 

in the cytoplasm, caspase activation (Liu et al., 1996) leading to 

mitochondrion-initiated apoptosis, mediated by caspase-3 

(Thornberry and Lazebnik, 1998). Therefore, we determined 

whether caspase 3 was activated in CSCs and ihCECs in 

response to treatment with ACCM. The caspase activity in CSCs 

and ihCECs was assessed using caspase-3 activity assay 

(Figure 3-4). In CSCs caspase-3 was activated subsequent to 

stimulation with 50% ACCM for 24 h, and was highly activated at 

48 h. In ihCECs, a significant decrease in caspase-3 level was 

apparent in cells treated with ACCM after 48 h. The proapoptotic 

effect of ACCM on CSCs is consistent with previous work 

(Mattana et al., 2002) suggesting that pathogenic free-living A. 

castellanii by release of adenoside di-phosphate as well as 



 

 

122 

further metabolites cause death of human monocytic cells within 

the secretion of proinflammatory cytokines and apoptosis. 

However, our results indicate significant reduction in caspase 

compared to the ihCECs control, possibly indicating an anit-

apoptotic effect, but or likely due to a reduced cell number in the 

treated cells due to lysis. The cell line exhibits a lot of natural 

turnover and apoptosis, leading to both LDH and caspase 

production in the control. This would not be seen to the same 

effect if there were fewer cells due to cytotoxicity of the 

treatment. 

The derangement of the actin cytoskeleton is a pathologic 

manifestation of cell damage because the actin cytoskeleton 

plays a critical role in maintaining the cell structure, function and 

adhesion (Soto-Arredondo et al., 2014). In the present study, we 

assessed the effect of ACCM on the actin cytoskeleton 

arrangements by investigating the structural changes that 

occurred in cultured CSCs and ihCECs treated with various 

doses of ACCM for 3, 24 and 48 h (Figure 3-5 A-B). Smaller 

concentrations induced mild derangement of the actin 

cytoskeleton, but exacerbated derangement and deformity of the 

cell shape was observed at higher concentrations and longer 

treatment durations. The cytotoxic effects of ACCM on ihCECs 

was more pronounced than those observed in CSCs. The most 
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substantial cytotoxic effect of ACCM was detected after 24 h of 

incubation, resulting in more damage and rounding of cells. Actin 

fibers do not only contribute to the maintenance of cellular 

structure but also, adhesion of the A. castellanii to target host 

cells (Soto-Arredondo et al., 2014) and potentially interactions 

with various structural molecules. Therefore, it is sensible to 

anticipate that disruption of the actin cytoskeleton caused by 

ACCM can have a serious consequences on the integrity, 

function and survival of host cells.   

Further evidence to support the adverse effects of ACCM on 

corneal cells was achieved by ultrastructural microscopic 

analysis (Figures 3-7, 3-8). Treated cells showed significant 

damage and became irregular, which seemed to cause leakage 

of intracellular contents. Based on the previous results, 

apoptosis and cell lysis were observed in treated cells, 

suggesting that ACCM is likely to induce cell death via apoptosis 

and necrosis (cell lysis) in the host cells. These observations 

were also reported in previous studies (Pettit et al., 1996; 

González-Robles et al., 2006), however cell damage was 

detected in host cells due to direct physical contact with A. 

castellanii trophozoites. 

The proteases in protozoan organisms are known to contribute 

to the destruction of host tissue as well as pathogenesis and 
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digestion of phagocytosed food (Heredero-Bermejo et al., 2015; 

Klemba and Goldberg, 2002).  In A. castellanii, it has become 

apparent that proteases play a role in the parasite pathogenesis 

by functioning as virulence factors (Serrano-Luna et al., 2006; 

Kim et al., 2006), contributing to the amoeba encystation 

process (Moon et al., 2008), and adhesion (Singh et al., 2012). 

The use of proteinase inhibitors showed that the proteinase 

activity is essential for the development of focal lesions in the 

cellular monolayers of HeLa cells (Heredero-Bermejo et al., 

2015), and with a corneal endothelial cell line (Khan et al., 2000). 

These authors also showed that the enzymes found in amoeba 

extracts were mainly cysteine and serine proteases. However, 

the prominent role of serine and cysteine proteases was shown 

when Acanthamoeba was incubated with a serine inhibitor 

(PMSF, phenylmethylsulfonyl fluoride) and a cysteine inhibitor 

(2S,3S)-trans-epoxysuccinyl-L-leucylamido-3-methylbutane ethyl 

ester (E64d). This blocked proteinase activity, suggesting the 

key role played by proteinase activity in the pathogenesis of A. 

castellanii (Leitsch et al., 2010). In our study, we neutralized the 

enzymatic activities in the ACCM using protease inhibitor 

cocktail with wide specificity for inhibiting cysteine, serine, 

aminopeptidases and aspartic acid proteases (Figure 3-9). By 

inhibiting the enzymatic activities in the ACCM using protease 

inhibitor cocktail, we confirmed the previous observation that A. 
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castellanii expresses proteases, which play roles in the 

pathogenesis of A. castellanii infection. 

The overall trends from of the present results showed that 

ACCM causes a significant detrimental effect on both types of 

corneal cells, but the severity of damage to ihCECs 

ultrastructure was much more than that observed in CSCs. This 

differential cell sensitivity may largely be explained by variations 

in cell -specific functions influencing response to ACCM. CSCs 

are primary cells, whereas ihCECs are a cell line, and thus they 

are expected to differ in their metabolic activity, natural 

antioxidant activity and proliferative capacity. In fact, primary 

cells seem to have a better apoptotic balance and more stable 

metabolism compared to cell lines (Joris et al., 2013). In line with 

this assumption, when comparing primary cells to cell lines in our 

study, CSCs seem to exhibit consistent results in most 

experiments. In contrast, ihCECs showed slight varying results, 

particularly when cells were seeded in large plates and flasks, 

where their growth seemed slow, and they were strongly 

affected by ACCM.  Considering the aforementioned statements 

and the present results and given that primary cells are more 

representative to the in vivo situation compared to the 

transformed cell line, CSCs seem to provide a more relevant 

system for cytotoxicity assessment of ACCM. 



 

 

126 

Due to differences between stromal cells and corneal epithelial 

cells, they have different interaction profiles with Acanthamoeba. 

The pathophysiology during Acanthamoeba infection in corneal 

stromal cells involves a set of sequential changes, starting with 

the production of pathogenic proteases for degrading 

extracellular matrix and inducing cytolysis and apoptosis 

(Marciano-Cabral and Cabral, 2003). These changes culminate 

into the dissolution of the collagen surrounding corneal stromal 

cells. Since the human corneal epithelium contains dendritic 

cells, damage to these cells is a pre-condition for AK (Alzubaidi 

et al., 2016).  

Protein quantification using the BCA protein assay revealed a 

low protein concentration in the ACCM, which was proportional 

to the percentage of ACCM analysed, compared to the normal 

culture medium (including M199 and Epilife) which had the 

highest protein concentration (Table 3-1). A. castellanii 

trophozoites are metabolically active and survive and replicate 

outside the host cells because they are auxotrophic for most of 

their nutrients (Naemat et al., 2018; Schunder et al., 2014; 

Dolphin, 1976). Thus, the decrease in the protein level in 

conditioned medium is expected, however, it remains interesting 

to investigate the impact of A. castellanii growth on the metabolic 

constituents of the culture medium. 
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In summary, the present study demonstrated that cell-free 

supernatants from A. castellanii T4 genotype strain culture 

containing soluble factors, such as proteases have adverse 

impact on the function and structure of CSCs and ihCECs via 

compromising cell viability, cell proliferation and inducing 

apoptosis. The loss of cell viability and increased apoptosis were 

associated with derangement of the actin cytoskeleton and 

ultrastructural changes. We also found that inhibiting the 

proteolytic activitiy of ACCM, can rescue cell proliferation, 

suporting the role of proteases in A. castellanii virulence. Further 

characterization of the molecular mechanisms responsible for 

this pattern of cytotoxic activity of ACCM may ultimately lead to 

development of interventions to ameliorate or prevent corneal 

injury in AK patients. 
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4. Chapter Four: Investigating changes in the 

composition of culture supernatant from 

stromal cells and Acanthamoeba castellanii-

conditioned medium 

4.1. Introduction 

The secretome of the A. castellanii plays a critical role in the 

pathogenesis of Acanthamoeba keratitis (AK). However, the 

detailed mechanisms of host cell responses activated upon A. 

castellanii infection are still incompletely known. Therefore, 

understanding the pathologic effects of A. castellanii-derived 

conditioned media (ACCM) on the ocular cells, will reveal new 

insights into the ocular tissue damage caused by A. castellanii. 

Herein, we examined the mechanisms underlying ACCM-

induced cytotoxicity in human corneal stromal cells (CSCs) 

following exposure to 50% concentration of ACCM. CSCs were 

used based on the results of the previous chapter, which seem 

to provide a more relevant system for cytotoxicity assessment of 

ACCM. 

A number of microminerals and trace elements are important in 

cell growth, particularly calcium (Mattana et al., 1997). Calcium 

ions are vital for controlling cellular responses, including cell 

homeostatic processes and proliferation. In vitro studies suggest 
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that A. castellanii increases the cytosolic free-calcium 

concentration in cell cultures (Mattana et al., 2009) via releases 

ADP molecules which secreted by trophozoites. Fluctuations in 

free calcium concentration depend on the trans-membranous 

influx of Ca2+ (Mattana et al., 2002). It is unclear how A. 

castellanii monitors environmental conditions to produce viable 

trophozoites.  

Sodium, calcium, and potassium ion transporters and proton 

pump inhibitors play critical roles in the encystation and 

excystation of A. castellanii (Siddiqui et al., 2019). The former is 

critical in cellular differentiation of Acanthamoeba. Trace 

elements may influence osmolarity and affect encystation in A. 

castellanii, with varying physiological characteristics. Specific 

molecules responsible for osmolarity changes in axenic cultures 

of A. castellanii include inorganic compounds like sodium 

chloride and magnesium chloride (Cordingley and Trzyna, 2008); 

however, these do not provide metabolic energy. González-

Robles et al. (2014) obtained similar results after incubating 

epithelial monolayers in a conditioned medium for 24 hours.  As 

growing Acanthamoeba in axenic media is problematic, 

researchers have examined additives that can enrich the media, 

including yeast RNA (Megha et al., 2017).  
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Changes in amino acids in the culture media of A. castellanii and 

related parasites have been investigated. Dolphin (1976) tested 

the amino acids in a culture medium before and after A. 

castellanii inoculation. A. castellanii exhibited selective utilization 

of amino acids in both cases; no amino acid was exhausted 

during normal population growth. Intracellular matrix analysis 

showed that alanine and proline were the most abundant free 

amino acids. A. castellanii can grow in a minimal medium 

(AMLIV) enriched with arginine, methionine, leucine, isoleucine, 

and valine as primary sources of nitrogen and vitamins, in 

addition to glucose as a carbon source (Dolphin, 1976).  

However, the secretion mechanisms of A. castellanii vary with 

the availability of protein (Gonçalves et al., 2018). 

Characterization of extracellular vesicles using dynamic light 

scattering analysis identified 179 proteins, with qualitative 

differences in amino acid metabolism. Serine proteases and 

metalloproteinases were predominant. Although the secretory 

mechanism of amoebas is unclear, the secretome profile of A. 

castellanii indicates a potential pathogenic role. Hong et al. 

(2018)  characterized the molecular and biochemical properties 

of the A. castellanii cysteine protease (AcCP). Sequence 

analysis revealed AcCP is a member of the cathepsin L family of 

cysteine proteases. The gene encoding AcCP was expressed 
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excessively during the parasite’s encystation phase. Cysteine 

proteases may have a role in A. castellanii encystment although 

their chemical properties and biological functions are unclear.  

In this study, we tested the hypothesis that A. castellanii induces 

functional changes in ocular cells. Identifying these changes 

might reveal new insights into the mechanism used by A. 

castellanii to infect and damage the ocular tissues. In order to 

reveal changes in CSCs before and after exposure to ACCM, 

elemental analysis and measurement of DNA concentration 

were used to examine changes in the composition of the 

supernatant from human CSCs-exposed to Acanthamoeba-

conditioned medium (ACCM). Amino acids analysis of ACCM 

was used to evaluate the importance of amino acids for parasite 

viability. Our data showed that ACCM culture had a significant 

effect on CSCs, resulting in changes in the composition of the 

supernatant of CSCs-exposed to ACCM, and in ACCM alone as 

well. These results provide further evidence to the extent of the 

cellular damage that can be caused by the secretome of A. 

castellanii. 
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4.2. Materials and Methods 

4.2.1 Preparation for analysis of the supernatant from CSCs-

exposed to ACCM 

The supernatants of CSCs-exposed to ACCM were prepared for 

analysis as described in detail in section 2.9. Briefly, CSCs were 

seeded in T-75 flasks at 5 x105 cells for 48 h, followed by 

treatment with 50% ACCM-M199 and incubated for 0, 3, 24 and 

48 h at 37°C. Cells cultured in the normal M199 medium were 

used as a control. Subsequently, the supernatants were 

harvested from culture flasks and transferred into new tubes, 

then stored at -80°C until required for analysis as detailed below.  

4.2.1.i Bicinchoninic acid assay (BCA) 

Following incubation times, a BCA protein assay was used to 

quantify the protein concentration in all cultures. Supernatants 

were obtained from both treated and untreated samples 

according to the manufacturer’s instructions (BCA/BSA, Thermo 

Scientific, USA) and described above in section 2.3. 

4.2.1.ii The DNA concentrations 

DNA concentrations from CSCs cultures were isolated using a 

ChargeSwitch® gDNA 1mL serum kit as per the manufacturer’s 

protocol (Thermo-Fisher Scientific, USA) and is described in 

section 2.10. 
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4.2.2 Elemental analysis 

Supernatants from CSCs-exposed to ACCM were prepared for 

analysis as described in section 2.9. Briefly, CSCs were seeded 

in T-75 flasks at 5 x105 cells/flask and incubated for 48 h, 

Cultures were then treated with 50% ACCM-M199 and incubated 

for a further 0, 3, 6, 24 and 48 h at 37°C. Cells treated with 

unconditioned M199 medium were used as controls. 

Subsequently, the culture supernatants were harvested and 

assessed for trace elements using ICP-MS (Thermo-Fisher 

iCAP-Q, Thermo-Fisher Scientific, UK) in accordance with the 

standard protocol used The University of Nottingham. This 

method was described in detail in section 2.12. 

4.2.3 Amino acid analysis for ACCM 

A. castellanii trophozoites were cultured as detailed in section 

2.2.1. The trophozoites were then adapted and grown in a 

normal medium of corneal cells (M199 or Epilife™) and 

incubated for 3 and 48 h. 3 mL of ACCM was collected and 

replaced with the same volume of medium at each incubation 

time. The supernatant of ACCM was filtered through a 0.2 μm 

filter and stored at -80°C until use. Trophozoites cultured in 

normal medium (NM) (M199 or Epilife) were used as controls. 

Amino acid analysis of ACCM was performed according to 

modified techniques described earlier (Schwarz, Roberts and 
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Pasquali, 2005). The method used in this experiment is 

described in section 2.13. 

4.2.4 Statistical analysis 

All statistical analyses were undertaken using GraphPad Prism 

version 7. Differences between mean concentrations of treated 

and untreated groups were determined by two-way variance 

analysis (ANOVA). Data are shown as mean ± SD, with 

statistical importance indicated by asterisks; P-value < 

(0.0001****, 0.001***, 0.01**, 0.05*). 
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4.3. Results 

4.3.1 Protein concentrations 

Data from the analysis of supernatant from CSCs-exposed to 

ACCM are shown in Table 4-1 and Figure 4-1. These results 

revealed a significant decrease in protein concentration in 

supernatants from treated cultures, particularly after 48 h, when 

compared with controls (M199 medium) (p-value = 0.0132). 

Table 4-1: Protein concentration in the supernatant of CSCs-
exposed to 50% ACCM, compared with control media, obtained 
using a BCA protein assay. The experiment was performed three 
times with four replicates per-experiment. 

* M199 medium without any A. castellanii secretome 

Conditioned medium Protein Concentration (µg/mL) 

Mean Standard 

Deviation 

Zero time (Baseline) 637.35 ± 18.47 

* Control – 3h 672.06 ± 21.97 

Treated – 3h 658.41           ± 6.90 

Control - 24h 796.24           ± 1.00 

Treated - 24h 787.072 ± 6.901 

Control - 48h 797.66           ± 7.06 

Treated - 48h 759.10           ± 8.19 
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Figure 4-1. Protein concentration in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 
3, 24 and 48 h at 37°C. Cells cultured in normal M199 medium were 
used as controls. Protein was quantified using a BCA protein assay, 
and absorbance was measured at 562nm. Two-way ANOVA 
detected a significant difference in the concentration of protein 
compared with untreated control at 48 hours (p-value = 0.0132). The 
experiment was performed three independent times with four 
replicates per-experiment. 

4.3.2 DNA concentrations in the supernatant of CSCs-

exposed to ACCM 

CSCs were incubated in 50% ACCM for 0, 3, 24 and 48 h at 

37°C. DNA concentration in the supernatant of CSCs-exposed to 

ACCM were measured to evaluate the effect of ACCM on CSCs 

and to see if any DNA was released from unhealthy stromal cells 

into the conditioned medium. The results showed that the DNA 

concentration in the supernatant of CSCs-exposed to ACCM 

was higher in the treated than the control medium throughout the 

48 h. However, no significant differences were detected when 

the incubation groups were compared to controls (Table 4-2 and 

Figure 4-2). These results illustrate that the concentration of 
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DNA in the treated media increased slightly above baseline from 

4.22 ng/µL after 3 h, to 4.44 ng/µL after 24 h and decreased to 

3.13 ng/µL after 48 h. DNA concentration in untreated controls 

followed the same trend over 48 h, but the remained below the 

baseline concentration of 2.28 ng/µL. 

 

Table 4-2: DNA concentration in the supernatant of CSCs-exposed to 
50% ACCM, compared with controls, obtained using a ChargeSwitch® 
gDNA 1mL serum kit. The experiment was performed three times with 
three replicates per-experiment. 

 

* M199 medium without any A. castellanii secretome. 

Conditioned  

Medium 

DNA Concentration (ng/µL) 

Mean Standard Deviation 

Zero time (Baseline) 2.28 ± 1.14 

* Control - 3h 2.17 ± 1.06 

Treated - 3h 4.22 ± 2.09 

Control - 24h 2.09 ± 0.86 

Treated - 24h 4.44 ± 1.48 

Control - 48h 1.19 ± 0.04 

Treated - 48h 3.13 ± 1.73 
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Figure 4-2. The concentration of DNA in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 
3, 24 and 48 h at 37 °C. Cells cultured in normal M199 medium 
were used as controls. The DNA concentrations were quantified 
using a ChargeSwitch® gDNA 1mL serum kit and measured by 
NanoDrop. Two-way ANOVA showed no significant differences 
between the concentration of DNA and the untreated controls. The 
experiment was performed three independent times with three 
replicates per-experiment. 

4.3.3 Elemental analysis 

Analysis results of the macro- and micro- elements in the 

supernatant of CSCs-exposed to ACCM, were determined using 

ICP-MS and shown in figures 4-3, 4-4 and 4-5. Statistical 

analyses revealed significant differences between the treated 

groups and untreated controls, including the macro-elements 

magnesium, phosphorus, sulphur, potassium, calcium and 

titanium (Figure 4-3 A and B), and the micro-elements lithium, 

vanadium, manganese, iron, cobalt, strontium, caesium and 

barium (Figure 4-4 A and B). The highest concentration of 
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while titanium and iead had the lowest concentrations (Figures 

4-3, 4-4 and 4-5).  

Significant differences in the concentrations of magnesium, 

phosphorus, calcium and titanium were detected between the 

control and treated media; being higher in the controls than the 

treated media throughout the 48 h. There was an increase in the 

concentration of sodium and potassium, but no significant 

differences were detected between the treated groups and 

controls after 3-48 h (figure 4-3 A and B). In figure 4-4 A and B, 

the concentration of manganese, iron, strontium and barium 

were higher in the controls than treated media throughout the 48 

h, but the opposite results were recorded for the concentration of 

vanadium and cobalt, which were significantly higher in treated 

groups than controls. The concentrations of potassium and 

caesium were also significantly higher in the treated groups than 

controls during the initial 0-3 h of exposure. No significant 

differences were observed between the treated and control 

groups for the other micro elements, which also showed either 

low or non-detectable concentrations (figure 4-5 A-C). 
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Figure 4-3 A. Analysis of the elements in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 
3, 6, 24 and 48 h at 37 °C. Cells treated with unconditioned M199 
medium were used as controls. The elemental analysis of culture 
supernatant was measured using ICP-MS. External calibration 
levels are in the range 0-100 mg L-1 at (ppm) for macro-elements. 
Two-way ANOVA detected some significant differences between the 
treated groups and untreated controls. The experiment was 
performed three times with 4 technical replicates per-experiment. 
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Figure 4-3 B. Analysis of the elements in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 
3, 6, 24 and 48 h at 37 °C. Cells treated with unconditioned M199 
medium were used as controls. The elemental analysis of culture 
supernatant was measured using ICP-MS. External calibration 
levels are in the range 0-100 mg L-1 at (ppm) for macro-elements. 
Two-way ANOVA detected some significant differences between the 
treated groups and untreated controls. The experiment was 
performed three times with 4 technical replicates per-experiment. 
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Figure 4-4 A. Analysis of the elements in the supernatant of 
CSCs-exposed to 50% ACCM. CSCs were incubated in 50% 
ACCM for 0, 3, 6, 24 and 48 h at 37 °C. Cells cultured in normal 
M199 medium were used as controls. The elemental analysis of 
culture supernatant was measured using ICP-MS. External 
calibration levels are in the range 0-100 μg L-1 at (ppb) for micro-
elements. Two-way ANOVA detected significant differences 
between the treated groups and untreated controls. The 
experiment was performed three times with 4 technical replicates 
per-experiment. 
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Figure 4-4 B. Analysis of the elements in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 3, 
6, 24 and 48 h at 37 °C. Cells cultured in normal M199 medium were 
used as controls. The elemental analysis of culture supernatant was 
measured using ICP-MS. External calibration levels are in the range 0-
100 μg L-1 at (ppb) for micro-elements. Two-way ANOVA detected 
significant differences between the treated groups and untreated 
controls. The experiment was performed three times with 4 technical 
replicates per-experiment. 
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Figure 4-5 A. Analysis of the elements in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 3, 6, 
24 and 48 h at 37 °C. Cells cultured in normal M199 medium were used 
as controls. The elemental analysis of culture supernatant was measured 
using ICP-MS. External calibration levels are in the range 0-100 μg L-1 at 
(ppb) for micro-elements. Two-way ANOVA detected no significant 
differences between the treated groups and untreated controls. The 
experiment was performed three times with 4 technical replicates per-
experiment. 
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Figure 4-5 B. Analysis of the elements in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 3, 6, 
24 and 48 h at 37 °C. Cells cultured in normal M199 medium were used 
as controls. The elemental analysis of culture supernatant was measured 
using ICP-MS. External calibration levels are in the range 0-100 μg L-1 at 
(ppb) for micro-elements. Two-way ANOVA detected no significant 
differences between the treated groups and untreated controls. The 
experiment was performed three times with 4 technical replicates per-
experiment. 
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Figure 4-5 C. Analysis of the elements in the supernatant of CSCs-
exposed to 50% ACCM. CSCs were incubated in 50% ACCM for 0, 3, 6, 
24 and 48 h at 37 °C. Cells cultured in normal M199 medium were used 
as controls. The elemental analysis of culture supernatant was measured 
using ICP-MS. External calibration levels are in the range 0-100 μg L-1 at 
(ppb) for micro-elements. Two-way ANOVA detected no significant 
differences between the treated groups and untreated controls. The 
experiment was performed three times with 4 technical replicates per-
experiment. 
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4.3.4 Analysis of amino acid in ACCM 

Amino acid analysis was carried out on ACCM that was 

generated using either M199 or Epilife medium. Following this, 

ACCM was collected in order to determine the amino acid 

content at 3 and 48 h, the normal medium (NM) (M199 or Epilife) 

was used as a control (Figures 4-6 A-B). The highest 

concentrations of amino acids found in ACCM-M199 were 

glycine, glutamic acid and leucine, accounting for approximately 

half of the total volume. These concentrations were higher after 

3 h, then decreased after 48 h of incubation, with significant 

differences between the incubation groups and control NM 

(Figures 4-6 A-B). The results also revealed that there were 

other amino acids in ACCM-M199 with different concentrations, 

including threonine, serine, asparagine, alanine, valine, cysteine, 

phenylalanine, lysine, methionine, isoleucine, and proline with 

significant differences between the treated groups and controls 

(Figures 4-6 A-B).  

However, the highest amino acid concentrations in ACCM-Epilife 

medium were glutamine and arginine - accounting for more than 

half of the total volume of ACCM-Epilife. There was an increase 

in the amount of arginine after 3 and 48 h incubation, but a 

decrease in amount of glutamine after 3 and 48 h. However, no 

significant differences were detected when the incubation groups 
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were compared to controls (Table 4-4 A, see Appendix A). Other 

amino acids were detected in ACCM-Epilife with different 

concentrations, including threonine, serine, asparagine, alanine, 

valine, citrulline, cysteine, phenylalanine, lysine, methionine, 

isoleucine, leucine, proline, glycine and glutamic acid. There 

were significant differences between the treated groups and 

controls (Figures 4-6 A-B). The remaining concentrations of 

amino acids and components containing amino acid in ACCM-

M199 or ACCM-Epilife were either present in small amounts, or 

not at all (Tables 4-3, 4-4, A-B, Appendix A). 
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Figure 4-6 A. Amino acid analysis of ACCM generated using either 
M199 or Epilife medium. ACCM was collected for determining the 
amino acid content at 3 and 48 h, the normal medium (NM) (M199 
or Epilife) was used as a control. Two-way ANOVA detected some 
significant differences between the treated groups and control 
media. The experiment was performed three times with 2 technical 
replicates per-experiment.  
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Figure 4-6 B.  Amino acid analysis of ACCM generated using either 
M199 or Epilife medium. ACCM was collected to determine the 
amino acid content at 3 and 48 h, the normal medium (NM) (M199 
or Epilife) was used as a control. Two-way ANOVA detected some 
significant differences between the treated groups and control 
media. The experiment was performed three times with 2 technical 
replicates per-experiment. 
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4-4. Discussion 

Acanthamoeba is a pathogenic protozoan that is capable of 

inducing cytotoxic effects on ocular cells. Acanthamoeba are 

metabolically active protozoa, and it is impossible to separate 

the metabolites of corneal cells and trophozoites post-infection, 

making it impossible to determine the effects of live 

Acanthamoeba trophozoites on the metabolism in corneal cells. 

The purpose of this study was to examine any functional 

changes in CSCs before and after exposure to ACCM. 

Elemental and DNA concentration analysis was used to compare 

changes in the composition of the conditioned medium from 

CSCs-exposed to ACCM. Although co-culture systems of 

different somatic cells have demonstrated beneficial effects in in 

vitro cultures, there is limited evidence on the effects of 

conditioned media on culture cells. Preliminary research has 

shown that co-culture systems are powerful in vitro tools for 

analysing tissue/cellular interactions and function; however, they 

often lack spatial resolution and fail to simulate the physiological 

environment (Wilson, Yang and El Haj, 2014). Ex-vivo organ 

culture can provide a more powerful model system for analysing 

the interactions of the parasites and human corneal cells, but 

drawbacks like cell migration, cell death, and the requirements of 

highly rich culture media limits the applications of these complex 
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techniques (Janin-Manificat et al., 2012; Deshpande et al., 

2015). Therefore, despite the limitations of co-culture systems, 

ex-vivo organ culture systems would be unfeasible for this study. 

The supernatant from CSCs-exposed to ACCM was examined 

for protein quantification using a BCA protein assay. Results 

revealed a low protein concentration in the culture supernatants 

of treated groups compared with untreated groups, particularly at 

48 h. This significant decrease in the concentration of protein 

suggests that exposure to ACCM may induce a reduction in the 

protein concentration of CSCs, or that the number of 

metabolically active CSCs has reduced, reducing the overall 

protein production by the cells compared to control. As 

mentioned earlier, proteases or proteolytic enzymes of 

pathogenic organisms have the ability to degrade several 

substrates of peptide bonds and protein for nutritional purposes 

(Lorenzo-Morales, Khan and Walochnik, 2015; Khan, 2006). 

Therefore, a reduced protein concentration in the conditioned 

medium of CSCs may be expected due to the degradation by 

ACCM, but the effects of A. castellanii growth on metabolic 

constituents of the culture medium remains an important matter 

to investigate. 

DNA concentration analysis was used to compare any changes 

in the composition of the supernatant of CSCs-exposed to 
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ACCM. Results revealed an increase in DNA concentration in 

the CSCs treated with ACCM, when compared with cells treated 

with the normal M199 medium throughout the 48 hours; 

however, a statistical analysis demonstrated that no appreciable 

difference was apparent between the DNA concentrations of the 

treated cells and the controls. From these findings, we can infer 

that ACCM did not directly affect the DNA concentration of CSC, 

but DNA concentrations in CSCs could be affected when 

treatment with ACCM at concentrations greater than 50%. An 

increase in DNA concentration would indicate DNA replication 

while a decrease would suggest the presence of DNases in the 

media or apoptosis (Nagata, 2000). Our results are consistent 

with previous research findings, which suggested that A. 

castellanii produce a cytopathic effect on human corneal 

fibroblasts after direct adhesion in ex vivo conditions, but not 

through chemical mediators (Takaoka-Sugihara et al., 2012). 

Cytopathic effects involve structural changes on the corneal cells 

as part of the pathogenesis, whereas cytotoxicity refers to the 

destruction of the cells due to exposure to chemicals and other 

agents. Takaoka-Sugihara et al. (2012) argues that the 

cytopathic effect correlates with DNA loss rather than DNA 

degradation or loss of viability. The ability to adhere to host cells 

and produce the cytopathic effect is directly correlated with the 

expression of proteins. However, this study went further to 
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determine that A. castellanii mainly killed corneal fibroblasts by 

apoptosis. This study involved determination of apoptotic corneal 

fibroblasts through the detection of DNA fragmentation. Further 

research has shown that major DNA fragmentation is a late 

event in apoptosis (Kim et al., 2003). Studies have also shown 

that conditioned culture medium was unable to lyse cells of the 

corneal epithelium by itself, since there was no evidence of cell 

damage or disorganization (Omaña-Molina et al., 2013). There 

was no analysis of DNA fragmentation in this study, which 

means that the DNA could have still been there in the same 

concentration. This is due to ineffective anti-apoptotic activities 

(Sixt et al., 2012) that may inhibit fragmentation, or the apoptosis 

process was still in the early stages. The decision was taken that 

elemental analysis may provide more in-depth insights on the 

structural changes in CSCs following incubation with ACCM. 

Elemental analysis of the supernatant from CSCs-exposed to 

ACCM revealed a significant difference between the CSCs cells 

treated with ACCM and cells cultured in normal M199 medium. 

The findings revealed a significant difference in the 

concentration of trace elements, with the un-conditioned media 

(control) exhibiting higher concentrations of magnesium, 

phosphorus, calcium, titanium, manganese, iron, strontium and 

barium, whereas the conditioned (treated) media contained 

higher concentrations of vanadium and cobalt. Additionally, the 
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highest concentrations of elements were for sodium, potassium 

and calcium, respectively. This indicates that ACCM alters the 

concentration of elements in the supernatant of CSCs, with a 

decrease in the concentrations of sodium and calcium, and an 

increase in potassium. Trace elements may affect cell growth in 

cultures, indicating the importance of monitoring elemental 

impurities and any changes that may affect the growth of target 

cells. Yet, it is unclear how different trace elements in the cell 

culture media affect metabolism and other upstream processes. 

According to Khan et al. (2000), proteases are powerful markers 

of differentiation in Acanthamoeba, both the pathogenic and the 

non-pathogenic species. However, Khan et al. (2000) 

demonstrated a clear distinction between protease activity in 

pathogenic and non-pathogenic A. castellanii, with the 

pathogenic species exhibiting higher protease activity compared 

to the non-pathogenic species. However, the findings in this 

study do not show whether ACCM induced the cells to release 

the trace elements into the medium. The existing literature 

shows that A. castellanii induces damage to different cell types 

via different mechanisms, for example, trophozoites of the 

pathogenic A. castellanii rapidly lyse various cells in vitro 

(Mattana et al., 1997). Their findings suggest that A. castellanii 

induces the release of soluble factors that elicit a cytosolic 
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increase in calcium ions in target cells. Low molecular weight 

amoeba metabolites induce the increase in calcium ions, but the 

phenomenon depends upon the transmembrane influx of 

extracellular calcium. Since calcium ions play a critical role in cell 

homeostasis, and the control of cellular responses such as 

apoptosis and cell proliferation, the findings indicate that 

elevated free calcium in the ACCM might play a critical role in 

damaging of the cells during infections with A. castellanii. Other 

pathogenic mechanisms include the alteration of in cytosolic 

calcium concentrations in A. castellanii, although the relative 

changes in trace elements are poorly characterized. 

Amino acid analysis of ACCM was also examined in this study to 

evaluate the importance of amino acids for parasite viability. We 

found that ACCM alone produced significant differences in the 

concentration of amino acids, when compared with either M199 

or Epilife, over a period of 48 hours.  The highest concentration 

was obtained for glycine, glutamic acid and leucine representing 

approximately a half of the total volume of ACCM-M199. There 

were significant differences between the incubation groups and 

controls. However, the highest concentrations of amino acids in 

ACCM-Epilife medium were glutamine and arginine which 

represented more than half of the total volume of ACCM-Epilife, 

but with no significant differences between the incubation groups 
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and controls. These amino acids are considered essential amino 

acids for Acanthamoeba growth.  

The amino acid profile of ACCM revealed an increase after 3 

hours and a decrease at 48 hours in most of the treated 

samples. This may have been due to the increase in the relative 

amount of amino acid produced by Acanthamoeba over the 

incubation time, but it may also result from increased growth 

rates. Only the amino acid concentration of glutamine showed a 

gradual decrease after 3 and 48 h in both ACCM-M199 and 

ACCM-Epilife media. This finding indicates that Acanthamoeba 

has a potential role to consume or remove amino acid glutamine 

from ACCM.  

Acanthamoeba species exhibit proteolytic activity associated 

with the need to degrade food substances. However, there is a 

correlation between pathogenicity and extracellular protease 

activity; with pathogenic Acanthamoeba exhibiting higher levels 

of extracellular protease activity (Lorenzo-Morales, Khan and 

Walochnik, 2015). A. castellanii produces serine proteases, 

cysteine proteases and metalloproteases, all of which facilitate 

host cell invasion. In this study, serine and cysteine, which play 

important roles in the pathogenesis of A. castellanii infection, are 

found in high concentrations in both ACCM-M199 and ACCM-

Epilife media. 
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These findings concur with other research literature which show 

that A. castellanii produce important proteases. A search of the 

literature reveals that several serine proteases, with molecular 

weights ranging from less than 20 kDa to over 200 kDa, have 

been identified; including MIP 133, a 133 kDa serine protease 

which plays a critical role in the pathogenic damage of 

keratocytes by A. castellanii (Tripathi and Alizadeh, 2014; Huang 

et al., 2017). Another study found that proteolytic enzymes 

secreted by A. castellanii are the key virulence factor influencing 

the severity of AK (Sant’ana et al., 2015). They found that the 

unique properties of serine proteases enhanced the invasion of 

corneal stroma by A. castellanii and facilitated the degradation of 

keratocytes. The observation of an elevated serine concentration 

in ACCM points to a direct functional role for serine proteases in 

A. castellanii infection (Dudley, Alsam and Khan, 2008). Overall, 

these findings demonstrate a strong link between extracellular 

serine protease and the pathogenesis, and virulence, of A. 

castellanii.  

Cysteine proteases also play a pivotal role during the early 

stages of A. castellanii infection (Leitsch et al., 2010). These 

findings are consistent with the observation that proteases 

present in trophozoites mediate proteolytic processes during the 

early stages of encystment. The use of a serine inhibitor (PMSF) 
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and a cysteine inhibitor (E64d) completely blocked proteolytic 

activity, showing the prominent role played by proteolytic activity 

in the pathogenesis of A. castellanii. Moreover, these findings 

suggest that protease could be a viable marker for the 

differentiation of A. castellanii. 

In summary, this study has examined potential functional 

changes in ocular cells following infection with A. castellanii. 

DNA concentration and elemental analyses indicated that ACCM 

culture had no direct influence on DNA concentration of CSCs 

cells. ACCM altered the elements in CSCs, with a change in the 

abundance of intracellular sodium, potassium and calcium. 

Results from the amino acid analysis revealed that A. castellanii 

secretes serine and cysteine proteases. In conclusion, ACCM 

from cultures of A. castellanii had a significant effect on CSCs, 

resulting in changes in the composition of the supernatant of 

CSCs-exposed to ACCM and in ACCM alone. 
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5. Chapter Five: Metabolomic changes in 

human primary corneal stromal cells 

following exposure to the secretome of 

Acanthamoeba castellanii 

5.1 Introduction 

Acanthamoeba keratitis, a severe sight-threatening corneal 

infection, is caused by Acanthamoeba castellanii T4 genotype 

(Marciano-Cabral and Cabral, 2003). In earlier chapters, the A. 

castellanii secretome was found to cause functional and 

structural changes in human stromal corneal cells (CSCs). 

Identifying the metabolic mechanism underpinning these 

changes may provide new insight into how A. castellanii 

damages ocular tissues. In the present study, a metabolomic 

analysis was undertaken to examine the metabolic changes that 

occur in CSCs exposed to the secretome of A. castellanii for 48 

hours.  

Metabolomic analysis focuses on nucleotides: purines and 

pyrimidines (Gerasimovskaya et al., 2008), which are both 

nitrogenous bases; purines are two-carbon nitrogen ring bases 

and pyrimidines are one-carbon nitrogen ring bases (Phillips, 

2018; Fragoso and Brooks, 2015). Nucleotides interact with 

various ocular structures including the aqueous humor and tears, 
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and high concentrations of nucleotides in ocular secretions may 

suggest disease states (Guzman-Aranguez et al., 2013). These 

nucleotides modulate the physiological and pathophysiological 

responses of ocular cells, even in vitro. As cells proliferate, 

synthesis of nucleotides increases to permit DNA replication and 

RNA production during various stages of the cell cycle (Guzman-

Aranguez et al., 2013; Sanderson et al., 2014; Lane and Fan, 

2015). Consequently, nucleotide biosynthesis consumes a lot of 

energy and ATP in multiple metabolic pathways which rely on 

nitrogen and carbon as basic organic precursors (Lane and Fan, 

2015).  

Studies of the regulation of mammalian nucleotide metabolism 

have shown that biosynthesis is allosterically regulated at both 

the transcription and enzyme levels (Lane and Fan, 2015). 

Studying the uses and interconversion of purine and pyrimidine 

bases can offer valuable information on nucleotide metabolism in 

human corneal stromal cells.  It is also worth noting that amino 

acids serve as nutrients to maintain cell survival, and mediate 

various regulatory pathways that control cell proliferation and cell 

death–although there is a paucity of information on this. 

Therefore, analysis of amino acid metabolism may help to 

determine how cell proliferation and cell death affect nucleotide 

metabolism under different growth conditions. Previous research 
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has shown that many of the factors regulating these processes 

interact with metabolic enzymes (Okumura et al., 2017; Marijnen 

et al., 1989; Quéméneur et al., 2003) finding that cysteine was 

necessary for the growth and survival of human corneal cells.  

Other studies have provided insight into the metabolomics of 

human corneal cells under various growth conditions (Kryczka et 

al., 2013; Snytnikova et al., 2017). It is possible for the 

intracellular metabolome, which is necessary to maintain tissue 

and cellular functions in physiological conditions, to change 

because of infectious and pathological conditions. It is also 

possible for observable changes in the metabolomic composition 

of the eye tissues to reveal the development of ophthalmic 

pathologies (Snytnikova et al., 2017). 

Metabolomic analysis of parasites and host organisms has 

specific relevance for explaining various features of parasitic 

biology along with how they interact with the host, and has been 

demonstrated to have significant benefits for identifying 

therapeutic targets and the biomarkers of disease, as well as 

determining the mode of action of drugs (Jeelani et al., 2012; 

Paget et al., 2013). Metabolomic analysis has the potential to 

generate beneficial data, facilitating the understanding of 

organisms’ molecular structure and the diseases they cause. 
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Hence, understanding metabolomics has particular importance 

and can be instrumental in identifying therapeutic targets. 

In this study, we tested the hypothesis that the A. castellanii 

secretome induces metabolic changes in ocular cells. Identifying 

these metabolic changes may provide new insight into the 

mechanism used by A. castellanii to infect and damage ocular 

tissues. A metabolomic analysis was used to detect changes in 

the metabolism in human CSCs after 48 hours, in the presence 

or absence of A. castellanii-conditioned medium (ACCM). The 

data showed elevated nucleotide metabolism after 48 hours in 

both the control and treated samples, when compared with 

samples at zero time (baseline). Metabolites in the treated 

samples were generally higher by 48 hours. We also detected a 

decrease in amino acids in the control samples after 48 hours, 

when compared with the baseline, which is suggestive of protein 

synthesis. Additionally, there was an increase in free amino 

acids by 48 hours in the treated samples, compared with the 

baseline, suggesting protein degradation.  
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5.2 Materials and Methods 

5.2.1 Experimental design 

The experimental design involved three biological groups: 

Time=0 group (T0), Time=48 h control group (T48hCTRL), and 

Time=48 h treated/infected group (T48hINF). The differences in 

metabolite levels between T0 and T48, for both control and 

treated samples, was assessed. The samples were separated 

into groups for analysis: T0 (A); T48hCTRL (B); T48hINF (C); a 

pooled sample, containing an aliquot from each sample, for 

quality control analysis (pooled); and a Matrix blank (blank 

samples). 

5.2.2 Experimental procedure and analytical methods 

CSCs were seeded in T-75 flasks at 5 x105 cells per flask and 

incubated for 48 h. The medium was then replaced with 10 mL of 

50% ACCM (ACCM-M199) and incubated for a further 0 h or 48 

h at 37°C. Cells treated with unconditioned M199 medium were 

used as controls. This method was detailed in section 2.9. 

Following incubation, the extraction of metabolites from CSC 

pellets was performed as described in section 2.9.2. The 

extracted metabolite samples were maintained at –80°C and 

transported in dry-ice for metabolomics analysis at Glasgow 

University.  
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5.2.3 Analytical platform 

Hydrophilic-interaction liquid chromatography was conducted by 

an Ultimate™ 3000-RSLC technique (Dionex™, Thermo 

Scientific, UK). This was undertaken with a ZIC®-pHILIC 

analytical column (150mm X 4.6mm, 5μm, Merck Sequant) 

(Villanueva et al., 2018). Samples were then eluted by a linear 

gradient (20 mM ammonium carbonate in water) for 26 min at a 

0.3 mL/min flow rate, while the column was maintained at 25°C. 

Prior to the 10 μL volume injection process the samples were 

kept at 5°C. For the mass spectrometry analysis, Thermo 

Orbitrap Q-Exactive (Thermo Fisher Scientific) was performed in 

polarity switching mode. To cover small metabolites, the 

calibration mass range was extended by including low-mass 

calibrants. Furthermore, the lock-mass correction was applied to 

each analytical run in order to improve calibration stability 

(Villanueva et al., 2018). 

5.2.4 Data processing 

The raw files, which were converted to negative and positive 

ionisation mode mzXML files, were subsequently analysed using 

IDEOM and PiMP with fragmentation data analysis software 

(Schwendner et al., 2018; Villanueva et al., 2018). All samples 

were loaded into the instrument by Dr Shellie Walsh and 

analysed by Dr Gavin Blackburn at Glasgow University. 
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5.3 Results 

5.3.1 Quality control (QC) 

The pooled samples were evaluated for reproducibility to assess 

the accuracy of the MS instrument used. Pooled samples 

containing an aliquot from every sample submitted for analysis. 

Figure 5-1 shows the minimum and maximum signals seen in 

the pooled samples, and the interquartiles to demonstrate the 

range, in both the negative and positive ionisation modes. This 

demonstrates the high reproducibility of the instrument over time.  

 

 
Figure 5-1. Total ion chromatograms for the pooled samples in 
positive ionisation mode (top) and negative ionisation mode (bottom) 
showing the high reproducibility of the instrument over time. The 
experiment was performed three times with 2 technical replicates per-
experiment. 
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5.3.2 Principal Component Analysis (PCA) 

To examine biological variation and the reproducibility of the 

analysis, PCA was performed using the 686 signals identified as 

likely metabolites for the complete sample set. Figure 5-2 shows 

all the biological replicates/samples; Figure 5-3 shows the 

experimental groups. 

 
Figure 5-2. The PCA plot of first and second main components 
computed for the full dataset. The graph was generated using 
MetaboAnalyst 4.0 on generalized log (glog), the transformed data 
was obtained using IDEOM. The samples were separated into groups 
for analysis: T0 (A); T48hCTRL (B); T48hINF (C); a pooled sample 
(pooled) for quality control analysis. The experiment was performed 
three times with 2 technical replicates per-experiment. 
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Figure 5-3. The PCA plot of first and second main components 
computed for the experimental samples. The graph was generated 
using MetaboAnalyst 4.0 on generalized log (glog); the transformed 
data was obtained using IDEOM. The samples were separated into 
groups for analysis: T0 (A); T48hCTRL (B); T48hINF (C); a pooled 
sample (pooled) for quality control analysis. The experiment was 
performed three times with 2 technical replicates per-experiment. 
 

The PCA plot in Figure 5-2 demonstrates the reproducibility of 

results from the pooled samples. Results from the biological 

samples also appear to be reproducible–as can be seen in the 

PCA in Figure 5-3.  
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5.3.3 Comparison of Time 0 (T0), Time 48h control 

(T48hCTRL), and Time 48h infected (T48hINF) 

We determined the difference in the metabolites of CSCs, prior 

to, and 48 h after exposure to A. castellanii secretome. Data was 

processed using the Polyomics integrated Metabolomics 

Pipeline (PiMP), and the pathway analysis tool was used to 

identify areas of difference in the metabolite profiles between the 

samples. The most relevant pathways were determined based 

on the PALS p-value and the assigned formulae were compared 

to the total pathway formulae. These values identify the 

pathways which are different between the two groups. The 

pathways are based on the KEGG maps.  

 

5.3.4 Nucleotide Metabolism 

Differences in nucleotide levels between the two time points 

were evident. In general, the pyrimidine and purine pathways, 

and their related metabolites, were higher in the T48hCTRL 

samples than in the T0 samples. These changes corroborate 

with the results of pathway analysis where aminoacyl-tRNA 

biosynthesis was the most affected pathway based on the PALS 

p-value (2.3E-04). Coverage of this pathway is good, with ~70% 

identified metabolites. Several of these metabolites were 

identified based on comparison to reference standards. These 

results, together with the annotated metabolites that cannot be 
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confirmed due to lack of standards, are listed in Table 5-1 

including their logFC values.  

A similar trend for these metabolites was observed when T0 and 

T48hCTRL were compared with T48hINF; however, the trend 

was more pronounced as shown in Table 5-1. The same 

differences were also observed using the pathway analysis, with 

aminoacyl-tRNA being the most affected pathway for T0 

compared with T48hINF (PALS p-value = 3.2E- 04); the second 

most-altered pathway for T48hCTRL compared with T48hINF 

(PALS p-value = 3.0E-05). These large increases may suggest 

cell death and DNA degradation.  

The abundance of some of the metabolites in Table 5-1 was 

lower in the 48hCTRL samples compared with the T0 samples 

due to the CSC metabolism. Notably, glutamine showed a 

significant reduction (logFC = –3.02). Glutamine plays a key role 

in energy metabolism, while some of its reduction may be 

attributed to increased production of nucleotides, it is likely that 

the cells are consuming any reserves of glutamine metabolite for 

various activities. Similarly, with the identified signal in the 

pentose phosphate pathway, the reduction is likely to be due to 

the depletion of the metabolic sources. This correlate with the 

reduction in ATP, one of the annotated metabolites. It should 

also be noted that several of these metabolites, such as CMP, 
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have low signal intensity and some caution should be exercised 

when drawing any conclusions from these results. It is likely that 

these small increases are due to cell proliferation.  

The opposite was observed for glutamine and CMP when 

comparing 48hINF with the T0 and 48hCTRL samples. Levels of 

both metabolites were higher in the 48hINF sample than in the 

other samples, whereas ATP, ADP and AMP levels were lower 

than those in the 48hCTRL samples, suggesting a reduction in 

glutamine usage and possibly a reduced energetic demand. This 

indicates that the smaller increase in nucleotides observed in 

48hCTRL samples, when compared with T0, may be due to 

nucleotide synthesis, with the large increase in the 48hINF 

samples being due to nucleotide degradation. 
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Table 5-1. The differences in nucleotide metabolism for the three 
sample groups. 

 

 

 

  Log Fold Change (logFC) 
Name! Formula! T48hCTRL (B) 

/Baseline (A) 
T48hINF (C) 

/Baseline (A) 
T48hINF (C) / 
T48hCTRL (B) 

Identification!

Cytosine! C4H5N3O! 3.19 4.38! 1.19! Identified 
Cytidine! C9H13N3O5 2.58 3.65! 1.07! Identified 

IMP! C10H13N4O8P 1.84 0.87! -0.97! Annotated 
AMP! C10H14N5O7P 1.68 1.1! -0.58! Identified 

dGMP! C10H14N5O7P 1.68 1.1 -0.58! annotated  
3'-AMP! C10H14N5O7P 1.68 1.1 -0.58! annotated  

UDP! C9H14N2O12P2 1.16 0.24! -0.92! annotated  
Inosine! C10H12N4O5 1.13 1.35! 0.22! identified+fragment 

Adenosine! C10H13N5O4 1.11 2.69! 1.58!  Identified 
Deoxyguanosine! C10H13N5O4 1.11 2.69! 1.58! annotated  

Uracil! C4H4N2O2 1.03 1.21! 0.18! annotated  
Adenine! C5H5N5 1.01 2.32! 1.31! annotated+fragment  

Guanosine! C10H13N5O5 0.99 2.49! 1.5! Identified 
Pseudouridine! C9H12N2O6 0.95 1.25! 0.3! Annotated 

Uridine! C9H12N2O6 0.95 1.25! 0.3! Identified 
Guanine! C5H5N5O 0.8 1.9! 1.11! Identified 

UDP-glucose! C15H24N2O17P2 0.74 -0.6! -1.34! annotated  
dGDP! C10H15N5O10P2 0.4 0.13! -0.27! annotated+fragment 

Adenosine 3',5'- bisphosphate! C10H15N5O10P2 0.4 0.13! -0.27! annotated+fragment  
ADP! C10H15N5O10P2 0.4 0.13! -0.27 annotated+fragment  

3-Ureidopropionate! C4H8N2O3 -0.05 1.62! 1.67! annotated  
Hypoxanthine C5H4N4O -0.17 0.25! 0.42! identified+fragment  

GDP C10H15N5O11P2 -0.22 0.16! 0.39! Annotated 
alpha-D-Ribose 1-phosphate C5H11O8P -0.34 -0.19! 0.15! Annotated 

D-ribose 5-phosphate C5H11O8P -0.34 -0.19 0.15! Identified 
CMP C9H14N3O8P -0.72 0.87! 1.59! Identified 

3'-CMP C9H14N3O8P -0.72 0.87 1.59! Annotated 
Guanosine triphosphate C10H16N5O14P3 -0.8 -0.81! -0.01! Annotated 

CTP C9H16N3O14P3 -0.95 -0.81 0.14! Annotated 
UTP C9H15N2O15P3 -0.97 -1.53! -0.55! Annotated 
ATP C10H16N5O13P3 -1.17 -1.12! 0.05! Annotated 

dGTP C10H16N5O13P3 -1.17 -1.12 0.05! Annotated 
L-Glutamine C5H10N2O3 -3.02 0.69! 3.71! Identified 

3-Ureidoisobutyrate C5H10N2O3 -3.02 0.69 3.71! Annotated 
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5.3.5 Amino Acid Metabolism 

Amino acid metabolism was investigated in the treated and 

untreated samples to determine if changes in nucleotide 

metabolism were due to cell proliferation or cell death. The 

growth medium was not changed throughout the course of the 

experiment meaning that finite resources were available to the 

cells. Therefore, any direction of change in levels of the amino 

acids may be indicative of protein synthesis (a reduction in the 

abundance of amino acids) or protein degradation (an increase 

in the abundance of amino acids). In general, there was a 

reduction in the abundance amino acids observed at T48hCTRL 

when compared with T0 (see Table 5-2). This correlates well 

with the changes observed in nucleotide biosynthesis, with cell 

proliferation being the likely cause.  

The opposite was generally seen for the 48hINF samples, when 

compared with both the T0 and 48hCTRL samples. Amino acid 

levels were higher than in T0 including valine, methionine, 

phenylalanine, lysine, leucine and tryptophan–all identified using 

authentic standards. As these are all essential amino acids for 

humans, this is indicative of protein degradation and likely cell 

death. In addition, the most changing amino acid metabolisms 

were D-Glutamine, L-Glutamine, and isoglutamine in T48INF 

after 48 hours when compared with both T0 and T48hCTRL 
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(Table 5-2). These large increases of amino acids in T48hINF 

may suggest cell death and DNA degradation. 

The metabolite oxoadipic acid which showed a small increase in 

the 48hCTRL samples compared with T0, and a much larger 

increase in 48hINF samples compared with T0 and T48hCTRL.  
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Table 5-2 Log fold-change data of differential amino acid metabolites of the 
three sample groups, identified and annotated in the dataset by PiMP. (see 
appendix B for the complete table). 

  Log Fold Change (logFC) 
Name! Formula! T48hCTRL (B) 

/Baseline (A) 
T48hINF (C) / 
Baseline (A) 

T48hINF (C) / 
T48hCTRL (B) 

Identification!

L-Glutamine! C5H10N2O3 ! -3.02 0.69! 3.71! identified  
D-Glutamine! C5H10N2O3  -3.02 0.69! 3.71! annotated  
Isoglutamine! C5H10N2O3  -3.02 0.69! 3.71! annotated  

Betaine! C5H11NO2  -2.69 1! 3.69! identified+fragment  
Creatinine! C4H7N3O  -2.27 -1.54 0.73! identified  

5-Oxo-D-proline! C5H7NO3  -2.21 0.25! 2.46! annotated  
L-Glutamate! C5H9NO4  -1.66 -0.66! 1.01! identified+fragment  

DL-Glutamate ! C5H9NO4  -1.66 -0.66! 1.01! annotated+fragment  
D-Glutamic acid! C5H9NO4  -1.66 -0.66! 1.01! annotated+fragment  

O-Acetyl-L-serine ! C5H9NO4  -1.66 -0.66! 1.01! identified+fragment  
L-Threonine! C4H9NO3  -1.54 0.48! 2.02! identified+fragment  

L-Allothreonine C4H9NO3  -1.54 0.48! 2.02! annotated+fragment  
L-Proline C5H9NO2 -1.53 0.19! 1.72! identified+fragment 
D-Proline C5H9NO2  -1.53 0.19! 1.72! annotated+fragment  
Taurine C2H7NO3S  -1.14 1.3 2.44! identified 

L-Histidine  C6H9N3O2  -1.11 0.42! 1.54! annotated  
L-Serine C3H7NO3  -0.98 -0.3 0.67! identified 
D-Serine C3H7NO3  -0.98 -0.3! 0.67! annotated  

S-Adenosyl-L-methionine C15H22N6O5S  -0.96 -0.24 0.72! annotated+fragment  
L-Leucine ! C6H13NO2 ! -0.9 0.21! 1.1! identified 

(3R)-beta-Leucine! C6H13NO2  -0.9 0.21! 1.1! annotated  
Beta-Tyrosine ! C9H11NO3  -0.78 0.39! 1.17! annotated+fragment  

N-Hydroxy-L-phenylalanine ! C9H11NO3  -0.78 0.39 1.17! annotated+fragment  
L-Tyrosine! C9H11NO3  -0.78 0.39 1.17! annotated+fragment  
L-Tyrosine! C9H11NO3  -0.66 0.38! 1.04! annotated 
L-Arginine! C6H14N4O2  -0.53 0.04! 0.57! identified 
D-Arginine! C6H14N4O2  -0.53 0.04! 0.57! annotated  

L-Methionine! C5H11NO2S  -0.42 0.85! 1.26! identified+fragment  
L-Tryptophan! C11H12N2O2  -0.41 0.32! 0.73! identified 

L-Valine! C5H11NO2  -0.38 0.33! 0.72! identified 
L-Phenylalanine! C9H11NO2  -0.35 0.72! 1.07! identified+fragment  
D-Phenylalanine ! C9H11NO2  -0.35 0.72! 1.07! annotated+fragment  

L-Asparagine ! C4H8N2O3  -0.05 1.62! 1.67! identified 
L-Lysine  C6H14N2O2  -0.03 0.43! 0.47! identified 
D-Lysine C6H14N2O2  -0.03 0.43! 0.47! annotated  

Glutathione C10H17N3O6S  0.72 0.84 0.12! annotated+fragment  
Oxoadipic acid! C6H8O5  2.74 5.75 3.01! annotated  
Citraconic acid! C5H6O4  2.96 6.16! 3.2! annotated  

2,5-Dioxopentanoate! C5H6O4  2.96 6.16! 3.2! annotated 
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5.3.6 Clustering analysis of the identified metabolites 

The amino acid metabolism heat map (Figure 5-4), defined by 

KEGG, was used to filter the differentially identified metabolites 

within PiMP. This data was exported to an Excel file and 

modified to match the format required for Metaboanalyst upload. 

Once uploaded the data was log transformed and range scaled. 

The heatmap was then plotted using a Euclidean distance 

measure, the Ward clustering algorithm, of the original data with 

no normalisation and was standardised by autoscaling across 

the features. Figure 5-5 shows the heatmap of the metabolites 

involved in nucleotide metabolism, as defined by KEGG 

depending on the most differentially abundant metabolites. As 

shown in figures 5-4 and 5-5, the obtained results are divided 

into three groups, T0, T48h control and T48h treated samples. 

Metabolites indicated by a dark brown colour are upregulated, 

while the metabolites indicated by a dark blue colour are 

downregulated. In these figures, the rows represent the list of 

metabolites and columns represent the number and types of the 

analysed samples. Differences in amino acid and nucleotide 

levels between the two time points were evident, when T0 and 

T48hCTRL were compared with T48hINF (Figures 5-4 and 5-5). 

The general trend shows a decrease in amino acid and 

nucleotide levels and their related metabolites at T48h in the 
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treated sample. For instance, the amino acids with the most 

altered metabolisms were D-Glutamine, L-Glutamine, and 

isoglutamine at 48 h post treatment when compared with both 

base line T0 and control samples at 48 h post treatment (Figure 

5-4). These significant increases of amino acids at 48 h post 

treatment suggest cell death and DNA degradation. However, as 

shown in figure 5-5, the levels of glutamine and CMP were 

higher in the 48hINF sample than in the other samples, whereas 

ATP, ADP and AMP levels were lower than those in the 

48hCTRL samples, suggesting a decrease in glutamine usage 

and possibly a reduced energetic demand. This indicates that 

the smaller increase in nucleotides observed in the 48hCTRL 

samples, when compared with T0, may be attributed to 

nucleotide synthesis, with the large increase in the 48hINF 

samples possibly being due to nucleotide degradation. 
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Figure 5-4.  Heatmap showing the clustering of metabolites involved in 
amino acid metabolism. Rows represent the list of metabolites and 
columns represent the number of analysed samples. The experiment 
was performed three times with 2 technical replicates per-experiment. 
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Figure 5-5. Heatmap showing the clustering of metabolites involved in 
nucleotide metabolism. Rows represent the list of metabolites and 
columns represent the number of analysed samples. The experiment 
was performed three times with 2 technical replicates per-experiment. 

5.4 Discussion 

This research aimed to detect changes in the metabolism of 

CSCs following 48 hours incubation with the secretome of A. 
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castellanii. We tested the hypothesis that exposure of CSCs to 

A. castellanii secretome would result in alterations in cellular 

metabolism. In the present study, significant changes were 

detected in the metabolites related to nucleotides and amino 

acids. We also detected an increase in nucleotide metabolites 

after 48 hours, in both the control and treated CSCs, which was 

generally greater in 48hINF. This finding is consistent with the 

results for pathway analysis based on the PALS p-value, which 

shows that the most changing pathway was aminoacyl-tRNA 

(aa-tRNA) biosynthesis (Table 5-1). Studies of aa-tRNA 

synthesis have led to a deeper understanding of the synthesis of 

these translation substrates, from both chemical and structural 

perspectives (Ibba and Söll, 2000). Every amino acid has a 

specific aa-tRNA synthetase which catalyzes the coupling of 

tRNA to the cognate amino acid. The biosynthesis of aa-tRNA 

involves two steps: adenylation of amino acids to form 

aminoacyl-AMP and transferring the amino acid moiety to tRNA 

(Ibba and Söll, 2000). However, opposing evidence suggests 

that, whereas free amino acids act as precursors for protein 

synthesis, cells poorly utilize exogenous aa-tRNAs. This may be 

because of the structural organization of cells in vivo, rather than 

leakage from the cells, cellular instabilities or cell damage 

(Negrutskii and Deutscher, 1991). Unfortunately, as noted in 
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Table 5-1, the lack of a standard for annotated metabolites 

makes it difficult to confirm the results.  

Similar results, though more pronounced, were detected for the 

metabolites when T0, T48hCTRL, and T48hINF were compared. 

The results concurred with the findings from the pathway 

analysis. The aa-tRNA exhibited the highest variation in T0 

compared with T48hINF; with the second-highest variation in 

T48hCTRL compared with T48hINF. The large increase in aa-

tRNA levels may indicate cell death and DNA degradation (Hou 

and Yang, 2013). However, glutamine, which plays an essential 

role in energy metabolism, decreased significantly in samples at 

48 hours (see Table 5-1). The decreasing levels of glutamine 

may have been due to increased cellular uptake, as well as its 

utilization for nucleotide biosynthesis. However, the identification 

of the pentose phosphate pathway signal suggested that the 

depletion of glutamine in the medium could explain the reduced 

levels observed in these experiments. These findings are 

consistent with the observed reduction in ATP, as ATP synthesis 

is the primary source for glucose metabolism in cells (Fan et al., 

2013). 

In this study, an analysis of amino acid metabolism was 

necessary to determine if there was an association between the 

changes in nucleotide metabolism and cell proliferation or death. 
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The corneal cells were incubated with or without ACCM without 

changing the growth medium for 48 hours, which created a 

condition of limited nutrient resources available to the cells. The 

limitation of resources meant that any change in amino acid 

levels would be indicative of either protein synthesis (if the amino 

acid levels decreased) or protein degradation (if amino acids 

were abundant). Our results revealed a decrease in amino acid 

levels in 48hCTRL compared with T0 (Table 5-2), which 

suggests protein consumption by the growing healthy/control 

cells. These findings correlate with the observed changes in 

nucleotide biosynthesis which result from cell proliferation. 

However, the 48hINF samples showed an increase in amino 

acid levels compared with T0–including those essential for 

humans such as valine, methionine, phenylalanine, lysine, 

leucine, and tryptophan (Table 5-2). These results are indicative 

of protein degradation due to cell death. The finding was 

informative as it showed cell death after 48 hours of infection. In 

general, there was an increase in the abundance of amino acids 

observed in 48hINF when compared with both the T0 and 

48hCTRL. For instance, glutamine level in 48hINF was higher 

than in T0 or 48hCTRL. This suggesting that ACCM induces 

protein degradation in T48INF by utilizing serine proteases 

(Dudley, Alsam and Khan, 2008; Sant’ana et al., 2015), 

increasing amino acids. This is indicative of protein degradation 
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and likely cell death. The opposite is seen for ACCM analysis in 

chapter four. Generally, the concentrations of most amino acids 

were highest in the first 3 hours. However, they decline within 48 

hours of incubation, but the glutamine level was decreased at 

both 3 and 48 hours, suggesting that Acanthamoeba utilizes 

amino acids particularly glutamine for rapid growth, 

development, and multiplication.  

Oxoadipic acid is one of the annotated metabolites of special 

interest in this study. Our results revealed a small increase in the 

oxoadipic acid metabolite in the 48hCTRL samples, when 

compared with T0, and a much larger increase in 48hINF 

samples compared with T0 and T48hCTRL. Existing research 

shows that patients with Kearns-Sayre Syndrome (KSS), a 

progressive condition caused by defects in mitochondria that 

mainly affects the eyes leading to retinopathy, tend to present 

with 2-oxoadipic aciduria (Barshop et al., 2000). The 2-oxoadpic 

aciduria in KSS patients could be attributed to abnormally high 

levels of protein in the cerebrospinal fluid (CSF), perhaps due to 

disorders in the metabolism of amino acids. However, it was 

unclear whether this was related to AK because retinopathy 

involves the back of the eye and not the cornea. The clinical 

signs of AK include the degradation of corneal components 

(Lorenzo-Morales, Khan and Walochnik, 2015). Changes in the 
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posterior region of the eye, such as the retina and optic nerve, 

are rare (Illingworth and Cook, 1998). The annotation of the 

oxoadipic acid signal and the relationship of this metabolite to 

eye disease in other research merits further investigation.  

In summary, the present study demonstrated that cell-free 

secretomes from A. castellanii T4 genotype strain cultures 

induced metabolic changes in CSCs, causing a reduction in cell 

viability and increased cell death. We found a decrease in amino 

acid levels in control samples at 48 hours compared with 

baseline samples, suggesting more protein turnover as cell 

grow; while increased levels of free amino acids at 48 hours in 

treated samples compared with baseline samples suggested 

protein degradation and cell death. We also observed an 

increase in nucleotide metabolism at 48 hours in both the control 

and treated samples, when compared with samples at baseline. 

This increase was much greater in the treated samples. The 

metabolite oxoadipic acid is known to be associated with 

ophthalmoplegia, retinopathy, and elevated CSF protein, was 

detected in this study. In conclusion, secretomes from A. 

castellanii cultures caused a significant impact on CSCs, 

resulting in changes in the levels of metabolites related to 

nucleotides and amino acids that ultimately led to a reduction in 

cell viability and increased cell death. 
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6. Chapter Six: Differential effects of 

nanoparticles on A. castellanii and human 

corneal cells 

6.1 Introduction 

Acanthamoeba keratitis (AK) is a serious infection of the cornea, 

for which there are no standard treatment procedures (Marciano-

Cabral and Cabral, 2003; Lindsay et al., 2007). Treatment 

requires prolonged dosage regimens and the use of multiple 

drugs in some cases, with various drugs being proposed for the 

treatment of A. castellanii infection. However, treatment is limited 

by a number of challenges including: a prolonged period of 

therapy; the drugs’ toxicity to the cornea; and the fact that 

trophozoites are morphologically transformed into cysts, which 

are more difficult to kill (Niyyati, Dodangeh and Lorenzo-Morales, 

2016). Treatment outcomes can also fail as some patients may 

not comply with the lengthy treatment duration. Given the current 

limitations of anti-Acanthamoebic drugs, there is an urgent need 

for new therapeutic agents and approaches. 

Cerium oxide nanoparticles (CeO2NPs) have demonstrated 

antimicrobial properties against bacteria (Kannan and 

Sundrarajan, 2014; Babenko et al., 2012), protozoa (Jacob 

Inbaneson and Ravikumar, 2013) and viruses (Zholobak et al., 
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2010). This nanoparticle metal oxide is regarded to have 

significant antimicrobial action activities, and it offers plausible 

efficiency in removing pathogens from different environments. 

This is due to the ability of CeO2NPs to self-generate, which is 

enabled by redox-cycling between 3+ and 4+ states (Xue et al., 

2012; Cassee et al., 2011). This gives CeO2NPs variable 

properties of both being an effective scavenger of reactive 

oxygen species and cause extensive elevation of reactive 

oxygen species (ROS), leading to cell death or apoptosis. These 

characteristics of CeO2NPs are significant in biomedical 

applications.  

In order to detect intracellular antimicrobial activities, a cell must 

first be permeabilized. It has been shown that CeO2NPs induce 

permeabilization of biological membranes (Bellio et al., 2018), 

permeabilization allows an increase in the diffusion of 

antimicrobials, which enhances the availability of the therapeutic 

agent. In addition, due to their smaller size, CeO2NPs can more 

easily penetrate the microbial cell membrane and interact with 

the intracellular components and enhance their antimicrobial 

efficacy. This includes changing and damaging the microbial cell 

membrane and generating ROS, obstructing cellular proteins 

and reducing replication of DNA, ultimately killing the pathogen 

(Aderibigbe, 2017; Farias, Santos and Sampaio, 2018). 
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However, there are other factors to consider in the treatment of 

A. castellanii using CeO2NPs, such as how to target the 

encystment process to interrupt the organism encystaion or 

prevent the formation of cysts.  

CeO2NPs effectiveness as an antimicrobial been demonstrated, 

and they have been suggested for treating numerous diseases. 

CeO2NPs have exhibited antioxidant activities in various 

mammalian cell lines, due to their ability to scavenge ROS in an 

enzyme-mimetic manner, and have demonstrated a potential for 

treating a number of ocular conditions – including cataract and 

retinal diseases (Chen et al., 2006; Hanafy et al., 2019). 

CeO2NPs can reduce oxidising stress within cells, indicating a 

therapeutic potential for treating human inflammation (Zheng et 

al., 2019; Hirst et al., 2009), and treating neovascularization-

related ophthalmic diseases.  

Nevertheless, potential risks connected with CeO2NPs are 

apparent in environmental and biomedical areas (Booth et al., 

2015; Schwotzer et al., 2017; Koehlé-Divo et al., 2018). The 

cause of these is usually the greater surface-to-volume ratio, 

dose and time dependency, which have the potential to increase 

the particles’ reactivity or catalytic impacts. Studies that have 

explored CeO2NPs’ effects on human/animal cells have found 

varying levels of vulnerability to cytotoxicity (Schwotzer et al., 
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2017; Rajeshkumar and Naik, 2018). These studies claim that 

inhaling CeO2NPs carries a greater risk than does ingesting, 

because the intestine has some ability to absorb them, but the 

lungs do not. However, there is a possibility of these particles 

penetrating the inner cellular constituents due to intercellular 

agglomeration and/or the size of the particle (Pešić et al., 2015). 

It is necessary to test the potential cytotoxicity of many cultured 

cells with CeO2NPs in vitro, as well as to conduct in vivo studies 

for assessing the particles’ biosafety and biocompatibility.  

Despite the therapeutic value of CeO2NPs, no research has 

been published on their activity against A. castellanii and corneal 

cells. The current study is the first to examine the effect of 

cerium oxide nanoparticles (CeO2NPs) on both A.  castellanii 

and corneal cells cultured in vitro. We examined the effect of 

CeO2NPs on A. castellanii and corneal cells viability using an 

alamarBlue® assay, and on cell proliferation using a SRB assay, 

absolute cell counting of A.  castellanii, immunofluorescent 

staining of actin and acridine orange (AO) staining. Transmission 

Electron Microscopy (TEM) was used for tracking the 

accumulation of the particles, and identifying changes in cellular 

ultrastructure in A. castellanii, following exposure to CeO2NPs. 

The data showed a significant dose-dependent reduction in cell 

proliferation and viability; and effects on the morphology, of A. 
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castellanii. Interestingly, CeO2NPs had no significant effect on 

corneal cells, and up to 200 μg/mL with no indications of a 

decrease in viability, proliferation or damage to actin. 
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6.2 Materials and Methods 

6.2.1 Corneal cell culture 

CSCs, or ihCECs, were cultured in M199, or EpiLife™ medium, 

respectively, as described in sections 2.1.2.and 2.1.1.  

6.2.2 Acanthamoeba castellanii culture 

A. castellanii trophozoites were cultured in PYG media as 

described in section 2.2.1.  

6.2.3 Antimicrobial activity of nanoparticles  

All nanoparticles (NPs) used in the present study were obtained 

as powder nanoparticles (size, 2-5 nm) from the School of 

Science and Technology, Nottingham Trent University, UK. 

6.2.3.i Preparation of NP stock solutions 

Silver (AgNP), cerium oxide (CeO2NP) and selenium (SeNP) 

nanoparticle stock solutions were prepared using the protocol 

described in section 2.12. These NPs were used to test their 

effects on A. castellanii and corneal cells as described below. 

6.2.3.ii In vitro anti-Acanthamoebic activities of NPs 

We examined the effect of NPs on A. castellanii trophozoites and 

corneal cells using the methods described in sections 2.13.4 and 

2.14.1. A. castellanii, or corneal cells, were incubated in AgNPs, 

CeO2NPs and SeNPs at doses of 100, 200 and 400 µg/mL in 96-
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well plates for 3, 6, 24 and 48 h, at 25 °C for A. castellanii and at 

37 °C for corneal cells. Untreated wells were used as controls. 

Following incubation, SRB assays were employed to measure 

the proliferation rate of A. castellanii as detailed in section 2.4.3.  

6.2.4 In vitro anti-Acanthamoebic efficacy of CeO2NPs 

A. castellanii trophozoites were cultured in PYG media as 

detailed in section 2.2.1. Trophozoites were into T-25 flasks at a 

density of 2 x105 trophozoites and 96-well plates at 3 x103 

trophozoites. They were then incubated in various 

concentrations of CeO2NPs (100, 200, 300, and 400 μg/mL) at 

25°C for 3, 6, 24, and 48 h as detailed in section 2.13.1 for cell-

counting and imaging/microscopy, and section 2.13.4 for the 

SRB assay. Following incubation, the effects of CeO2NPs were 

tested in A. castellanii as described below. 

6.2.4.i Viability assay  

Following incubation, the effect of CeO2NPs on the proliferation 

rate of A. castellanii was determined using a SRB assay as 

described in section 2.4.3. 

6.2.4.ii Trophozoite counting 

Cell counting was performed using a haemocytometer and 

verified with an inverted microscope (Medline Scientific, CETI, 

UK) as described in section 2.13.1.i. 
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6.2.4.iii Microscopic examination 

Following incubation in CeO2NPs, as described in section 

2.13.1, the effects of CeO2NPs on the viability rate of A. 

castellanii were determined by microscopy and imaging at high 

and lower magnification (500 μm and 100 μm), using an inverted 

microscope (Leica DMIL, CMS, Germany). 

6.2.5. Transient exposure of A. castellanii to CeO2NPs 

The short-term effects of high and low concentrations of 

CeO2NPs on A. castellanii were investigated using SRB assays 

and cell counting. Trophozoites were cultured in T-25 flasks at 2 

x105 trophozoites, and 96-well plates at 3 x103 trophozoites. 

They were then exposed to different concentrations of CeO2NPs 

(100, 200, 300 and 400 μg/mL) for a period of 1 h. The dose-

effects at these concentrations were determined in earlier 

experiments using a SRB assay and cell counting. Trophozoites 

were cultured in T-25 flasks and 96-well plates (Nunc, Thermo 

Fisher Scientific, USA), as described above, and then exposed 

to high concentrations of CeO2NPs (500 and 1000 μg/mL) for 

one h. Following incubation, the supernatants were discarded 

and trophozoites were gently rinsed twice with PBS to remove 

residual external CeO2NPs, and re-incubated in fresh PYG 

medium for 48 h at 25°C. For examining A. castellanii cells’ 
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proliferation, SRB assays and cell counting were conducted as 

described in sections 2.4.3 and 2.13.1.i, respectively. 

6.2.6. Tracking the intra-acanthamoebic accumulation of 

CeO2NPs with TEM 

A. castellanii trophozoites were conventionally cultured in a PYG 

medium, seeded into T-75 cm2 flasks, and then treated with 400 

μg/mL of CeO2NPs, as mentioned in section 2.13.1. The flasks 

were then incubated at 25°C for 0, 24, and 48 h. Following 

incubation, TEM analysis was performed to characterise the 

changes in ultrastructure that occurred in trophozoites after 0, 

24, and 48 h of CeO2NP treatment, as detailed in section 2.7.  

6.2.7. The effect of CeO2NPs on actin and the cellular 

structure of A. castellanii 

The effect of CeO2NPs on the A. castellanii cytoskeleton was 

determined using immunofluorescent staining of A.  castellanii 

actin. Acridine orange (AO) staining was used to detect changes 

in the nucleus, as described in sections 2.13.3. 

6.2.8. Anti-encystation effect of CeO2NPs 

The inhibition of A. castellanii encystation following exposure to 

various doses of CeO2NPs (100, 200, 300 and 400 µg/mL) at 

25°C for 48 h was examined using the encystation assay 

described in section 2.13.5.  
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6.2.9. In vitro toxicity of CeO2NPs in CSCs and ihCECs 

6.2.9.i Viability assays 

ihCECs or CSCs were seeded in 96-well plates, as described in 

sections 2.1.3 and 2.4., then incubated in various concentrations 

of CeO2NPs (100, 200, 300, and 400 μg/mL) at 37°C for 3, 6, 24, 

and 48 h, as described in section 2.14.1. Following incubation, 

the cytotoxic effects of CeO2NPs on the viability of CSCs and 

ihCECs were examined using alamarBlue® as detailed in section 

2.4.1. SRB assays were used to assess proliferation as 

described in section 2.4.3. 

6.2.9.ii Transient exposure of corneal cells to CeO2NPs 

The short-term effect of high and low concentrations of 

CeO2NPs on corneal cells was examined using both the 

alamarBlue® and SRB assays. CSCs or ihCECs were cultured 

and then seeded in 96-well plates as described in sections 2.1.3 

and 2.4. They were then exposed to different concentrations of 

CeO2NPs (100, 200, 300 and 400 μg/mL) for a period of 1 h. 

Both corneal cell types were also seeded in 96-well tissue-

culture plates, as above, and exposed to high concentrations of 

CeO2NPs (500 and 1000 μg/mL) for 1 h. Following incubation, 

the supernatants were removed. Samples were gently rinsed 

twice with PBS to remove residual external CeO2NPs, then re-

suspended in fresh media (M199 for CSCs or Epilife™ for 
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ihCECs) and incubated for 48 h at 37°C. AlamarBlue® and SRB 

assays were used to examine cell viability and proliferation, as 

described in sections 2.4.1 and 2.4.3. 

6.2.9.iii The effect of CeO2NPs on actin and the cellular structure 

of CSCs and ihCECs 

The effects of CeO2NPs on CSCs and ihCECs were examined 

using immunofluorescent staining of actin and AO staining of the 

nucleus, as previously mentioned in section 2.14.2. 

6.2.10 Statistical analysis 

Data analysis was undertaken by applying the GraphPad Prism 

version 7. A two-way variance analysis ANOVA was used to 

reveal statistical differences between mean concentrations of 

treated and untreated groups. Data are indicated as mean ± SD, 

with statistical importance being depicted by asterisks; P-value < 

(0.0001****, 0.001***, 0.01**, 0.05*). 
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6.3 Results 

6.3.1 Differential toxic effects of NPs on A. castellanii and 

corneal cells 

The toxic effects of NPs on A. castellanii and both types of 

corneal cells were examined using a SRB assay to measure the 

level of proliferation of trophozoites following 3, 6, 24 and 48 h of 

exposure to AgNPs, CeO2NPs and SeNPs (100, 200 and 400 

μg/mL) (Figures 6-1, 2 and 3 A-D). All three concentrations up to 

400 μg/mL (with the exception of CeO2NPs) had no significant 

effect on the proliferation of A. castellanii after 3 h of exposure 

(Figure 6-1, A). Significant reductions in proliferation were 

observed in A. castellanii exposed to CeO2NPs and SeNPs, at 

200 and 400 μg/mL, after 6 h of exposure (Figure 6-1, B). 

Significant changes in the proliferation of A. castellanii were 

observed following 24 and 48 h exposure to most concentrations 

of all NPs (Figure 6-1, C-D). These results demonstrated that the 

effects of CeO2NPs on A. castellanii proliferation were strongest, 

followed by SeNPs and weakest for AgNPs (Figure 6-1, A-D). 

The SRB assay results for ihCEC proliferation revealed non-

significant differences between controls and treated groups at 3 

and 6 h for all NPs, except AgNPs and SeNPs after 6 h in 400 

μg/mL (Figure 6-2, A-B). SRB assay results also detected 
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significant differences between treated and control cells at 24 

and 48 h, particularly at higher concentrations (Figure 6-2, C-D). 

The SRB assay also revealed non-significant differences in 

CSCs proliferation between treated and control cells after 3 and 

6 h for all NPs, however the reduction in the proliferation of 

CSCs was significantly greater between treated and control 

groups after 24 and 48 h in higher concentrations for all NPs 

(Figure 6-3, A-D). Based on these results we conclude that the 

effects of NPs on corneal cells were strongest with SeNPs, 

followed by AgNPs, and weakest with CeO2NPs. The 

subsequent experiments were only conducted with CeO2NPs at 

various doses (100, 200, 300 and 400 μg/mL) to identify any 

dose-dependent effect. 

However, the data in figures 6-2 and 6-3 were used to calculate 

the selectivity index (SI) of all NPs for evaluating the toxic effect 

of NPs on corneal cells, and the results has been shown in 

Tables 6-1 (A-B). The EC50 and IC50 concentration were 

determined through nonlinear regression analysis by GraphPad 

Prism. Subsequently, the efficacy of NPs was determined by SI 

(SI = IC50/EC50). The results showed that the CeO2NPs are not 

very safe for the corneal cells. The SI at all time points analysed 

is either below 1 or just more than 1.  
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Figure 6-1. The effects of AgNPs, CeO2NPs and SeNPs on the 
proliferation of A. castellanii determined using SRB assays. Cultured A. 
castellanii trophozoites were incubated in various concentrations of NPs 
(100, 200 and 400 μg/mL) at 25 °C for 3, 6, 24 and 48 h. Trophozoites 
treated with PYG medium were used as control. Absorbance values (at 492 
nm) are presented as mean ± SDs of 4 technical replicates, and each 
experiment was replicated three times. A two-way ANOVA revealed 
significant differences between the results for cells treated with NPs and 
untreated cells. 
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Figure 6-2. The effects of AgNPs, CeO2NPs and SeNPs on the 
proliferation of ihCECs determined using SRB assays. Cultured ihCECs 
were incubated in various concentrations of NPs (100, 200 and 400 μg/mL) 
at 37 °C for 3, 6, 24 and 48 h. Cells treated with PYG medium were used 
as control. Absorbance values (at 492 nm) are presented as mean ± SDs 
of 4 technical replicates, and each experiment was replicated three times. 
A two-way ANOVA revealed significant differences between the results for 
cells treated with NPs and untreated cells. 
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Figure 6-3.  The effects of AgNPs, CeO2NPs and SeNPs on the proliferation 
of CSCs determined using SRB assays. Cultured CSCs were incubated in 
various concentrations of NPs (100, 200 and 400 μg/mL) at 37 °C for 3, 6, 24 
and 48 h. Cells treated with PYG medium were used as control. Absorbance 
values (at 492 nm) are presented as mean ± SDs of 4 technical replicates, 
and each experiment was replicated three times. A two-way ANOVA revealed 
significant differences between the results for cells treated with NPs and 
untreated cells. 
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Table 6-1 A: The effects of AgNPs, CeO2NPs and SeNPs on ihCECs 

were determined using the selectivity index (SI), (SI = IC50/EC50). 

 
 
IC50 (50% inhibition concentration) 
EC50 (50% effective concentration) 
SI (selectivity index) 
 

Table 6-1 B: The effects of AgNPs, CeO2NPs and SeNPs on CSCs 

were determined using the selectivity index (SI), (SI = IC50/EC50). 

 

IC50 (50% inhibition concentration) 
EC50 (50% effective concentration) 
SI (selectivity index) 
 

 

 

 
 

 
AgNPs 

 
CeO2NPs 

 
SeNPs 

 IC50 
μg/mL 

 

EC50 
μg/mL 

 

SI IC50 
μg/mL 

 

EC50 
μg/mL 

 

SI IC50 
μg/mL 

 

EC50 
μg/mL 

 

SI 

3 h 183.4 156.2 1.17 2.90 2.90 1 214.5 292.5 0.73 

6 h 185.9 157.9 1.18 162.5 178.3 0.91 61.43 66.87 0.92 

24 h 146.5 153.3 0.96 227.9 254.0 0.90 80.74 79.40 1.02 

48 h 119.2 128.1 0.93 99.83 97.83 1.02 107.3 95.04 1.13 

  
AgNPs 

 
CeO2NPs 

 
SeNPs 

 IC50 
μg/mL 

 

EC50 
μg/mL 

 

SI IC50 
μg/mL 

 

EC50 
μg/mL 

 

SI IC50 
μg/mL 

 

EC50 
μg/mL 

 

SI 

3 h 196.4 176.4 1.11 1.07 1.07 1 4.63 4.63 1 

6 h 193.9 167.7 1.16 202.1 117.2 1.72 208.5 274.5 0.76 

24 h 98.76 88.72 1.11 69.50 76.82 0.90 100.5 99.97 1.01 

48 h 92.59 90.65 1.02 172.6 233.4 0.74 118.4 125.9 0.94 
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6.3.2 The impact of CeO2 on the viability of A. castellanii 

The effect of CeO2NPs on the viability of A. castellanii was 

examined by cell counting, light microscopy and by SRB assay. 

The cell count and SRB tests showed a dose-dependent decline 

in the viability and proliferation of A. castellanii after 3, 6, 24 and 

48 h of incubation in CeO2NPs. As shown in Figure 6-4, A, the 

cell count revealed significant differences in treated groups when 

compared with controls for all incubation periods. SRB assay 

results also revealed a significant difference in treated groups 

when compared with controls for all incubation periods, except 

after 3 h which did not appear to be significantly different (Figure 

6-4, B). However, light microscopy revealed that the density of A. 

castellanii trophozoites was higher in controls than treated 

groups, and gradually declined in a dose-dependent manner 

(Figures 6-5, A-B). The high and low magnification images also 

showed that the numbers of trophozoites were significantly lower 

in treated samples, particularly at higher concentrations and over 

longer exposure periods (i.e. after 6, 24 and 48 h in 200, 300 

and 400 µg/mL CeO2NPs). 
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Figure 6-4. The impact of CeO2NPs on the viability and proliferation of A. 
castellanii determined by cell counting (A) and SRB assays (B). Cultured A. 
castellanii trophozoites were incubated in various concentrations of NPs 
(100, 200, 300 and 400 μg/mL) at 25 °C for 3, 6, 24 and 48 h. Trophozoites 
treated with PYG medium were used as control. A two-way ANOVA 
revealed significant differences between the treated cells and the controls. 
Each experiment was performed three times with 4 technical replicates per-
experiment. 
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Figure 6-5. The effect of CeO2NPs on the viability of A. castellanii determined by light microscopy at low (A) and high (B) magnification. Cultured A. castellanii trophozoites 
were incubated in various concentrations of NPs (100, 200, 300 and 400 μg/mL) at 25 °C for 3, 6, 24 and 48 h. Trophozoites treated with PYG medium were used as control. 
Images were captured using an inverted microscope. Scale bar (500μm, A) and (100μm, B) applies to all images. The experiment was performed three times with 4 technical 
replicates per-experiment.
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6.3.3 Short-term toxicity of CeO2NPs in A. castellanii 

Toxicity caused by transient exposure (one hour) to various 

doses of CeO2NPs (100, 200, 300 and 400 μg/mL) on A. 

castellanii was investigated by cell counting and SRB assay 

following 48 h of re-incubation. The results revealed a gradual 

concentration-dependent reduction in growth rate of A. 

castellanii trophozoites treated with CeO2NPs at all doses except 

100 μg/mL, when compared with controls, following 48 h of re-

incubation (Figures 6-6, A-B). 

Toxicity of high concentrations of CeO2NPs (500 and 1000 

μg/mL) to A. castellanii after 1 h was also examined by cell 

counting and SRB assay. Significant reductions in the growth-

rate of A. castellanii trophozoites were seen after 48 h of re-

incubation for all concentrations, when compared with controls 

(Figures 6-7, A-B). 
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Figure 6-6. The impact of CeO2 nanoparticles (NPs) on the viability and 
proliferation of A.  castellanii determined by cell counting (A) and SRB 
assays (B). Cultured A. castellanii trophozoites were incubated in various 
concentrations of CeO2NPs (100, 200, 300 and 400 μg/mL) at 25°C for 
short-term (one hour) exposure; then re-incubated in fresh PYG medium at 
25°C for 48 h. Trophozoites treated with PYG medium were used as 
control. A two-way ANOVA revealed significant differences between the 
treated cells and the controls. Each experiment was performed three times 
with 4 technical replicates per-experiment. 

0

2×105

4×105

6×105

Ce
ll 

Nu
m

be
rs

   A)       A. castellanii treated with CeO2  for 1 hour before 
               removal and incubation for a further 48 hours        

Control

100 µg/ml

200 µg/ml

300 µg/ml

400 µg/ml

*

***
**

0.0

0.2

0.4

0.6

0.8

Ab
so

rb
an

ce
 (4

92
 n

m
)

   B)       A. castellanii treated with CeO2  for 1 hour before 
               removal and incubation for a further 48 hours        

Control

100 µg/ml

200 µg/ml

300 µg/ml

400 µg/ml

*** **** ****



 

 

207 

 

Figure 6-7. The effects of CeO2 nanoparticles (NPs) on the viability and 
proliferation of A. castellanii was determined by cell counting (A) and SRB 
assays (B). Cultured A. castellanii trophozoites were incubated in high 
concentrations of CeO2NPs (500 and 1000 μg/mL) at 25 °C for 1 h; then re-
incubated in fresh PYG medium at 25°C for 48 h. Trophozoites treated with 
PYG medium were used as control. A two-way ANOVA revealed significant 
differences between the treated cells and the controls. Each experiment 
was performed three times with 4 technical replicates per-experiment. 

6.3.4 TEM analysis of CeO2NP -treated A. castellanii 

TEM was performed to further elucidate the effects of CeO2NPs 

on the ultrastructure of A. castellanii, following 48 h incubation in 
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(Figure 6-9) trophozoites exhibited normal components, 

including a large nucleus, conspicuous nucleolus, vacuoles and 

no signs of organelle damage. The morphological examination of 

A.castellanii treated with CeO2NPs at zero time showed a 

distinct structure of nucleus, vacuoles and other organelles 

(Figure 6-8). CeO2NPs were also observed inside the vacuoles 

as small granules and in large quantities. Trophozoites treated 

with CeO2NPs for 24 h showed nuclear damage, morphological 

changes and organelle degeneration (Figure 6-8). Consistent 

with the results obtained after 24 h of exposure, significant 

damage to trophozoites was detected at 48 h, when compared 

with untreated trophozoites, and more nuclear damage was also 

observed – with the nucleus even absent in some trophozoites 

(Figure 6-9).  

Based on the results of TEM, the mechanism of entry of 

CeO2NPs into A. castellanii is shown in Figure 6-10, A-B. 

According to our results, CeO2NPs were detected on the 

A.castellanii membrane’s outer surface. Subsequently, they were 

readily phagocytosed by Acanthamoeba, thereby allowing them 

to accumulate in vesicles and permitting subcellular targeted 

effects. After CeO2NPs enter the vesicles and accumulate there, 

they transfer to directly-targeted specific subcellular organelles 

causing further effects. CeO2NPs were subsequently located 
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within the nucleus of the cell, thereby showing a necessity to 

enter this organelle in order to exert their toxic effects. According 

to our experimental results, the scheme depicted in figure 6-10, 

A-B shows the CeO2NPs’ mechanism of action inside the cell, 

and their effective targeting of the cell nucleus. Consequently, 

both the nucleic acid components and proteins could be 

significantly damaged. 

 

Figure 6-8. Ultrastructural changes in CeO2NP-treated A. castellanii. 
Trophozoites were incubated in 400 µg/mL of CeO2NPs for 48 h. At zero time 
(A-B), trophozoites absorbed the CeO2NPs via phagocytosis. Treated 
trophozoites at 24 h (C-H) showed some damage and morphological changes. 
There were some dead trophozoites with cytoplasmic vesicles, but no apparent 
nucleus and lacking organelles. The experiment was performed three times 
with 2 technical replicates per-experiment. 

Zero tim
e Acantham

oeba-treated with
CeO

2

Treated 24 h 

B

F

A 5000 nm 10000 nm 

2000 nm 

5000 nm 2000 nm 

2000 nm 10000 nm 

5000 nm 

H

DC

G

E



 

 

210 

 

 

Figure 6-9. Ultrastructural changes in CeO2NP-treated A. castellanii. 
Trophozoites were incubated in 400 µg/mL of CeO2NPs for 48 h. Treated 
trophozoites at 48 h (A-D) showed significant damage and morphological 
changes. Most of the trophozoites appeared dead with the loss of their 
nucleus and some organelles. Control trophozoites (E-H) appeared 
morphologically normal with a largely convoluted nucleus and conspicuous 
nucleolus. The experiment was performed three times with 2 technical 
replicates per-experiment. 
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Figure 6-10, A. Illustrative images of the mechanism of CeO2NPs in A. 
castellanii trophozoites. CeO2NPs acted as an anti-acanthamoebic agent via 
the following mechanism: trophozoites absorbed the CeO2NPs via 
phagocytosis and then accumulate within vesicles. The CeO2NPs were then 
transported to the cell’s nucleus where they caused damage. 

 

 

Figure 6-10, B. Illustrative scheme of the mechanism of CeO2NPs in A. 

castellanii trophozoites. 
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6.3.5 CeO2NPs induce actin cytoskeleton disruption in A. 
castellanii 

Fluorescence microscopy was used to examine the 

morphological changes in actin arrangement after incubation in 

various CeO2NP concentrations for various periods of time. A. 

castellanii trophozoites were stained with DAPI and phalloidin. 

Figure 6-11 shows that the trophozoites’ density was greater in 

controls than in treated trophozoites, indicating a steady dose-

dependent reduction in the trophozoites’ density. Furthermore, 

figure 6-12 A-C illustrates that control trophozoites had a well-

distributed actin cytoskeleton, a normal nucleus. An abnormal 

arrangement of the actin cytoskeleton and shape of the 

trophozoites was observed, particularly at higher concentrations 

over longer exposure periods (e.g.,24-48 h in 200, 300 and 400 

μg/mL CeO2NPs). Moreover, the number of treated trophozoites 

was notably less after 24 and 48 h of culture (Figure 6.-12, B-C) 

and an altered actin cytoskeleton and damaged nucleus were 

detected in the remaining trophozoites. 
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Figure 6-11. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton. A. castellanii trophozoites were incubated with CeO2NPs at the 
indicated concentrations and duration. Trophozoites were fixed with 
paraformaldehyde and glutaraldehyde (4% and 0.5%) for 10 min, then stained 
with phalloidin (actin) and DAPI (nucleus). Images were obtained with an 
inverted wide-field fluorescence microscope. Scale bar (25 μm) applies to all 
images. The experiment was performed three times with 2 technical replicates 
per-experiment. 
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Figure 6-12, A. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton. A. castellanii trophozoites were incubated CeO2NPs at the 
indicated concentrations for 3h (A), 24h (B) and 48h (C). Trophozoites were 
fixed with paraformaldehyde and glutaraldehyde (4% and 0.5%) for 10 min, 
and stained with phalloidin (actin) and DAPI (nucleus). Images were obtained 
using an inverted wide-field fluorescence microscope. Scale bar (20 μm) 
applies to all images. The experiment was performed three times with 2 
technical replicates per-experiment. 
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Figure 6-12, B. The effect of CeO2NPs on fluorescence staining of the actin 

cytoskeleton and nucleus of A. castellanii trophozoites after 24 h. 
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Figure 6-12, C. The effect of CeO2NPs on fluorescence staining of the actin 

cytoskeleton and nucleus of A.castellanii trophozoites after 48 h. 

6.3.6 Acridine orange staining for A. castellanii 

AO staining was used to test the toxic effects of exposure to 

various concentrations of CeO2NPs (100, 200, 300 and 400 

μg/mL) on A. castellanii for 3, 24 and 48 h (Figures 6-13 and 6-

14, A-C). AO, a membrane-permeable cationic dye, selectively 

binds to RNA or DNA of viable cells, emitted a green 

fluorescence when binding with DNA, whereas the binding with 
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RNA in the cytoplasm emitted an orange-red fluorescence, 

thereby indicating the presence of non-viable cells. These results 

demonstrated concentration-dependent changes in the 

fluorescence (green to orange-red) of trophozoites that were 

treated with CeO2NPs at all concentrations for 3, 24 and 48 h, 

when compared with controls.  

Trophozoite density was high in controls when compared with 

treated trophozoites, indicating a gradual concentration-

dependent reduction (Figure 6-13). Furthermore, CeO2NPs 

caused a significant reduction in the numbers of trophozoites at 

all investigated incubation times, except for 3 h in 100 μg/mL. 

Figure 6-14 (A-C) illustrates the untreated trophozoites (stained 

green) showing the usual morphology. A fluorescence 

microscope, with the ability to distinguish viable trophozoites 

from non-viable ones, was used to view the morphological 

changes in A. castellanii. The green-stained trophozoites 

indicate intact membranes, organelles and nuclei. However, 

those that were stained orange, or those that were stained green 

with the granules in the trophozoites stained red or orange, were 

either not intact or dead. Moreover, in these specimens, the A. 

castellanii cystic form was rarely observed. 
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Figure 6-13. The effect of CeO2NPs on A. castellanii revealed by AO 
fluorescence staining. A. castellanii trophozoites were incubated in CeO2NPs 
at the indicated concentrations and duration. Trophozoites were fixed with 
paraformaldehyde and glutaraldehyde (4% and 0.5%) for 10 min, and then 
stained with AO. Images were obtained with an inverted wide-field 
fluorescence microscope. Scale bar (25 μm) applies to all images. The 
experiment was performed three times with 2 technical replicates per-
experiment. 
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Figure 6-14, A. The effect of CeO2NPs on A. castellanii revealed by AO 
fluorescence staining. A. castellanii trophozoites were incubated in CeO2NPs 
at the indicated concentrations for 3h (A), 24h (B) and 48h (C). Trophozoites 
were fixed with paraformaldehyde and glutaraldehyde (4% and 0.5%) for 10 
min, then stained with AO. Cultures emitted either a green fluorescence, 
indicating healthy trophozoites, or an orange/red fluorescence indicating 
unhealthy trophozoites. Images were obtained using an inverted wide-field 
fluorescence microscope. Scale bar (20 μm) applies to all images. The 
experiment was performed three times with 2 technical replicates per-
experiment. 
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Figure 6-14, B. The effect of CeO2NPs on A. castellanii using AO 
fluorescence staining for 24 h. 

 

 

Figure 6-14, C. The effect of CeO2NPs on A. castellanii using AO 
fluorescence staining for 48 h. 
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6.3.7 CeO2NPs inhibit encystation of A. Castellanii 

We examined the effect of CeO2NPs on A. castellanii 

encystation following exposure to various doses (100, 200, 300 

and 400 μg/mL) at 25 °C for 48 h (Figure 6-15 and Table 6-2). 

The results showed a gradual concentration-dependent 

decrease in encystation in the treated A. castellanii cultures at all 

concentrations, compared with the control. Exposure of A. 

castellanii to increasing concentrations of CeO2NPs (100, 200, 

300 and 400 μg/mL) did significantly inhibit encystation after 48 h 

of incubation. Untreated A. castellanii showed 100% encystation; 

while 100, 200 and 300 and 400 μg/mL concentrations of 

CeO2NPs showed 86%, 80%, 69% and 56% encystation, 

respectively. The results indicated that CeO2NPs significantly 

inhibited encystations of A. castellanii at all concentrations 

compared with control.  
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Figure 6-15. The impact of CeO2NPs on the encystation of Acanthamoeba 
castellanii. Cultured trophozoites were incubated in various concentration 
of CeO2NPs (100, 200, 300 and 400 µg/mL) mixed with an encystment 
buffer, at 25 °C for 48 h. Trophozoites treated with the encystment buffer 
alone were used as control. Data are presented as percentage of 
encystation rates relative to untreated (control) trophozoites. A two-way 
ANOVA showed significant differences between the treated cells and the 
controls. The experiment was performed three times with 2 technical 
replicates per-experiment. 

 

Table 6-2. The percentage of encystation rates of Acanthamoeba-exposed to 
CeO2NPs compared to control. The encystment percentage calculated by 
(Post-SDS / Pre-SDS × 100) after pre- and post-treatment with sodium 
dodecyl sulphate (SDS).  
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6.3.8 The effects of CeO2NPs on the viability of CSCs and 
ihCECs 

Figure 6-16 shows the cytotoxic effects of CeO2NPs on corneal 

cells. The SRB and alamarBlue® assays showed a gradual 

concentration-dependent increase in cell proliferation and 

viability for CSCs and ihCECs treated with CeO2NPs at all 

concentrations, when compared with controls, following 3, 6, 24 

and 48 h of incubation. However, there was no significant 

difference between any of the cultures, apart from ihCEC after 

48 h in 300 and 400 μg/mL (figure 6-16, D) which were 

significantly reduced. Cell viability, measured by an alamarBlue® 

assay, was observed to be a higher in treated cells than in 

controls. 
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Figure 6-16. The effect of CeO2NPs on the viability and proliferation of 
CSCs and ihCECs using alamarBlue (A-B) and SRB (C-D) assays. 
Cultured CSCs or ihCECs were incubated in various concentration of 
CeO2NPs (100, 200, 300 and 400 μg/mL) at 37 °C for 3, 6, 24 and 48 h. 
Cells treated with M199 or EpiLife™ medium were used as control. 
Absorbance values (at 492 nm) are presented as mean ± SDs of 4 
technical replicates, and each experiment was replicated three times. A 
two-way ANOVA showed non-significant differences between the treated 
cells and the controls, except for ihCECs after 48 h in 300 and 400 μg/mL 
where there was a significant effect.  
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6.3.9 Short-term cytotoxic effects of CeO2NPs on CSCs and 

ihCECs 

The cytotoxic effects of CeO2NPs on CSCs and ihCECs 

following short-term (one hour) exposure to different 

concentrations of CeO2NPs (100, 200, 300 and 400 μg/mL) was 

examined using alamarBlue® and SRB assays (Figures 6-17, A-

D). The results showed a gradual concentration-dependent 

reduction in cell viability and proliferation of cells treated with 

CeO2NPs when compared with controls, particularly at high 

concentrations with 300 and 400 μg/mL CeO2NPs. However, 

exposure of corneal cells to these concentrations of CeO2NPs 

showed non-significant differences after 48 h of re-incubation. 

The cytotoxic effects of CeO2NPs on CSCs, or ihCECs, in 

response to high concentrations of CeO2NPs (500 and 1000 

μg/mL) for a period of one hour, was also investigated using 

alamarBlue® and SRB assays (Figures 6-18, A-D). Non-

significant differences were observed in cell viability and 

proliferation at all concentrations, compared to controls, for both 

types of corneal cells after 48 h of re-incubation. 
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Figure 6-17. The effect of CeO2NPs on the viability and proliferation of 
CSCs and ihCECs revealed SRB (A-B) and alamarBlue (C-D) assays. 
Cultured CSCs or ihCECs were incubated in various concentration of 
CeO2NPs (100, 200, 300 and 400 μg/mL) at 37 °C for 1 h, then re-incubated 
in fresh M199 or EpiLife™ medium at 37 °C for 48 h. Cells treated with M199 
or EpiLife™ medium were used as control. Data are presented as mean ± 
SD of absorbance values (at 492 nm) relative to untreated (control) cells. A 
two-way ANOVA showed non-significant differences between treated cells 
and the controls. Each experiment was performed three times with 4 
technical replicates per-experiment. 
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Figure 6-18. The effect of CeO2NPs on the viability and proliferation of CSCs 
and ihCECs, determined by SRB (A-B) and alamarBlue (C-D) assays. 
Cultured CSCs or ihCECs were incubated in high concentrations of CeO2NPs 
(500 and 1000 μg/mL) at 37 °C for one h, then re-incubated in fresh M199 or 
EpiLife™ medium at 37°C for 48 h. Cells treated with M199 or EpiLife™ 
medium were used as control. Data are presented as mean ± SD of 
absorbance values (at 492 nm) relative to untreated (control) cells. A two-way 
ANOVA showed non-significant differences between treated cells and the 
controls. Each experiment was performed three times with 4 technical 
replicates per-experiment. 
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6.3.10 Actin cytoskeleton disruption in CSCs and ihCECs 

We examined the effect of CeO2NPs on the actin cytoskeleton of 

cultured CSCs and ihCECs exposure to different doses of 

CeO2NPs for 3, 24 and 48 h (Figures 6-19 and 6-20, A-C). Cell 

morphology showed no changes up to 48 h. The treated cells 

showed a similar morphology to the controls. The surfaces of 

both treated corneal cell-types were covered with CeO2NPs but 

were more clearly seen in ihCECs as nanotubular structures on 

the cells. Actin images of CeO2NP-treated ihCECs revealed 

more detrimental structural changes than seen CSCs, 

particularly after 48 h with 300 and 400 μg/mL CeO2NPs. 

 

Figure 6-19, A. The effect of CeO2NPs on fluorescence staining of actin 
cytoskeleton. CSCs were incubated with CeO2NPs at the indicated 
concentrations for 3h (A), 24h (B) and 48h (C). CSCs were fixed with 4 
percent paraformaldehyde by 10 min and stained with phalloidin (actin) and 
DAPI (nucleus). Images were obtained using an inverted wide-field 
fluorescence microscope. Scale bar (20 μm) applies to all images. The 
experiment was performed three times with 2 technical replicates per-
experiment. 
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Figure 6-19, B. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton and nucleus of CSCs after 24 h. 

 

 

Figure 6-19, C. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton and nucleus of CSCs after 48 h. 
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Figure 6-20, A. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton of ihCECs incubated in CeO2NPs at the indicated concentrations 
for 3h (A), 24h (B) and 48h (C). The ihCECs were fixed with 4 percent 
paraformaldehyde for 10 min and stained with phalloidin (actin) and DAPI 
(nucleus). Images were obtained using an inverted wide-field fluorescence 
microscope. Scale bar (20 μm) applies to all images. The experiment was 
performed three times with 2 technical replicates per-experiment. 

 

 

Figure 6-20, B. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton and nucleus of ihCECs after 24 h. 
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Figure 6-20, C. The effect of CeO2NPs on fluorescence staining of the actin 
cytoskeleton and nucleus of ihCECs after 48 h. 

6.3.11 Acridine orange staining for the corneal cells 

Corneal cells were incubated in various concentrations of 

CeO2NPs (100, 200, 300 and 400 μg/mL) for 3, 24 and 48 h, in 

order to examine cytotoxicity (Figures 6-21 and 6-22, A-B). AO 

staining characteristics of corneal cells varied according to their 

stage. Green-fluorescent untreated corneal cells (controls) 

showed normal cell morphology, indicated by the intact structure 

of the organelles as illustrated in figures 6-21 and 6-22, A-B. 

Moreover, treated corneal cells were stained green, and 

observed to have normal morphology, particularly after 3 and 24 

h in 100, 200, 300 and 400 μg/mL CeO2NPs. This showed that 

intracellular organelles were intact, and that CeO2NPs had no 

impact on the corneal cells’ viability, assessed by morphological 

criteria following AO staining (Figures 6-21 and 6-22, A-B).  
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Fluorescence microscopy showed the impact of incubating 

corneal cells in CeO2NPs for 48 h, particularly at high 

concentrations with 300 and 400 μg/mL CeO2NPs. This included 

an array of condensation of chromatin and cytoplasm cell 

shrinkage. Some cells emitted a bright-orange fluorescence and 

had a round shape, possibly indicating dead cells or cells whose 

organelles were not intact (Figures 6-21 and 6-22, C).  

 

 

Figure 6-21, A. The effect of CeO2NPs on CSCs revealed by AO staining. 
CSCs were incubated in CeO2NPs at the indicated concentrations for 3 h (A), 
24 h (B) and 48 h (C). CSCs were fixed with 4 percent paraformaldehyde for 
10 min and stained with AO. Images were obtained with an inverted wide-field 
fluorescence microscope. Scale bar (25 μm) applies to all images. The 
experiment was performed three times with 2 technical replicates per-
experiment. 
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Figure 6-21, B. The effect of CeO2NPs on CSCs revealed by AO staining 
after 24 h. 

 

 

 

Figure 6-21, C. The effect of CeO2NPs on CSCs revealed by AO staining 
after 48 h. 
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Figure 6-22, A. The effect of CeO2NPs on ihCECs revealed by AO staining. 
The ihCECs were incubated in CeO2NPs at the indicated concentrations for 
3h (A), 24h (B) and 48h (C); then fixed with 4% paraformaldehyde for 10 min 
and stained with AO. Images were obtained using an inverted wide-field 
fluorescence microscope. Scale bar (25 μm) applies to all images. The 
experiment was performed three times with 2 technical replicates per-
experiment. 

 

 

 

Figure 6-22, B. The effect of CeO2NPs on ihCECs revealed by AO staining 
after 24 h. 
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Figure 6-22, C. The effect of CeO2NPs on ihCECs revealed by AO staining 
after 48 h. 

 

6.4 Discussion 

The effect of CeO2NPs on Acanthamoeba castellanii and corneal 

cells was assessed in vitro by measuring several parameters 

including cell proliferation, viability and morphology. To date, no 

study has examined the effect of CeO2NPs on A. castellanii and 

corneal cells. The data showed a significant dose-dependent 

reduction in cell proliferation and viability; and effects on the 

morphology of A. castellanii when treated with doses of 200 

µg/mL and above. CeO2NPs had no significant effect on corneal 

cells, and up to 200 μg/mL with no indications of a decrease in 

viability, proliferation or damage to actin. This demonstrates that 

the CeO2NPs are slightly more effective at killing Acanthamoeba 
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than corneal cells and there may be a dose of around 200 µg/mL 

where balance of damage can be achieved.  

Initial experiences in comparing the toxic effects of nanoparticles 

(NPs) on A. castellanii and corneal cells, using the SRB assay, 

revealed that all NPs exhibited activity in A. castellanii when 

treated with doses above 100 μg/mL of concentrations 

examined. The results indicated that the strongest effects were 

induced by CeO2NPs, then SeNPs, with the weakest effects 

being induced by AgNPs. Additionally, SeNPs had the strongest 

effects on corneal cells, followed by AgNPs and then CeO2NPs. 

Based on these findings, further experiments were performed 

only using various concentrations of CeO2NPs (100, 200, 300 

and 400 μg/mL) as a result of the better balance found between 

antimicrobial activity against A. castellanii and toxic effect 

corneal cells.  

However, further analysis was performed to calculate the 

selectivity index (SI) of all NPs for evaluating the toxic effect of 

NPs on corneal cells. Based on this analysis, the results showed 

that the CeO2NPs are not very safe for the mammalian host 

cells. The SI at all time points analysed is either below 1 (which 

means the NPs are toxic to host cells) or just more than 1 (which 

is not high enough to consider NPs safe). Perhaps other types of 
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NPs or modified derivatives of CeO2NPs might be safer but this 

requires further research. 

In terms of the anti-Acanthamoeba activities of CeO2NPs against 

cysts and trophozoites, our findings revealed that CeO2NPs are 

inhibitors of the replication of A. castellanii trophozoites in vitro. It 

was shown by the SRB assay, cell count and light microscopy 

results a concentration-dependent gradual decrease in the 

viability and proliferation of Acanthamoeba castellanii in treated 

groups for the majority of treatments, compared with controls, for 

each of the incubation periods, apart from 3 hours which was not 

enough to impair trophozoite growth. Recently, the effects of 

CeO2NPs on different bacteria have also been studied (Dos 

Santos et al., 2014; Babenko et al., 2012; Bellio et al., 2018). 

Taken together these findings indicate that CeO2NPs exhibit 

antimicrobial effects in vitro.  

Our results indicated that CeO2NPs had toxic effects on A. 

castellanii. We examined the toxic effects on A. castellanii after 

short-term (one hour) exposure to various CeO2NP doses (100, 

200, 300,400,500 and 1000 μg/mL) followed by re-incubation in 

PYG medium for 48 hours. Cells were then counted and 

subjected to a SRB assay. The findings show significant 

reduction in the viability and proliferation of Acanthamoeba 

castellanii following a brief period of exposure to CeO2NPs 
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(except for 100 μg/mL) which concur with the results from our 

extended exposure assay. These findings confirm that 

Acanthamoeba castellanii is sensitive to short-term toxic effects 

of CeO2NPs. This may be therapeutically beneficial for 

preventing infection, while avoiding the toxicity and harm caused 

to human cells by extended treatment. 

A specific problem in anti-acanthamoebic therapy is the cystic 

stage of A. castellanii as a result of its inherent resistance to the 

majority of drugs. Encystment usually occurs when the parasite 

is exposed to harsh conditions, such as the use of therapeutic 

agents, variation in pH, or lack of certain nutrients. According to 

our findings, CeO2NPs demonstrated anti-encystment activity by 

preventing A. castellanii trophozoites from forming cysts, leading 

to a significant reduction in the A. castellanii encystment rate. It 

is possible that the CeO2NPs could be used to target the 

encystment process to slow it or prevent the formation of cysts, 

thus creating an environment that favours the growth of the 

active form of the parasite, which is the trophozoite. The 

inhibition of encystment in A. castellanii using CeO2NPs is a 

potential therapeutic approach, or in combination with 

chemotherapeutic products for the development of drugs against 

A. castellanii, but it requires further analysis to examine the 

viability of corneal cells following treatment with the CeO2NPs.  
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We conducted experiments to demonstrate the effect of long-

term and short-term exposure of corneal cells to CeO2NPs. The 

outcomes of these studies demonstrated that CeO2NPs did not 

show a toxic effect on corneal cells up to 200 μg/mL, with no 

significant decrease in viability, proliferation or damage to actin, 

although some minor damage may have occurred, except for 

ihCECs in the long-term incubation at 48 hours in concentrations 

of 300 and 400 μg/mL, where there was a significant effect.  

Short-term treatment of corneal cells with CeO2NPs (1 hour, 

then removed) at concentrations of (300 and 400 μg/mL, 500 

and 1000 μg/mL,) exhibited some inhibitory effects on the growth 

of corneal cells, although these were not significant. This 

difference between the more acute toxicity on Acanthamoeba 

balanced with less toxicity to corneal cells, after 1 hour 

treatment, may offer a potential treatment route that control 

overall damage to the human cells. It should be noted that 

multiple factors are influential on the toxicity profile, such as the 

Ce+3/Ce+4 ratio, size of the particle, purity, morphology, 

adsorption, cell line used, as well as aggregation and 

sedimentation (Lin et al., 2021; Asati et al., 2010). Hence, a 

formulation of degree of safety must consistently be evaluated 

according to the specific case.  
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These outcomes concur with those of other researchers who 

studied the toxicity of CeO2NPs in human lens epithelial (HLEC) 

cells by analysing different indicators of cellular health. The 

findings revealed that CeO2NPs did not show cytotoxic effect on 

the cells up to dose at 200 μg/mL. At an elevated concentration 

of (400 μg/mL), CeO2NPs initiated the production of ROS, which 

acts as a mediator in cellular apoptosis (Hanafy et al., 2020; 

Hanafy et al., 2019). Regardless of the safety of a formulation, 

toxic or unwanted effects could be caused by an overdose. 

There is insufficient knowledge regarding the cytotoxic effects of 

CeO2NPs when increased concentrations are utilised. Hence, 

further research is required to test the potential cytotoxic effects 

on corneal intracellular components following exposure to 

CeO2NPs in vitro. 

Disruption of the actin cytoskeleton indicates damage to cells, 

and is also pivotal for infection establishment by a variety of 

protozoan pathogens. It has been demonstrated that disrupting 

the actin filament system of protozoans prevented trophozoites 

from adhering to polymorphonuclear cells (Soto-Arredondo et al., 

2014); with a potentially significant impact on the protozoan’s 

integrity, function and survival. In this study, we examined how 

CeO2NPs affect actin cytoskeleton arrangement, by investigating 

structural changes in cultured trophozoites treated with different 



 

 

240 

doses of CeO2NPs for 3, 24 and 48 hours. The actin 

cytoskeleton was mildly disrupted after 3 hours, but disruption 

increased, with trophozoite shape deformities, at higher 

concentrations and longer treatment periods. The highest level 

of cytotoxicity was observed after incubation in CeO2NPs for 24 

hours, which led to increased trophozoite damage. The effect of 

CeO2NPs on the actin cytoskeleton arrangement in both types of 

corneal cells, treated under identical conditions as described, 

was also investigated.  It was seen that the actin cytoskeleton 

exhibited mild disruption at increased concentrations and longer 

treatment periods. The cytotoxic effects of CeO2NPs in ihCECs 

were more noticeable than those detected in CSCs, particularly 

with concentrations of 300 and 400 μg/mL. This warrants further 

investigation as these disruptions could indicate potential long-

term cytotoxicity. However, the effect on human cells was less 

pronounced than seen on Acanthamoeba. 

Although the pathway of action of CeO2NPs has been widely 

investigated, their mechanism of action has yet to be completely 

described. Previous work on bacteria has shown that cell 

membranes are destabilised by NPs, and the plasmatic 

membrane potential collapses. In addition, recent studies have 

revealed that oxidative damage is caused within cells by NPs, 

which can be detrimental to the genetic structure of the 
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microorganism, impacting replication (Aderibigbe, 2017; Wang, 

Hu and Shao, 2017; Farias, Santos and Sampaio, 2018). It 

appears that CeO2NPs exhibit a multi-targeted mode of action 

that underlies their antifungal, antimicrobial and antiprotozoal 

properties. 

In our study, we demonstrated the mechanism of action of 

CeO2NPs in Acanthamoeba castellanii using TEM. Our findings 

confirmed that trophozoites phagocytosed the CeO2NPs, which 

then accumulated within their vesicles. The CeO2NPs were 

transported to the cell’s nucleus for their toxicity to be exerted by 

causing damage to the nucleus. Hence, CeO2NPs can enter the 

nucleus and subsequently exert their toxicity. It is therefore clear 

that CeO2NPs can kill A. castellanii after 24 and 48 hours. 

Several research groups have used TEM to confirm that 

endocytosis is the most common mechanism for NPs uptake. It 

has also been identified that all NPs were internalised as 

agglomerates, which do not appear to have a significant effect 

on cells as the NP agglomerates’ sizes were all approximately 

the same (∼400 nm) (Magdolenova et al., 2012; Xia, Rome and 

Nel, 2008; Franchi et al., 2015). However, the mechanism of 

uptake and localisation of CeO2NPs in human lens epithelial 

(HLEC) cells were explained. It was shown that non-toxic 

concentrations of CeO2NPs rapidly enter HLEC in as little as 15 
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minutes. The uptake largely continued via energy-dependent 

endocytosis. Researchers have shown that CeO2NPs are 

predominantly localised within the cells’ cytoplasm, specifically 

the mitochondria. As a result of the efficiency with which the 

CeO2NPs enter the HLEC, they are able to apply anti-cataract 

effects (Hanafy et al., 2021). 

Our findings indicate that CeO2NPs significantly affected A. 

castellanii by effectively targeting the nuclei, resulting in damage 

to the components of the nucleus. These findings differ from 

tests involving human corneal cells, as the viability and 

proliferation of the cells were not as significantly impacted, 

except for ihCECs incubated at 48 hours in concentrations of 

300 and 400 μg/mL. Hence, it appears that CeO2NPs exhibit 

more toxicity in A. castellanii than human corneal cells. This 

distinction may be explained by the fact that A. castellanii is an 

organism that is capable of easily phagocytosing CeO2NPs, 

which facilitates the accumulation of CeO2NPs within the 

vesicles and enables subcellular targeted effects. Conversely, 

CeO2NPs also have the ability to traverse membranes of the 

organisms’ cells and were predominantly detected in endocytic 

vesicles (Franchi et al., 2015), or in the mitochondria (Hanafy et 

al., 2019); although the probability of these particles penetrating 

the inner components of the cell is negligible as a result of the 
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particle’s size and/or intercellular agglomeration (Pešić et al., 

2015). Our findings indicate that CeO2NPs can potentially be 

used as therapeutic agents against A. castellanii. However, more 

research is required to further elucidate their mechanism of 

action and to fully determine the potential level of cytotoxicity of 

corneal cells and how this may affect the tissue in vivo.  

A. castellanii trophozoites were exposed to CeO2NPs for 3, 24 

and 48 hours and then stained with acridine orange (AO). 

Untreated trophozoites were observed as green fluorescent, 

indicating cell viability and that the organelles were intact. 

Conversely, following treatment, the trophozoites showed 

organelle damage by the orange/red fluorescence within their 

cytoplasm, which could be differentiated from viable trophozoites 

that had not been treated. This is caused by the binding of the 

AO stain to healthy DNA within the nucleus, which produces the 

detected green fluorescence. Treated trophozoites exhibited 

organelle damage by the RNA within the cytoplasm exhibiting an 

orange/red colour. When the DNA within the nucleus of 

untreated corneal cells was stained, a green fluorescence was 

produced, whereas an orange/red colour was emitted by the 

RNA within the cytoplasm in treated samples at increased 

concentrations and prolonged periods of exposure. Thus, it was 

demonstrated that the CeO2NPs used in this study damaged the 
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organelles of Acanthamoeba, but did not affect corneal cells to 

such a high degree. 

In summary, the findings reported in this study show that 

CeO2NPs had inhibitory effects against both forms of A. 

castellanii and showed less effects to corneal cells up to 200 

μg/mL. Further investigation is required to examine the 

synergistic effects of CeO2NPs or in combination with 

chemotherapeutic products used against A. castellanii. 
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7. Chapter Seven: General Discussion and 

Conclusion 

7.1. Overview of the thesis 

Outbreaks of Acanthamoeba keratitis (AK), caused by 

Acanthamoeba infection, frequently cause blindness and are 

becoming more prevalent, probably as a result of the growing 

use of contact lenses (Carnt et al., 2018). Nevertheless, it is 

increasingly acknowledged that Acanthamoeba infections 

represent a significant cause of keratitis in people who do not 

wear contact lenses (Demirci et al., 2006). Amoebic infection can 

also arise when the cornea is accidentally injured then exposed 

to water contaminated with Acanthamoeba (Marciano-Cabral 

and Cabral, 2003). The thesis findings indicate that A. 

castellanii-conditioned medium (ACCM) containing different 

soluble factors that are crucial virulence factors and contribute to 

the pathogenesis and cytopathic effect of Acanthamoeba 

infection (Panjwani, 2010). A variety of drugs have been 

suggested for treating Acanthamoeba, such as antimicrobial 

chemotherapy. However, such treatment is faced with a number 

of problems including the lengthy time required for therapy and 

the toxicity of the drugs with regard to the cornea; in addition to 

the fact that the morphological transformation of trophozoites 

occurs rendering them harder to kill (Niyyati, Dodangeh and 
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Lorenzo-Morales, 2016). In vitro testing of cerium oxide 

nanoparticles (CeO2NPs) has largely been undertaken to 

determine their activity on pathogenic microorganisms (Dos 

Santos et al., 2014; Babenko et al., 2012). Therefore, this 

chapter presents a summary of the work targeted at the 

characterisation and examination of the effect of ACCM on 

corneal cells, and the investigation of CeO2NPs’ effects on both 

A. castellanii and corneal cells.   

7.2. Key findings: 

7.2.1. Comparative cytotoxicity of ACCM on human corneal 

cells 

The mechanism underlying damage induced by A. castellanii-

conditioned medium (ACCM) in CSCs and ihCECs was 

examined. Viability/proliferation assays, MTT, alamarBlue and 

SRB, cytotoxicity assays (LDH) and caspase activity, and 

fluorescent staining were used to assess changes in corneal 

cells after exposure to different concentrations of ACCM for 3, 24 

and 48 hours. ACCM significantly decreased cell 

viability/proliferation, triggered apoptosis, disrupted the actin 

cytoskeleton and changed the ultrastructural features of CSCs 

and ihCECs in a time- and concentration-dependant manner. 

Interestingly, the sensitivity of ihCECs to the damaging effects of 

ACCM was greater than that of CSCs. Additionally, it was 
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identified that proteases mediated the process by which cellular 

damage was induced in ihCECs and CSCs by ACCM – as 

shown by enhanced cell proliferation after ACCM neutralisation 

utilising a cocktail of protease inhibitors. These results suggest 

that the A. castellanii secretome is a critical factor in the 

structural, and functional, damage that occur when ocular cells 

are exposed to a filter-sterilised supernatant from A. castellanii 

culture. 

7.2.2. Changes in the composition of culture supernatant of 

CSCs and ACCM 

This study investigated any potential functional changes in 

ocular cells after infection by A. castellanii. DNA concentration 

analysis and elemental analysis were performed to compare 

alterations in the composition of supernatant after exposure to 

50% ACCM-M199 for 0, 3, 24 and 48 hours. Additionally, amino 

acid analysis of ACCM was also performed to evaluate the 

significance of amino acids for parasite viability. The findings 

indicate that ACCM culture does not directly affect the DNA 

concentration of CSC cells. Nevertheless, CSC elements were 

altered by ACCM, with changes in the abundance of potassium, 

sodium and calcium. Amino acid analysis showed that serine 

and cysteine proteases are secreted by A. castellanii. In 

summary, ACCM from A. castellanii cultures significantly 
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affected CSCs; thus, changing the composition of CSCs 

exposed to ACCM, as well as ACCM alone. Additional evidence 

was also found showing how much cellular damage can be 

caused by the A. castellanii secretome. 

7.2.3. Metabolomic alterations in CSCs in response to 

exposure to ACCM 

Metabolomic analysis was performed to identify changes in 

CSCs metabolism after 48 hours incubation, both with and 

without the A. castellanii secretome. The results indicated that 

ACCM triggers metabolic changes in CSCs, reducing cell 

viability and enhancing cell death. Amino acid levels were 

observed to decrease in control samples after 48 hours, when 

compared with baseline samples, suggesting protein synthesis 

and cell growth. However, free amino acid levels in treated 

samples increased after 48 hours, indicating protein deterioration 

and cell death. Additionally, nucleotide metabolism was found to 

increase after 48 hours in both treated and control samples 

when compared with baseline samples, with a greater increase 

recorded in treated samples. The metabolite oxoadipic acid, 

previously linked to ophthalmoplegia, retinopathy and increased 

CSF protein, was observed in this study. Thus, the secretome 

from A. castellanii cultures significantly affected CSCs, leading to 

alterations in the metabolites associated with nucleotides and 
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amino acids that ultimately led to a reduction in cell viability and 

increased cell death. 

7.2.4. Testing effect of nanoparticles on A. castellanii and  

human corneal cells 

This thesis examined how CeO2NPs affect A. castellanii and 

corneal cells. This was accomplished based on an examination 

of the cell viability/proliferation using alamarBlue; SRB; cell 

counting; and cell imaging with immunofluorescent staining of 

actin and AO staining. TEM was used to track the aggregation of 

particles and identify the molecular mechanism of action of 

CeO2NPs. Our results showed a concentration-dependant 

decrease in both cell viability and proliferation, and changes in 

the morphology of A. castellanii. CeO2NPs did not significantly 

affect corneal cells at the lowest doses, however, there was 

more indication of a toxic effect above 200 µg/mL, but this was 

not of the same magnitude of that seen affecting the 

Acanthamoeba. 

7.3. Discussion of key findings 

The main objective of this study was to examine the cytotoxic, 

structural and functional changes that occur in human CSCs and 

ihCECs as a reaction to ACCM infection. The results concur with 

those of other studies (Mattana et al., 2002; Mattana et al., 
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1997), and also show that it is not always necessary to have 

contact of amoeba with host cells for A. castellanii cytotoxicity in 

human ocular cells; in fact, cell damage can also be induced by 

cell-free supernatants acquired from trophozoite cultures.  

The general findings obtained from these studies indicated that 

ACCM significantly affected both kinds of corneal cells, although 

the damage was more severe to the infrastructure of ihCECs 

compared with CSCs. This discrepancy in the sensitivity of cells 

is largely due to differences in cell-specific functions that impact 

the reaction to ACCM, where CSCs were the primary cell and 

ihCECs were the cell line, as previously explained in Chapter 3.   

It is evident that Acanthamoeba organisms are metabolically 

active protozoa, and corneal cells and trophozoite metabolites 

cannot be separated post-co-infection; therefore, it was not 

feasible to examine how live Acanthamoeba trophozoites affect 

the metabolism of corneal cells. Therefore, we analysed the 

functional changes in the composition of the supernatant from 

CSCs prior, and subsequent, to exposure to 50% ACCM-M199.  

The findings of the elemental and DNA concentration analyses 

indicated that ACCM culture did not directly affect the DNA 

concentration in CSCs cells. ACCM did alter the elements in 

CSCs, with changes in the abundance of intracellular sodium, 

potassium and calcium.  
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A previous study has demonstrated that corneal fibroblasts were 

killed by A. castellanii predominantly via apoptosis (Takaoka-

Sugihara et al., 2012). Further research indicates that primary 

DNA fragmentation is a delayed occurrence in apoptosis (Kim et 

al., 2003). Nevertheless, cell growth within these cultures could 

be affected by trace elements following treatment with ACCM at 

concentrations greater than 50%; thus, showing the significance 

of monitoring elemental contaminants and the changes that 

could impact target cell growth. However, the process by which 

various trace elements influence metabolism, and other 

upstream process within the cell culture media, has yet to be 

determined.  

The study findings revealed that the metabolites associated with 

nucleotides and amino acids were significantly altered. It was 

necessary to analyse amino acid metabolism to identify whether 

a relationship existed between nucleotide metabolism changes 

and the proliferation and death of cells. It was observed that 

amino acids within the control samples decreased after 48 

hours, compared with baseline, suggesting protein synthesis.  

Furthermore, increases were also observed after 48 hours in 

samples that had been treated, compared with baseline, 

suggesting protein deterioration. Nucleotide metabolism was 

found to increase after 48 hours, in both treated and control 
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samples, when compared with baseline samples. The findings 

also revealed a small rise in the metabolite oxoadipic acid–

previously associated to ophthalmoplegia and retinopathy in 

control samples after 48 hours, in comparison to baseline, and a 

significantly greater increase after 48 hours in treated samples 

compared with baseline and control samples. However, it was 

unclear whether this was related to AK because retinopathy 

involves the back of the eye and not the cornea. Additional 

studies should be conducted on the annotation of a signal as 

oxoadipic acid as well as how this metabolite is associated with 

eye disorders. 

In recent studies, in vitro testing of CeO2NPs has predominantly 

been performed to investigate their actions on pathogenic 

microorganisms (Dos Santos et al., 2014; Babenko et al., 2012). 

They can also be used for the treatment of multiple diseases.  

CeO2NPs exert antioxidant effects in different mammalian cell 

lines and have also exhibited potential for the treatment of 

various ocular disorders, for example cataract and retinal 

diseases (Chen et al., 2006; Hanafy et al., 2019). CeO2NPs can 

reduce oxidising stress inside cells, which is therapeutically 

beneficial in cases of human inflammation (Zheng et al., 2019; 

Hirst et al., 2009), and exhibited potential for treating 

neovascularization-related ophthalmic diseases. Moreover, we 
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tested the hypothesis that the interactions between CeO2NPs 

and CSCs or ihCECs have no impact on the viability of corneal 

cells when used at low doses. This was the first study to show 

that CeO2NPs inhibit the proliferation of A. castellanii, with a 

smaller toxic effect on corneal cells grown in vitro. The CeO2NPs 

mechanism of action into A. castellanii in vitro has also been 

demonstrated for the first time. 

7.4. Limitations of this study 

A shortcoming of this research was that two types of corneal 

cells from different sources were used, namely CSCs and 

ihCECs, which were generated from primary tissue and 

immortalised cell line, respectively. The study was also 

performed in 2D cell cultures and not 3D cultures which would 

have been more representative of the human eye. Another 

potential limitation is that I only studied the effect of the 

conditioned medium/secretome of Acanthamoeba on corneal 

cells and not the direct interaction between Acanthamoeba and 

corneal cell in order to compare the results between the two 

different infection models. Due to time limitations, it was not 

possible to process TEM images of the corneal cells after 

exposure to CeO2NPs, although the results of the other 

experiments had high accuracy and were sufficient for achieving 

the research objective, as demonstrated in chapter 6.  
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7.5. Implications of this study  

As a result of this research, a potentially new class of 

antimicrobials have been identified that can be critical for 

generating industrial cooperation. The availability of new 

antimicrobials, with sufficient potency for the treatment and 

prevention of Acanthamoeba keratitis, will reduce the economic 

burden on the NHS in the UK and other health systems abroad. 

The research will ultimately assist patients at an increased risk of 

blindness due to Acanthamoeba infection via the provision of 

new, and safer, therapies. This study has also produced 

valuable new insight into the molecular pathology of 

Acanthamoeba keratitis. 

 7.6. Future research 

In the future, there is a necessity to develop cellular models of 

the human cornea that are more representative to human eye.  

Investigations should be performed in which corneal cells are 

cultured on three-dimensional (3D) substrates. Testing of ACCM 

or CeO2NPs should be performed using the in vivo models 

where feasible. It is necessary for CeO2NPs to be optimised in 

order to apply them in the biomedical field. Optimisation of sizes, 

coatings and stability in aqueous solutions of biological medium 

must occur to make the results of further biological tests more 

consistent. Moreover, after CeO2NPs have been optimised, their 
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levels of safety and toxicity with respect to corneal cells and 

corneal tissue in vivo should be investigated thoroughly using a 

range of assays, including ultrastructural characterisation, and 

determination of cell viability, activation of caspase and LDH, 

basal ROS level and cellular ATP level.  

CeO2NPs have shown potential antimicrobial properties via the 

inhibition of Acanthamoeba castellanii. The next step would be to 

combine CeO2NPs at low concentrations with chemotherapeutic 

drugs to examine whether they affect Acanthamoeba infection 

differently. To offer a means of delivering anti-amoebic drugs 

inside the Acanthamoeba. Additionally, when CeO2NPs are used 

in the form of a solution or integrated into contact lenses, it can 

diminish the availability of microbes, and restrict their ability to 

adhere and reproduce on the lens. This could avert the 

association between pathogenic microorganisms and 

contaminated contact lenses. 

7.7. Conclusion 

This research has shown that ACCM from cultures of A. 

castellanii had a significant effect on ocular cells, changing their 

function, structure and metabolism, which was mediated by 

serine and cysteine proteases.   
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The results of this study also suggest that the possible 

therapeutic benefits of CeO2NPs are significant and they show 

antimicrobial effects against A. castellanii. CeO2NPs exhibited 

potential anti-acanthamoebic effects while inhibiting encystation. 

Additionally, the toxic effect of CeO2NPs on corneal cells was 

much lower than that on Acanthamoeba, up to 200 μg/mL, with 

no indications of a decrease in viability, proliferation or damage 

to actin. However, further research should be performed to 

assess the effects of CeO2NPs alone and in combination with 

chemotherapeutic drugs against A. castellanii. 
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Appendices 

Appendix A: 

Table 4-3 A. Analysis of the amino acid content of ACCM - M199. 

 

Abbreviation Amino acid Amino acid 
concentration 

in control 

Amino acid 
concentration 

at 3 h 

Amino acid 
concentration 
     at 48 h 

Quality 
control 

Taur Taurine 0.0BDL 7.182     7.98 200.189 

Asp Aspartic acid 0.0BDL 0.0BDL 0.0BDL 200.905 

Thr Threonine 264.985 355.231 329.956 200.97 

Ser Serine 239.623 361.151 326.071 201.224 

Asn Asparagine 0.0BDL 78.227 52.364 199.84 

Glu Glutamic Acid 471.952 687.661 624.429 201.97 

Gln Glutamine 557.693 510.795 459.522 196.584 

Gly Glycine 649.684 701.355 691.881 199.221 

Ala Alanine 281.41 548.228 462.948 199.696 

Citr Citrulline 0.0BDL 5.577    4.463 199.126 

Val Valine 213.814 372.388 332.569 199.231 

Cys Cysteine 70.646 70.23 83.027 99.54 

Met Methionine 90.336 131.655 119.182 199.283 

Ile Isoleucine 151.299 271.686 242.351 200.329 

Leu Leucine 451.091 677.551 614.754 201.695 

Tyr Tyrosine 256.469 259.476 265.152 201.531 

b-ala β-Alanine 0.0BDL 11.475      6.303 199.207 

Phe Phenylalanine 156.366 262.728 233.03 200.581 

Homocys Homocystine 0.0BDL 2.029      0.979 201.518 

Orn Ornithine 0.0BDL 20.806 13.078 200.758 

Lys Lysine 383.19 483.717 461.801 201.586 

His Histidine 99.874 116.943 115.047 196.157 

Tryp Tryptophan 21.993 23.708 24.869 203.053 

Argine Arginine 355.427 390.019 388.835 195.425 

Pro Proline 318.677 376.096 368.415 193.93 
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Table 4-3 B.  Analysis of principal components containing amino acid in ACCM - M199. 

 

Abbreviation Component Component 
concentration 

in control 

Component 
concentration 

at 3 h 

Component 
concentration 

     at 48 h 

Quality 
control 

Phser Phospho-serine 12.048 18.38 12.677 201.273 
Pea Phosphoethanolamine 0.0BDL 5.443 0.0BDL 197.845 
Urea Urea 0.0BDL 0.0BDL 19.576 197.119 
Aaaa α-aminoadipic acid 6.078 7.152 7.341 200.132 
Aaba α-aminobutyric acid 0.0BDL 3.196 3.007 200.597 

cysth-1 Cystathionine-1 0.0BDL 0.073 0.02 85.76 
cysth-2 Cystathionine-2 0.0BDL 1.136 0.403 114.276 
Baiba β-aminoisobutyric 0.0BDL 0.0BDL 0.0BDL 198.244 

Homocys Homocystine 0.0BDL 2.029 0.979 201.518 
Gaba g-Aminobutyric acid 0.0BDL 0.0BDL 0.0BDL 202.908 

Ethamn Ethanolamine 45.041 35.192 37.281 207.964 
Amm Ammonium 186.54 367.627 327.271 206.103 

hylys 1+2 Hydroxylysine 0.0BDL 0.0BDL 0.0BDL 201.065 
1-mhis 1-Methylhistidine 0.0BDL 2.446 0.0BDL 200.701 
3-mhis 3-Methylhistidine 0.0BDL 4.229 2.466 198.656 

Ans L-Anserine 0.0BDL 0.0BDL 0.0BDL 100.24 
Car Carnosine 0.0BDL 0.0BDL 0.0BDL 198.291 
Hyp Hydroxyproline 365.467 510.732 471.391 204.593 
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Table 4-4 A.  Analysis of amino acid content of ACCM – Epilife. 

 
Abbreviation Amino acid Amino acid 

concentration 
in control 

Amino acid 
concentration 

at 3 h 

Amino acid 
concentration 
     at 48 h 

Quality 
control 

Taur Taurine 0.0BDL 1.946 1.765 200.189 

Asp Aspartic acid 0.0BDL 0.0BDL 0.0BDL 200.905 

Thr Threonine 71.92 159.521 136.038 200.97 

Ser Serine 593.298 677.233 655.58 201.224 

Asn Asparagine 106.706 167.412 149.007 199.84 

Glu Glutamic Acid 193.003 396.746 383.992 201.97 

Gln Glutamine 4650.292 4075.608 3946.197 196.584 

Gly Glycine 94.505 179.968 156.539 199.221 

Ala Alanine 98.118 322.872 250.063 199.696 

Citr Citrulline 0.0BDL 5.649 4.998 199.126 

Val Valine 169.198 299.849 273.292 199.231 

Cys Cysteine   58.225 61.66 68.988 99.54 

Met Methionine 120.461 168.634 157.204 199.283 

Ile Isoleucine 391.126 476.89 462.883 200.329 

Leu Leucine  295.168 495.386 436.653 201.695 

Tyr Tyrosine 99.19 116.551 116.418 201.531 

b-ala β-Alanine 0.0BDL 10.896 5.496 199.207 

Phe Phenylalanine 154.876 242.663 216.484 200.581 

Homocys Homocystine 0.0BDL 1.131 1.994 201.518 

Orn Ornithine 0.0BDL 16.15 9.723 200.758 

Lys Lysine 129.194 231 210.457 201.586 

His Histidine 194.758 199.002 200.365 196.157 

Tryp Tryptophan 11.301 15.533 15.599 203.053 

Argine Arginine 1126.34 1135.079 1148.591 195.425 

Pro Proline 187.636 248.552 263.132 193.93 
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Table 4-4 B.  Analysis of principal components containing amino acid in ACCM – Epilife. 

 
Abbreviation Component Component 

concentration 
in control 

Component 
concentration 

at 3h 

Component 
concentration 

at 48h 

Quality 
control 

Phser Phospho-serine 3.726 4.753 8.76 201.273 
Pea Phosphoethanolamine 93.184 88.342 88.097 197.845 
Urea Urea 0.0BDL 0.0BDL 37.88 197.119 
Aaaa α-aminoadipic acid 12.157 11.924 12.155 200.132 
Aaba α-aminobutyric acid 0.0BDL 2.514 2.253 200.597 

cysth-1 Cystathionine-1 1.127 0.009 0.0BDL 85.76 
cysth-2 Cystathionine-2 0.0BDL 0.459 0.0BDL 114.276 
Baiba β-aminoisobutyric  0.0BDL    0.0BDL 0.0BDL 198.244 

Homocys Homocystine 0.0BDL 1.131 1.994 201.518 
Gaba g-Aminobutyric acid 0.0BDL    0.0BDL 0.0BDL 202.908 

Ethamn Ethanolamine 93.486 116.666 117.542 207.964 
Amm Ammonium  1142.143 1663.627 1728.788 206.103 

hylys1+2 Hydroxylysine 0.0BDL 0.0BDL 0.0BDL 201.065 
1-mhis 1-Methylhistidine 0.0BDL 1.278 0.0BDL 200.701 
3-mhis 3-Methylhistidine 0.0BDL 0.0BDL 0.0BDL 198.656 

Ans L-Anserine 0.0BDL 0.0BDL 0.0BDL 100.24 
Car Carnosine 0.0BDL 0.0BDL 0.0BDL 198.291 
Hyp Hydroxyproline 126.802 266.797 220.746 204.593 
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Appendix B: 

Table 5-2 Log fold-change data for the three comparisons of amino acid 
metabolism map metabolites, identified and annotated in the dataset by PiMP. 

  Log Fold Change (logFC) 
Name! Formula! T48hCTRL (B) 

/Baseline (A) 
T48hINF (C) / 
Baseline (A) 

T48hINF (C) / 
T48hCTRL (B) 

Identification!

L-Glutamine! C5H10N2O3 ! -3.02 0.69! 3.71! identified  
D-Glutamine! C5H10N2O3  -3.02 0.69! 3.71! annotated  
Isoglutamine! C5H10N2O3  -3.02 0.69! 3.71! annotated  

Betaine! C5H11NO2  -2.69 1! 3.69! identified+fragment  
Creatinine! C4H7N3O  -2.27 -1.54 0.73! identified  

1-Pyrroline-4-hydroxy-2-
carboxylate ! C5H7NO3  -2.21 

 
0.25 

 
2.46! annotated  

L-1-Pyrroline-3-hydroxy-5-
carboxylate ! C5H7NO3  -2.21 

 
0.25!

 
2.46! annotated  

4-Oxoproline! C5H7NO3  -2.21 0.25! 2.46! annotated  
5-Oxo-D-proline! C5H7NO3  -2.21 0.25! 2.46! annotated  

Anthranilate! C7H7NO2  -2.06 -0.41! 1.65! annotated  
3-Phospho-D-glycerate ! C3H7O7P  -1.75 -2.78! -1.03! identified 
2-phospho-D-glycerate! C3H7O7P  -1.75 -2.78! -1.03! identified  

L-Glutamate! C5H9NO4  -1.66 -0.66! 1.01! identified+fragment  
DL-Glutamate ! C5H9NO4  -1.66 -0.66! 1.01! annotated+fragment  

L-4-Hydroxyglutamate 
semialdehyde ! C5H9NO4  -1.66 

 
-0.66!

 
1.01! annotated+fragment  

D-Glutamic acid! C5H9NO4  -1.66 -0.66! 1.01! annotated+fragment  
O-Acetyl-L-serine ! C5H9NO4  -1.66 -0.66! 1.01! identified+fragment  

2-Oxo-4-hydroxy-5-
aminovalerate! C5H9NO4  -1.66 

 
-0.66!

 
1.01! annotated+fragment  

D-Fructose 1,6-
bisphosphate ! C6H14O12P2  -1.62 

 
-1.92!

 
-0.3! annotated  

L-homoserine! C4H9NO3  -1.54 0.48! 2.02 identified+fragment  
L-Threonine! C4H9NO3  -1.54 0.48! 2.02! identified+fragment  

L-Allothreonine C4H9NO3  -1.54 0.48! 2.02! annotated+fragment  
L-Proline C5H9NO2 -1.53 0.19! 1.72! identified+fragment 
D-Proline C5H9NO2  -1.53 0.19! 1.72! annotated+fragment  

Pantothenate  C9H17NO5  -1.46 -2.09 -0.63! annotated 
5-Oxoproline C5H7NO3  -1.36 -0.22! 1.14! identified 

Taurine C2H7NO3S  -1.14 1.3 2.44! identified 
L-Histidine  C6H9N3O2  -1.11 0.42! 1.54! annotated  

D-erythro-3-Methylmalate  C5H8O5  -1.07 -0.01 1.06! annotated  
(R)-2-Methylmalate  C5H8O5  -1.07 -0.01! 1.06! annotated  

Phosphocreatine C4H10N3O5P  -1 -1.66! -0.65! annotated 
L-Serine C3H7NO3  -0.98 -0.3 0.67! identified 
D-Serine C3H7NO3  -0.98 -0.3! 0.67! annotated  

S-Adenosyl-L-methionine C15H22N6O5S  -0.96 -0.24 0.72! annotated+fragment  
L-Leucine ! C6H13NO2 ! -0.9 0.21! 1.1! identified 

2S-Amino-3S-
methylpentanoic acid ! C6H13NO2  -0.9 

  
annotated  
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0.21! 1.1!
(3R)-beta-Leucine! C6H13NO2  -0.9 0.21! 1.1! annotated  

Beta-Tyrosine ! C9H11NO3  -0.78 0.39! 1.17! annotated+fragment  
N-Hydroxy-L-phenylalanine ! C9H11NO3  -0.78 0.39 1.17! annotated+fragment  

L-Tyrosine! C9H11NO3  -0.78 0.39 1.17! annotated+fragment  
L-Tyrosine! C9H11NO3  -0.66 0.38! 1.04! annotated 
L-Arginine! C6H14N4O2  -0.53 0.04! 0.57! identified 
D-Arginine! C6H14N4O2  -0.53 0.04! 0.57! annotated  

L-Methionine! C5H11NO2S  -0.42 0.85! 1.26! identified+fragment  
L-Tryptophan! C11H12N2O2  -0.41 0.32! 0.73! identified 

L-Valine! C5H11NO2  -0.38 0.33! 0.72! identified 
L-Metanephrine! C10H15NO3  -0.36 -0.4! -0.03! annotated  
L-Phenylalanine! C9H11NO2  -0.35 0.72! 1.07! identified+fragment  
D-Phenylalanine ! C9H11NO2  -0.35 0.72! 1.07! annotated+fragment  

N-Acetyl-L-aspartate! C6H9NO5  -0.33 0.44! 0.77! annotated 
N-Formyl-L-glutamate ! C6H9NO5  -0.33 0.44! 0.77! annotated  
L-Homophenylalanine ! C10H13NO2  -0.13 -0.34! -0.21! annotated  

Creatine! C4H9N3O2  -0.12 0.94! 1.06! annotated+fragment  
3-Ureidopropionate ! C4H8N2O3  -0.05 1.62! 1.67 annotated 

L-Asparagine ! C4H8N2O3  -0.05 1.62! 1.67! identified 
N-Carbamoylsarcosine  C4H8N2O3  -0.05 1.62! 1.67! annotated 

L-Lysine  C6H14N2O2  -0.03 0.43! 0.47! identified 
(3S,5S)-3,5-

Diaminohexanoate  C6H14N2O2  -0.03 0.43! 0.47! annotated  
(3S)-3,6-Diaminohexanoate  C6H14N2O2  -0.03 0.43 0.47! annotated  

2,5-Diaminohexanoate  C6H14N2O2  -0.03 0.43! 0.47! annotated  
(2R,3R)-3-Methylornithine  C6H14N2O2  -0.03 0.43 0.47! annotated  

D-Lysine C6H14N2O2  -0.03 0.43! 0.47! annotated  
Spermine C10H26N4  0.04 0.13 0.09! annotated+fragment  

5-Aminopentanoic acid C5H11NO2  0.1 -0.13! -0.23! annotated 
L-Aspartate C4H7NO4  0.28 -0.97! -1.24! identified 
D-Aspartate  C4H7NO4  0.28 -0.97 -1.24! annotated 

S-Adenosyl-L-homocysteine  C14H20N6O5S  0.58 0.73! 0.15! identified  
Glutathione C10H17N3O6S  0.72 0.84 0.12! annotated+fragment  

4-Guanidinobutanoate ! C5H11N3O2 ! 0.79 3.19! 2.39! annotated  
Feruloylputrescine! C14H20N2O3  0.86 1.9! 1.04! annotated  

Uracil ! C4H4N2O2  1.03 1.21! 0.18! annotated  
1-Hydroxy-2-

aminoethylphosphonate ! C2H8NO4P  2.04 4.21! 2.17! annotated+fragment  
gamma-Glutamyl-beta-

cyanoalanine ! C9H13N3O5  2.58 3.65 1.07! annotated  
Oxoadipic acid! C6H8O5  2.74 5.75 3.01! annotated  
Citraconic acid! C5H6O4  2.96 6.16! 3.2! annotated  

2,5-Dioxopentanoate! C5H6O4  2.96 6.16! 3.2! annotated 
 


