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Abstract 

Cyanotoxins released by cyanobacterial blooms into natural water reservoirs are considered 

hazardous contaminants, as they pose direct threats to the aquatic ecosystem and have serious 

effects on animals and humans. There are limitations in the current technologies for cyanotoxin 

degradation and removal, including the reduced degradation efficiency by natural organic 

matter (NOM). This thesis describes an investigation into oxidation of the cyanotoxins 

cylindrospermopsin (CYL) and anatoxin-a (ANA) by a green catalyst system, FeIII-B* (iron 

(III) tetra-amido-macrocyclic ligand)/H2O2. Studies on cyanotoxin oxidative degradation by 

FeIII-B*/H2O2 were conducted in three steps. The first step investigated cyanotoxin degradation 

by FeIII-B*/H2O2 and built the degradation pathway. Next, the influence of NOM on cyanotoxin 

removal by the FeIII-B*/H2O2 mediated oxidative system was explored. The third component 

of the research studied the potential estrogenicity of these cyanotoxins and the effects of FeIII-

B*/H2O2 oxidation on estrogenicity.  

The FeIII-B*/H2O2 catalyst system provides effective catalytic oxidative degradation of both 

cyanotoxins CYL and ANA, compared with the selective oxidation by general oxidants. 

Cyanotoxin degradation by homogeneous FeIII-B*/H2O2 (5 µM/ 5 mM) was observed to be 

pH-dependent at pH ranging from 8.5 to 11.5. The maximum removal of CYL (0.24 µM) and 

ANA (7.1 µM) occurred at pH 8.5 and pH 9.5 respectively, while the highest rate constant was 

observed at pH 11.5. Significant cyanotoxin removal by heterogeneous FeIII-B*, produced by 

immobilising dissolved FeIII-B* (2.5×10-7 mole) onto functionalised silica gel (240 mg), was 

observed when activated by H2O2 at 5 mM. Intermediate products identified by high resolution 

mass spectrometry enabled the formulation of cyanotoxin degradation pathways. Additionally, 

the toxicity of cyanotoxin oxidized by FeIII-B*/H2O2 is expected to reduce, due to the 

destruction of the CYL uracil ring and a conformational change in the ANA molecule.  
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NOM increased CYL (0.24 µM) and ANA (7.1 µM) removal when mediated by FeIII-B*/H2O2 

(5 µM/ 5 mM) at pH 9.5, resulting in 100 % removal (NOM ≥ 10 ppm). The results for 

excitation-emission matrix (EEM) and UV-vis show that NOM components with aromatic ring 

and carboxylate group were oxidized by FeIII-B*/H2O2. For cyanotoxins treated with model 

NOM compounds (i.e., guaiacol and glycolic acid), increased removal was related to their 

cross-coupling with specific functional groups of NOM constituents. The cyanotoxins and their 

degradation products suggest a further lowering toxicity due to their cross-coupling with NOM.  

Estrogenicity tests were conducted using the yeast estrogen screen (YES) assay. In the YES 

assay, CYL and ANA can act as agonists to induce the production of enzyme β-galactosidase. 

The ring structures of CYL and ANA display the binding affinity to estrogen receptors. The 

competition assay with cyanotoxins and E2 showed that CYL and ANA can perform as 

endocrine disruptors to modulate E2-induced estrogenicity and induce non-monotonic dose-

response behaviours. In comparison to the estrogenicity of the un-oxidized cyanotoxins, the 

estrogenicity of CYL after oxidation was significantly different, while the estrogenicity of 

ANA after oxidation did not change significantly. The reduced estrogenic activity of CYL is 

likely due to its reduced concentration and the formation of less active degradation products. 

The insignificantly changed estrogenic activity of ANA is associated with its ring-structural 

degradation products. 

This thesis has advanced the understanding of cyanotoxin oxidative degradation by the FeIII-

B*/H2O2 catalyst system, and also mimicked the cyanotoxin removal in the real system by 

NOM addition. This thesis has also added to our knowledge of cyanotoxins as endocrine 

disrupting chemicals.  
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Chapter 1: Literature Review and Background 

1.1 Overview of cyanotoxins 

High concentrations of elements like phosphorus and nitrogen in human, industrial and 

agricultural wastewater become excess nutrients for aquatic plants in natural reservoirs (Daniel 

J Conley et al., 2009; Hans W Paerl et al., 2008). Eutrophication, sunlight, global warming and 

carbon availability all promote the growth of cyanobacteria, resulting in the formation of 

cyanobacterial blooms (Hans W Paerl et al., 2008). Cyanobacterial blooms attract increasing 

attention due to their various adverse impacts, including deterioration in water quality (G. A. 

Codd, 2000; Graham et al., 2010), damage to ecosystems (Karl E Havens, 2008), adverse 

economic effects (Dodds et al., 2009) and significant hazards posed to public health (Funari et 

al., 2008; Hitzfeld et al., 2000; Hans W. Paerl et al., 2011). The geographical expansion of 

harmful cyanobacterial blooms is very evident, with their prevalence documented worldwide 

(Fristachi et al., 2008; Hudnell, 2008), including in Kasumigaura in Japan (K. E. Havens et al., 

2001), Okeechobee in the USA (K. E. Havens et al., 2001), Taihu in China (Qin et al., 2010), 

and the Baltic Sea in Northern Europe (Daniel J. Conley et al., 2009).  

Animal and human deaths related to cyanobacterial blooms have been traced back to the 18th 

century. The first scientific report of animal poisoning associated with cyanobacteria appeared 

in 1878 after animals died from ingesting water from a reservoir affected by a bloom (Lake 

Alexandrina, South Australia) (G. Codd et al., 1994). In 1979, over one hundred indigenous 

Australians from Northern Queensland suffered vomiting, anorexia and enlarged, tender livers, 

which was linked to drinking water from a reservoir heavily contaminated with a 

cyanobacterial bloom (Francis, 1878; Griffiths et al., 2003). Cyanobacterial poisoning was 

subsequently shown to be fatal to humans when, in 1996, 76 people in the northeast of Brazil 

died after ingesting water from a bloom contaminated reservoir (Prociv, 2004; Svrcek et al., 
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2004). During cyanobacterial blooms, a wide range of cyanobacterial secondary metabolites 

acting as hormones, antibiotics, and toxins are released into surrounding water (W. W. 

Carmichael, 1992; Moore, 1996; Svrcek et al., 2004), and are responsible for the health and 

life threatening consequences described above. 

Human and animal exposure to harmful cyanotoxins occurs through three main routes: 

ingestion of food such as shellfish in which cyanotoxins have accumulated; dermal contact or 

accidental ingestion during recreational activity in contaminated water; and drinking water 

from cyanotoxin-contaminated reservoirs (Merel et al., 2013). Toxic cyanobacteria have been 

observed worldwide in fresh and marine waters (Pelaez et al., 2010; Svrcek et al., 2004), and 

there have been numerous reports of poisonings and deaths caused by cyanotoxins in many 

countries (Bláha et al., 2009; Catherine et al., 2013; G. A. Codd, 2000).  

1.2 Cyanotoxins selected for this study 

Cyanotoxins are a diverse group of compounds, produced by various cyanobacterial species 

(Bláha et al., 2009; Funari et al., 2008; Wiegand et al., 2005). Cyanotoxins are variously 

classified as cyclic peptides, alkaloids and lipopolysaccharides in terms of their chemical 

structures (Hitzfeld et al., 2000; Svrcek et al., 2004); they can be hepatotoxic, neurotoxic, 

cytotoxic, dermatotoxic or irritant in their actions (Funari et al., 2008; Wiegand et al., 2005).  

To this end, one cytotoxin (cylindrospermopsin) and one neurotoxin (anatoxin-a) were selected 

for this study. Occurrences of cylindrospermopsin and anatoxin-a have been recorded in 

countries in Asia, Africa, Australia, Europe, North America and South America and both are 

well documented in the literature (de la Cruz et al., 2013; Delgado et al., 2012; Duy et al., 2000; 

A. Humpage, 2008; Kinnear, 2010; Osswald et al., 2007). Further, cylindrospermopsin and 

anatoxin-a are commonly associated with poisoning incidents, and examples of fatal poisoning 

cases have been reported in the USA (Juday et al., 1981; Puschner et al., 2008; D. Stevens et 
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al., 1988), Australia (Hawkins et al., 1985; Saker et al., 1999), Finland (Sivonen et al., 1990), 

Scotland (Edwards et al., 1992), Ireland (James et al., 1997), Brazil (Wayne W Carmichael et 

al., 2001), France (Gugger et al., 2005), New Zealand (Wood et al., 2007) and the Netherlands 

(Faassen et al., 2012). Because of their widespread distribution and high toxicity, 

cylindrospermopsin and anatoxin-a have attracted a high level of research focus. 

1.2.1 Cylindrospermopsin (CYL) 

Cylindrospermopsin, known as CYL, acts as a cytotoxic alkaloid. It consists of a tricyclic 

guanidine moiety, hydroxymethyluracil and sulphate, and has a molecular weight of 415 (Ian 

R. Falconer et al., 1999; Ian R. Falconer et al., 2006; Ohtani et al., 1992). CYL is highly water 

soluble and relatively stable under a wide range of environmental conditions, such as 

temperature, pH, and sunlight (Chiswell et al., 1999). Due to its stability in aqueous solution, 

CYL is known as a highly recalcitrant pollutant released from cyanobacterial cells during algal 

blooms. Its proven toxicological characteristics include hepatotoxicity, nephrotoxicity and 

genotoxicity in human and animal cells (Ian R. Falconer et al., 1999; Funari et al., 2008; A. R. 

Humpage et al., 2005; Seawright et al., 1999; Terao et al., 1994). In addition, it is also a 

potential endocrine disrupter through inhibition of progesterone production (F. M. Young et 

al., 2008) and a potent inhibitor of protein and glutathione synthesis (Bláha et al., 2009; 

Runnegar et al., 1995; Terao et al., 1994).  
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Chemical formula C15H21N5O7S  

Molecular weight 

(g/mol) 
415.43  

pKa 8.8 
(Onstad et al., 2007; E. 

Rodríguez, Onstad, et al., 2007) 

Producer genera 

Anabaena, Aphanizomenon, 

Cylindrospermopsis, 

Raphidiopsis, Umezakia 

(Bláha et al., 2009; G. A. Codd, 

2000; Funari et al., 2008; 

Wiegand et al., 2005) 

Toxin group Cytotoxic alkaloids (Svrcek et al., 2004) 

Toxic effect 
Cytotoxic, hepatotoxic, 

neurotoxic, genotoxic 
(Svrcek et al., 2004) 

Target organs 
Liver, kidneys, adrenals, lung, 

spleen, intestine, thymus, heart 

(Chorus et al., 1999; Hawkins et 

al., 1985) 

Intraperitoneal LD50 

2.1 mg/kg(24 h), 0.2 mg/kg (6 

days) 
(Funari et al., 2008) 

2 mg/kg (24 h), 0.2 mg/kg (5 

days) 
(Ohtani et al., 1992) 

4.4-6.9 mg/kg after 2-6 days (Seawright et al., 1999) 

50-110 mg/kg (24 h), 20-65 

mg/kg (7days) 
(Ian R. Falconer et al., 1999) 

0.17 mg/kg (7 days) (Duy et al., 2000) 

0.3 mg/kg (24 h), 0.18 mg/kg 

(7 days) 
(Van Apeldoorn et al., 2007) 

Oral LD50 4.4-6.9 mg/kg (2-6 days) (Seawright et al., 1999) 
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1.2.2 Anatoxin-a (ANA) 

Anatoxin-a (ANA) is an alkaloid neurotoxin and was the first toxin identified from a freshwater 

cyanobacterium (W. W. Carmichael, 1992; Wayne W. Carmichael et al., 1979). ANA is a 

bicyclic secondary amine with a molecular weight of 165. ANA is relatively stable in the dark, 

with a half-life of 5 days at pH 9 (Osswald et al., 2007; D. K. Stevens et al., 1991). Despite its 

instability in sunlight and at high pH, treatment technologies to address ANA are essential 

because ANA production may outstrip the rate of natural degradation, especially when algae 

blooms occur (Osswald et al., 2007). Toxicologically and pharmacologically, ANA is a potent 

agonist that irreversibly binds to neuronal nicotinic acetylcholine receptors, blocking both 

muscarinic and nicotinic activity (Bláha et al., 2009; Wayne W. Carmichael et al., 1979; 

Molloy et al., 1995; P. Thomas et al., 1993; Wiegand et al., 2005). As a result of the blocking 

of neuromuscular transmission, death occurs due to respiratory arrest caused by 

overstimulation of the muscles (Osswald et al., 2007). 
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Chemical formula C10H15NO  

Molecular weight 

(g/mol) 
165.23  

pKa 9.4 

(Duy et al., 2000; Onstad et al., 

2007; E. Rodríguez, Onstad, et 

al., 2007) 

Producer genera 

Anabaena, Aphanizomenon, 

Cylindrospermum, Microcystis, 

Planktothrix, Phormidium, 

Raphidiopsis, Oscillatoria 

(Bláha et al., 2009; G. A. Codd, 

2000; Funari et al., 2008; 

Wiegand et al., 2005) 

Toxin group Neurotoxic alkaloids (Svrcek et al., 2004) 

Toxic effect Neurotoxic (Svrcek et al., 2004) 

Target organs Neuromuscular system (Funari et al., 2008) 

Intraperitoneal LD50 

375 µg/kg (Fitzgeorge et al., 1994) 

250 µg/kg (Devlin et al., 1977) 

200-250 µg/kg 
(Chorus et al., 1999; D. K. 

Stevens et al., 1991) 

200 µg/kg (W. W. Carmichael, 1992) 

Oral LD50 >5000 µg/kg (Fitzgeorge et al., 1994) 

Intranasal LD50 2000 µg/kg (Fitzgeorge et al., 1994) 

 

1.3 Previous methods used for removal of CYL and ANA from water 

Due to the pernicious effects and the common occurrence of CYL and ANA, treatment 

approaches have used a range of technologies. The current treatment technologies for 

cylindrospermopsin and anatoxin-a can be broadly categorised into conventional methods, 
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physical removal, chemical oxidation, and advanced oxidation processes (de la Cruz et al., 

2013; Vlad et al., 2014; J. Westrick et al., 2010). In the following section, the cyanotoxin 

removal efficiencies of current technologies are discussed, along with their shortcomings 

(Table 1.1).  

Table 1. 1: Technologies for CYL and ANA removal and their drawbacks 

Technologies Efficiency & Disadvantages Reference 

Coagulation, 

flocculation, 

sedimentation, 

and filtration 

• Removal efficiency dependent on 

chemical dosage and coagulation 

pH; 

• Regular backwashing of the filters 

required; 

• Cyanobacterial cell lysis and 

toxins released by inadequate 

washing processes; 

• Not very efficient in removing 

extracellular cyanotoxin 

(He, Zhang, et al., 2014; 

Hitzfeld et al., 2000; Ho et 

al., 2012; Newcombe et al., 

2004; Song et al., 2012; J. 

Westrick et al., 2010) 

Powder 

activated 

carbons (PAC) 

& Granular 

activated 

carbons (GAC) 

• Removal efficiency dependent on 

PAC dosing parameter (10 µg/L 

toxin: > 200 mg/PAC/L) and 

GAC source (coal, wood > peat, 

coconut); 

• Biofilm formation 

(Hitzfeld et al., 2000; J. 

Westrick et al., 2010) 

Membrane 

filtration 

• Low removal efficiency for high 

concentration contaminants; 

• Membrane fouling 

(Dixon et al., 2010; J. A. 

Westrick, 2008) 

Chlorine 

• Not effective for ANA removal; 

• Efficiency reduced by dissolved 

organic carbon (DOC) matter; 

• Low pH required; 

• Disinfection by-product formation 

(de la Cruz et al., 2013; 

Newcombe et al., 2004; E. 

Rodríguez, Onstad, et al., 

2007; P. Senogles et al., 

2000; Zamyadi et al., 2012) 

7 
 



 

Technologies Efficiency & Disadvantages Reference 

Chloramine & 

Chlorine 

dioxide 

• Not effective 
(E. Rodríguez, Onstad, et al., 

2007) 

Permanganate • Not effective for CYL removal 

(E. Rodríguez, Onstad, et al., 

2007; E. Rodríguez, Sordo, 

et al., 2007) 

Ozone (O3) 
• pH-dependent; 

• Disinfection by-product formation 

(Onstad et al., 2007; von 

Gunten et al., 1994) 

Ultraviolet 

(UV) 

• Medium-pressure lamps not 

economically feasible; 

• Cost of low-pressure lamp 

implementation; 

• Disinfection by-product formation 

(Afzal et al., 2010; P.-J. 

Senogles et al., 2000; J. A. 

Westrick, 2008; Wolfe, 

1990) 

Fe2+/H2O2 

• High concentration of FeII 

(FeII/H2O2) required; 

• pH-dependent (pH 2~5) 

(Duesterberg et al., 2008; 

Gallard et al., 2000; Munter, 

2001) 

O3/UV, 

H2O2/UV, 

O3/H2O2/UV, 

UV/TiO2, 

photo-

Fenton/Fenton-

like systems 

• Difficulty in removing the photo 

catalysts (TiO2); 

• Low energy efficiency of 

commercial UV lamps; 

• Reduced efficiency of catalysts 

and radiation by dissolved organic 

matter; 

• Operating costs (UV/O3, and/or 

H2O2 system) vary widely 

depending on the wastewater flow 

rate, types, and concentration of 

contaminants. 

(Carneiro et al., 2014; 

Munter, 2001; Verma et al., 

2015; J. A. Westrick, 2008; 

Zhang et al., 2014; C. Zhao 

et al., 2014) 
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1.3.1 Cyanotoxin removal by conventional and physical methods 

Conventional water treatment processes of coagulation, flocculation, sedimentation, and 

filtration are effective for intracellular cyanotoxin removal, but not viable for extracellular 

toxin degradation (He, Zhang, et al., 2014; Newcombe et al., 2004; J. Westrick et al., 2010). 

Physical removal by activated carbon, sand filtration, and membrane filtration has been applied, 

however potential drawbacks of physical methods include the problem of residual toxins (He, 

Zhang, et al., 2014; Song et al., 2012), cost inefficiencies (Senogles et al., 2001; C. Zhao et al., 

2014), membrane fouling (Dixon et al., 2010) and reduced effectiveness through blocking 

filters (Hitzfeld et al., 2000). 

1.3.2 Cyanotoxin removal by chemical oxidants 

A range of common oxidants (e.g., chlorine, chlorine dioxide, chloramine, potassium 

permanganate and ozone) has been used to inactivate cyanotoxins (de la Cruz et al., 2013; Vlad 

et al., 2014; J. Westrick et al., 2010; J. A. Westrick, 2008) and varying degrees of cyanotoxin 

degradation have been obtained (Table 1.2) (E. Rodríguez, Onstad, et al., 2007). Chlorine is 

able to oxidize CYL, but CYL chlorination is only effective when levels of dissolved organic 

carbon matter and the pH are low (P. Senogles et al., 2000). Although chlorine is an effective 

oxidant for CYL removal, chlorination is not a feasible option for oxidative ANA removal due 

to the very slow reactivity of ANA with chlorine (Newcombe et al., 2004; E. Rodríguez, Onstad, 

et al., 2007; E. Rodríguez, Sordo, et al., 2007). In addition, two chlorine-based processes (i.e., 

chloramine and chlorine dioxide) have been shown to be ineffective for CYL and ANA 

oxidation (E. Rodríguez, Onstad, et al., 2007). Permanganate is a feasible option for ANA 

degradation, but not applicable for CYL removal because of a low rate constant for CYL 

oxidation by permanganate and a high dose requirement (E. Rodríguez, Onstad, et al., 2007; E. 

Rodríguez, Sordo, et al., 2007). Ozone, a common oxidant, has been suggested as feasible for 
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the oxidation of CYL and ANA (Onstad et al., 2007), but the ozonation effectiveness strongly 

depends on the characteristics of water (e.g., DOC concentration) (Rositano et al., 2001). The 

formation of disinfection by-products is also associated with oxidants (E. Rodríguez, Onstad, 

et al., 2007; E. Rodríguez, Sordo, et al., 2007), since trihalomethanes produced by chlorination 

(Zamyadi et al., 2012) and bromate formed during ozonation (von Gunten et al., 1994), all pose 

major health hazards.  

Table 1. 2: Half-lives for CYL (1 µM) and ANA (1 µM) oxidation at pH 8 

Oxidant CYL ANA 

Chlorine (0 − 4 ppm) 1.7 min > 14 h 

Chloramine NA NA 

Chlorine dioxide 14.4 h NA 

Permanganate (0 − 1.5 ppm) 4.2 d 4.8 s 

Ozone (0 − 2 ppm) 0.10 s 0.52 s 

 

1.3.3 Cyanotoxin removal by advanced oxidation processes 

Advanced oxidation processes (AOPs) consist of non-photochemical (i.e., O3/H2O2, 

O3/catalyst and Fe2+/H2O2) and photochemical methods (i.e., O3/UV, H2O2/UV, O3/H2O2/UV, 

UV/TiO2 and photo-Fenton/Fenton-like systems). Ultraviolet (UV) systems are being 

increasingly applied in water treatment (Würtele et al., 2011), however effective cyanotoxin 

oxidation by UV requires the assistance of oxidizing agents such as ozone or H2O2 or catalyst 

(e.g., TiO2) (Afzal et al., 2010; L. Chen et al., 2015; Fotiou et al., 2015; P.-J. Senogles et al., 

2000). There are some potential shortcomings associated with the used of photochemical 

methods, including the requirement for specific low pressure lamps (Afzal et al., 2010; Munter, 

2001; P.-J. Senogles et al., 2000; Wolfe, 1990), the high cost of using artificial sources of 

radiation (Carneiro et al., 2014), the potential formation of disinfection by-products by UV 

(Wolfe, 1990), difficulty in removing the photo catalysts after treatment (Carneiro et al., 2014). 
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Further, other essential shortcomings of AOPs include the requirement for high FeII (FeII/H2O2) 

concentrations (Munter, 2001) and acidic solution (Duesterberg et al., 2008; Gallard et al., 

2000), and the reduced efficiency of catalysts and radiation caused by dissolved organic matter 

(Munter, 2001; Verma et al., 2015; Zhang et al., 2014; C. Zhao et al., 2014). 

1.3.4 Cyanotoxin removal impacted by NOM 

Natural organic matter (NOM) is ubiquitous in natural waters and can reduce cyanotoxin 

removal efficiency through multiple mechanisms. NOM is reported to compete with micro-

pollutants for adsorption sites on activated carbon, thereby adversely impacting its adsorption 

capacity for cyanobacterial metabolites (Ho et al., 2011; Newcombe et al., 1997; Pelekani et 

al., 1999). NOM is also known to be responsible for generating negative fouling on membranes 

used in filtration processes, which decreases permeate flux and increases membrane operation 

and maintenance costs during long-term water treatment (Her et al., 2008; Jarusutthirak et al., 

2007; Teixeira et al., 2013). Because NOM acts as a radical scavenger and a UV-vis blocker, 

the presence of NOM can also reduce the effectiveness of photocatalysis in cyanotoxin removal 

(He, de la Cruz, et al., 2014; Zhang et al., 2014; C. Zhao et al., 2014). Furthermore, NOM can 

also consume chlorine and so decrease the effectiveness of cyanotoxin removal by chlorine 

oxidation (P. Senogles et al., 2000). Notably, NOM provides precursors during the formation 

of disinfection by-products such as trihalomethanes and haloacetic acids, which are associated 

with adverse human health effects (Bond et al., 2009; de la Cruz et al., 2013; Lamsal et al., 

2011; Sadiq et al., 2004; Sarathy et al., 2010). As a consequence, NOM creates challenges for 

transferring these technologies to real world water treatment plants. 

Each of the above technologies comes with particular advantages for cyanotoxin removal or 

degradation, but also limitations. For the purposes of reviewing cyanotoxin treatments, high 

effectiveness, low operational costs and minimum levels of disinfection by-product formation 
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are shown to be essential factors in evaluating the efficiency of a method. In terms of meeting 

these criteria, green chemistry catalysts which can effectively mimic peroxidase enzymes are 

an encouraging development in relation to the current study’s aim of achieving rapid removal 

of cyanotoxins with no toxic product formation. 

1.4 FeIII-TAML activators 

A green technology for efficiently purifying water has been widely promoted and commercially 

utilized in recent years. The FeIII-TAML activators are designed to simulate cytochrome P450 

enzymes (Terrence J. Collins, 2002; Terrence J. Collins et al., 1989), containing a central ferric 

ion coordinated to the cavity of a tetra-anionic tetra-amido-macrocyclic-ligand (Ghosh et al., 

2008). FeIII-TAML activators are synthesized either in chloro or in aqua forms (Ghosh et al., 

2003), such as FeIII-B* as shown in Figure 1.1 (W. Chadwick Ellis et al., 2009). FeIII-TAML 

activators oxidized by H2O2 and other peroxides can oxidize a wide range of substrates via 

peroxidase-like activity (Ryabov et al., 2009) and can also catalytically decompose H2O2 into 

dioxygen in the absence of other reducing agents via a catalase-like reaction (Ghosh et al., 

2008).  

N

N
FeIII

N

NH3C

CH3
O

O
O

O

CH3

CH3

Cl CH3

CH3

-

 

Figure 1. 1: The structure of FeIII-B* 
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1.4.1 Oxidation of FeIII-TAML by H2O2  

In solid phase, FeIII-TAML activators perform as five-coordinated square-pyramidal 

complexes (Scheme 1.1a). The base amide Fe-N bonds are short and the macrocyclic ligands 

pose a high degree of planarity (Ryabov et al., 2009). Once dissolved into water, the chloro 

ligands of FeIII-TAML activators undergo rapid hydrolysis (Ghosh et al., 2003; Ryabov et al., 

2009), meantime, FeIII-TAML activators are transformed into six-coordinated species with two 

axial ligands by binding another water molecule, affording one negative charge (Scheme 1.1b) 

and two negative charges (Scheme 1.1c) (Banerjee et al., 2009; W Chadwick Ellis et al., 2010; 

Popescu et al., 2008; Ryabov et al., 2009). The species shown in Scheme 1.1b, commonly 

represented as [FeL(H2O)2]-, can produce species [FeL(OH)(H2O)]2- in Scheme 1.1c via losing 

a proton, where L represents the ligand of TAML. 
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O
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(c)

+ H+
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CH3

CH3O
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CH3
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CH3
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in water

 

Scheme 1. 1: FeIII-B* in solid state and in water 

 

The di-aqua [FeL(H2O)2]- complexes and aqua/hydroxo [FeL(OH)(H2O)]2- complexes are 

likely to interact pairwise with H2O2 or HO2- species following the pathways indicated by 

Scheme 1.2 (Ghosh et al., 2008; Popescu et al., 2008; Popescu et al., 2010). All these pathways 

contribute to the formation of oxidized FeIII-TAML, which further oxidizes the substrate. Since 

oxidized FeIII-TAML reacts with substrate very quickly, the reactions between FeIII-TAML and 

H2O2 are formally irreversible (Ghosh et al., 2008). Comparing the rates of oxidized FeIII-

TAML production, H2O2 oxidizes the electron rich [FeL(OH)(H2O)]2- species much faster than 

the [FeL(H2O)2]- species, resulting in K2 >> K1; singly deprotonated [FeL(OH)(H2O)]2- reacts 

rapidly with H2O2 but slowly with HO2-, resulting in K2 > K4; furthermore, the K2 and K3 
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pathways are assumed to be kinetically indistinguishable (Ghosh et al., 2008; Popescu et al., 

2008). Because of the pKa values of FeIII-TAML activators (pH 9.3 ~ 10.5) (W Chadwick Ellis 

et al., 2010; Ghosh et al., 2003; Popescu et al., 2010) and H2O2 (pH 11.2 ~ 11.6) (Jones, 1999), 

the reaction rate by FeIII-TAML/H2O2 increases when increasing pH; as pH is increased further, 

the reaction rate starts to decrease due to HO2- species. Therefore, a bell-shaped pH profile for 

FeIII-TAML activated by H2O2 is observed, with an optimum rate occurring around pH 10 

(Ghosh et al., 2008; Popescu et al., 2008; Popescu et al., 2010).  

[FeL(OH2)2]
-

[FeL(OH2)(OH)]2- + H+

H2O2
HO2

-
+ H+

+

+

+

+

[FeL(OH2)2]
-

[FeL(OH2)2]
-

[FeL(OH2)(OH)]2-

[FeL(OH2)(OH)]2-

H2O2

H2O2

HO2
-

HO2
-

oxidized FeIII-TAML

K1

K2

K3

K4

Ka1

Ka2

oxidized FeIII-TAML

oxidized FeIII-TAML

oxidized FeIII-TAML

 

Scheme 1. 2: Stoichiometric mechanism of FeIII-TAMLs oxidation by H2O2 

 

The routes in Scheme 1.3 further describe the underlying sequence of events occurring in the 

conversion of FeIII-TAML activators to oxidized FeIII-TAML, namely Fe(III) species 

transforming to the final Fe(V)oxo complexes (Ghosh et al., 2008; Popescu et al., 2010). 

Fe(V)oxo complexes-(a) have been only observed in non-aqueous solvents, but not yet detected 

in water (Ghosh et al., 2008; Popescu et al., 2010); Fe(V)oxo complexes-(b) are proposed as 

hypothetical species based on a mechanistic theory of the pH-dependent rate of interaction 

between Fe(III) and H2O2 (Ghosh et al., 2008). Fe(V) species have not been observed in water 

because of their rapid conversion into Fe(IV) species (Chanda et al., 2008; Popescu et al., 2010).  
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Scheme 1. 3: A more extensive picture of K1, K2 and K3 pathways in the formation of a 
Fe(V)oxo intermediate 

 

It has been proposed that the intermediates shown in Scheme 1.4 are generated by the rapid 

conproportionation of Fe(III) and Fe(V) species, or formed by Fe(V)oxo complexes-(a) or 

Fe(V)oxo complexes-(b) via a catalase type reduction (Ghosh et al., 2008). Further, only Fe(IV) 

complexes are observed when Fe(III) complexes react with excess H2O2 in water with no 

substrate present (Ghosh et al., 2008). Because both Fe(V) complexes and Fe(IV) species are 

suggested to be involved in catalysis (Ghosh et al., 2008; Ryabov et al., 2009), the term 

“oxidized FeIII-TAML” in Scheme 1.2 refers to Fe(V) as well as Fe(IV) species.  

FeIII

FeIV

O

FeIV

FeIV

O
FeIV

OH

OH

FeIV

O

pH 9-11
pH > 12

-e

+e

+OH
-

-OH
-

(~20%) (~80%)  

Scheme 1. 4: Speciation of Fe(IV)oxo complexes in water 
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1.4.2 Overall mechanism of FeIII-TAML/H2O2 in oxidation of pollutants 

Scheme 1.5 demonstrates the steps when FeIII-TAMLs are activated by H2O2, and substrate is 

oxidized by the oxidized FeIII-TAML (Banerjee et al., 2009; Chanda, Ryabov, et al., 2006; 

Terrence J Collins, 2011; W Chadwick Ellis et al., 2010; Ghosh et al., 2008; Ryabov et al., 

2009). FeIII-TAML activators firstly interact with H2O2 to produce oxidized FeIII-TAML (KI) 

via pathways aforementioned in Scheme 1.2. In the following step, oxidized FeIII-TAML reacts 

with substrate in a peroxidase-like activity (KII), or decomposes H2O2 in a catalase-like manner 

(KIII) (Chanda, Ryabov, et al., 2006; Ghosh et al., 2008), but the exact nature of the reactive 

species associated with both activities is uncertain (Ghosh et al., 2008). Although catalase-like 

chemistry is assumed to be wasteful of H2O2 in the competition for oxidized TAML, this 

activity is suppressed in the presence of electron donors and proven to be negligible. As a 

consequence, peroxidase-like chemistry (KII) dominates the overall reaction and economically 

oxidizes substrates (Ghosh et al., 2008). However, catalase-like activity (KIII) may be 

significant when FeIII-TAMLs do not attack “hard-to-oxidize” substrates (Terrence J Collins, 

2011), or electron donors are absent (Ghosh et al., 2008).  

H2O2 + FeIII-TAML activators
(resting catalyst)

Oxidized FeIII-TAML
(active catalyst)

Primary product
KI

K-I

Kd
Ki K2i

Medium-induced   
degradation

Intramolecular (Ki) or intermolecular (K2i)                  
oxidative degradation

H2O2

H2O + O2

KII

KIII
    

Substrate  
(electron donor)

FeIII-TAML

Fast
Final product(s)

 

Scheme 1. 5: Overall mechanism of peroxidase-like activities and catalase-like activities 
by FeIII-TAML/H2O2 
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Furthermore, FeIII-TAML activators in the resting state can be consumed by medium-induced 

degradation (Kd); and oxidized TAML can suicide through intramolecular (Ki) and 

intermolecular (K2i) inactivation (Chanda, Ryabov, et al., 2006). The medium-induced 

hydrolytic degradation (Kd) and intermolecular inactivation (K2i) are kinetically insignificant 

because hydrolysis (Kd) performs reversibly at pH 8 to 11 (Ghosh et al., 2003), and 

intermolecular inactivation (K2i) is negligible at low catalyst concentrations (10-6 to 10-8 M) 

(Chanda, Ryabov, et al., 2006). According to the mass-balance equation for catalyst (Chanda, 

Ryabov, et al., 2006), [FeIII]total = [FeIII-TAML activators] + [oxidized FeIII-TAML], 

intramolecular (Ki) inactivation is seen as the main pathway for losing FeIII-TAML catalysts.  

1.4.3 Application of FeIII-TAML/H2O2 in degradation of pollutants 

As shown in the literature reviewed, FeIII-TAML/H2O2 has made remarkable progress in 

purifying numerous recalcitrant organic pollutants from water and destroying recalcitrant 

pathogens (Terrence J Collins, 2011). Plenty of textile dyes discharged in textile dying effluents 

from manufacturing industries presents a serious environmental issue by causing non-aesthetic 

discolouration of water, limiting the use of water and reducing the efficiency of microbiological 

wastewater treatment (Hunger, 2005). The anaerobic conditions resulting and aerobic treatment 

required to decolourise and detoxify textile dyes stress biological treatment plants (Easton, 

1995; Gottlieb et al., 2003). In addition to the current technologies for decolourisation of textile 

dyes (Forgacs et al., 2004), FeIII-TAML/H2O2 performs efficiently in destroying azo dye 

Orange II (Chahbane et al., 2007), safranine O (Chanda, Ryabov, et al., 2006), and pinacyanol 

chloride (Chanda, Ryabov, et al., 2006; Mitchell et al., 2010). The potential harm and negative 

impacts of organophosphorus triesters are causing global concern (Barr et al., 2004; Casida et 

al., 2004; Tamura et al., 2001). In conventional methods, toxic by-products and waste are 

produced by the degradation and detoxification of organophosphorus triesters (Amitai et al., 

1998; Furuta et al., 2004; Kazankov et al., 2000; Kuo et al., 2000; Neverov et al., 2004; Noyori 
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et al., 2003). Total degradation of three types of organophosphorus triesters has been achieved 

by FeIII-TAML/H2O2 in both a rapid and environmentally friendly manner (Chanda, Khetan, et 

al., 2006). Another significant achievement of FeIII-TAML/H2O2 is its efficient degradation of 

endocrine disrupting chemicals (EDCs). Natural estrogens (e.g., 17β-E2 and E1) and excreted 

artificial estrogens (e.g., EE2) increase the estrogenic activity in surface water (Ying et al., 2002) 

and cause reproductive impairments in living organisms (Fowler et al., 2012; Palace et al., 2002; 

Rose et al., 2002). However, the removal of EDCs by municipal wastewater treatment plants 

is incomplete; concentrations of 17β-E2 and EE2 in treated effluents have been shown to be 

higher than their corresponding predicted-no-effect-concentrations (Hashimoto et al., 2007; W. 

Young et al., 2002). Rapid degradation of natural and synthetic reproductive hormones, 

including 17α-E2, 17β-E2, E3, E1, and EE2 is indicated for FeIII-TAML/H2O2 (J. L. Chen et al., 

2012; Shappell et al., 2008). As well as degrading textile dyes, organophosphorus triesters, and 

EDCs, FeIII-TAML/H2O2 has been used to destroy persistent chlorinated pollutants (Gupta et 

al., 2002), oxidize the sulfur components of diesel fuel (Mondal et al., 2006), and deactivate 

spores of Bacillus atrophaeus (Banerjee et al., 2006).  

1.4.4 The potential of FeIII-TAML/H2O2 in cyanotoxin treatment 

FeIII-TAMLs have been designed and developed based on the least toxic transition metal 

(Terrence J Collins, 2011), produced as small molecules with low molecular weight (W 

Chadwick Ellis et al., 2010; Ghosh et al., 2008). It has been suggested that FeIII-TAML/H2O2 

is benign in practice due to its non-endocrine disrupting activity (W Chadwick Ellis et al., 

2010), and is environmentally friendly because it self-decomposes (Terrence J Collins, 2011; 

W Chadwick Ellis et al., 2010). At room temperature and under ambient conditions (Terrence 

J Collins, 2011; W. Chadwick Ellis et al., 2009), FeIII-TAML/H2O2 is generally able to 

effectively oxidize pollutants over a broad pH range (pH 6 ~ 12.4) (Ghosh et al., 2008), and 

even at low µM to nM catalyst concentrations (W. Chadwick Ellis et al., 2009). Unlike other 
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oxidative catalysts which require non-aqueous conditions (Marques, 2007; Meunier, 2000a, 

2000b), FeIII-TAML/H2O2 can be applied in aqueous solution. The application of FeIII-

TAML/H2O2 has achieved high degradation efficiency of recalcitrant pollutants while 

producing less toxic products (Chahbane et al., 2007; Gupta et al., 2002; Shappell et al., 2008). 

To this end, FeIII-TAML/H2O2 is assumed to be an attractive alternative for the catalytic 

oxidative purification of cyanotoxin-contaminated water. In order to reduce the potential 

adverse impact on health and environment by fluorine atoms (Terrence J Collins, 2011; W. 

Chadwick Ellis et al., 2009), FeIII-B*, a F-free FeIII-TAML activator has been selected from 

the first generation of FeIII-TAML activators for CYL and ANA degradation in this work.  

1.5 Heterogeneous FeIII-TAML activators 

Because FeIII-TAML activators and reactants are in the same phase, FeIII-TAML/H2O2 is 

considered as homogeneous, termed homogeneous FeIII-TAML/H2O2. Homogeneous catalysts 

are highly selective and provide accessibility to all catalytically active sites; however, 

homogeneous catalysts are associated with corrosion, toxicity, difficulty with dosage handling, 

high costs and issues of separation in treatment systems (X. S. Zhao et al., 2006). To overcome 

these limitations, heterogeneous catalysts, used in a different phase to the reactants and the 

medium, are seen as an alternative; they are commonly generated by immobilising active 

components onto a solid support (Ross, 2011; X. S. Zhao et al., 2006). It has been recognized 

for decades that heterogeneous catalysts would be preferable due to their potential for easy 

separation and recovery from reactants/products/catalysts, and subsequent regeneration; easy 

handling; and the associated possibility of reuse (J. M. Thomas et al., 1999). Significantly, 

replacing homogeneous catalysts with solid catalysts has long been seen as the ultimate goal 

in catalysis science and engineering (X. S. Zhao et al., 2006). 
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1.5.1 Application of heterogeneous catalysts 

In these environmentally conscious and economically pressured times, the production of 

various heterogeneous catalysts from their homogeneous state is being studied. Enzymes in 

their native form have been used in food industries for centuries, and also applied more recently 

in the pharmaceutical and chemical industries (Katchalski-Katzir et al., 2000). Enzyme 

immobilisation enables the easy separation of enzymes from the reaction mixture, dramatically 

lowering expenditure on enzymes and achieving recyclability of catalysts (Tischer et al., 1999). 

Due to their advantages over homogeneous enzymes, immobilised enzymes are in common 

usage and the range of applications for these enzymes is steadily increasing (Katchalski-Katzir, 

1993). Similarly, applications of immobilised metal catalysts (del Pozo et al., 2011; Hu et al., 

2005; Matsumoto et al., 2008; Sabater et al., 2014; Sotiriou-Leventis et al., 2008), organic 

catalysts (Cozzi, 2006; Severeyns et al., 2001) and photochemical catalysts (Y. Liu et al., 2005; 

Puma et al., 2008; Shephard et al., 2002) have also been widely reported.  

1.5.2 Generation of heterogeneous FeIII-TAML activators 

FeIII-TAML researchers are making a concerted effort to improve and diversify FeIII-

TAML/H2O2, with the aim of meeting the needs of an ever-growing market. Motivated by a 

growing awareness of the clear advantages and popularity of immobilised catalysts, much 

attention has been directed to the development of heterogeneous FeIII-TAMLs to replace 

homogeneous ones. The development of a heterogeneous FeIII-TAML/H2O2 catalyst system 

could potentially be applied in different reaction phases, such as liquid/solid systems. 

Heterogeneous FeIII-TAML activators may further extend the application of the FeIII-

TAML/H2O2 catalyst system, such as continuous large scale water treatment by lowering the 

dosage required.  
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Depending on the form of interaction between catalysts and solid support, the basic methods 

of catalyst immobilisation can be categorised as covalent bonding, electrostatic interaction, 

adsorption and encapsulation (Alaerts et al., 2008; X. S. Zhao et al., 2006). Solid material with 

a high surface area is able to disperse and stabilize the catalysts, and expose as many as possible 

active sites to the reaction medium (John M Thomas, 1988). Among the solid support materials 

reviewed, silica is suggested as an outstanding substrate with pronounced advantages for the 

immobilisation of homogeneous catalysts. Silica possesses a wide range of pore sizes and 

supplies a large surface area with plenty of available and well-defined silanol groups, all of 

which are all important for immobilising catalysts via adsorption, ion exchange and covalent 

binding (Jal et al., 2004; Ross, 2011; X. S. Zhao et al., 2006). In addition to their binding 

reaction, silanol groups on the surface can be modified with a range of reagents to form 

functionalised silanol groups, which are then able to anchor homogeneous catalysts by catalytic 

or ion-exchange reactions to synthesize heterogeneous catalysts (Jal et al., 2004; G. Lu et al., 

2004; Price et al., 2000).  

1.6 Estrogenic activity of CYL and ANA 

In addition to the hepatotoxicity, neurotoxicity, and cytotoxicity of cyanotoxins (Funari et al., 

2008; Wiegand et al., 2005), there are indications cyanotoxins may also be endocrine disruptors. 

Extracts of cyanobacteria are reported to be estrogenic in in vitro assays using the human breast 

carcinoma cell line MVLN (Jonas et al., 2015; Štěpánková et al., 2011; Sychrová et al., 2012). 

Besides, two cyclic peptide cyanotoxins, microcystin-LR and nodularin-R are reported to 

generate weak estrogenic potency in cultured mammalian cells (Oziol et al., 2010); moreover, 

the endocrine disrupting effect of microcystin-LR is also observed in an in vivo assay (Rogers 

et al., 2011). Hence, CYL and ANA are also suspected to induce estrogenic activity. Being 

typical alkaloids cyanotoxins are formed at all stages of cyanobacterial growth (Svrcek et al., 
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2004), the potential estrogenicity of CYL and ANA would similarly lead to chronic and 

hazardous consequences to aquatic life.  

1.6.1 Endocrine disrupting chemicals  

Endocrine disrupting compounds (EDCs) are chemicals which elicit negative effects on the 

endocrine systems of humans and animal by mimicking the activity of endogenous estrogens 

and androgens (Campbell et al., 2006; Gillesby et al., 1998). To date, a wide range of natural 

and synthetic pharmaceuticals, pesticides, industrial chemicals and heavy metals have been 

identified as having the ability to mimic or induce estrogen-like responses in the endocrine 

system (Campbell et al., 2006; Denier et al., 2009; Giesy et al., 2002; Söffker et al., 2012). 

EDCs are able to functionalise at low nanomolar to micromolar concentrations (De Coster et 

al., 2012; Vandenberg et al., 2012), causing permanent and irreversible impacts on reproductive 

behaviours and fertility (Colborn et al., 1993; Fenton, 2006; Nash et al., 2004).  

1.6.2 Limitations of general technologies in quantifying estrogenic activity 

In the early days, CYL extracts were mostly detected by bioassays (de la Cruz et al., 2013; 

Hawkins et al., 1985). The evolution of liquid chromatography mass spectrometry techniques 

and commercial use of CYL standards have promoted the development of chromatographic 

techniques for detecting CYL levels (de la Cruz et al., 2013) and there are now a range of 

techniques available for detection and quantification of CYL. CYL detection is achieved by 

microscopy, molecular and chromatographic methods, bioassays and immunoassays (de la 

Cruz et al., 2013; Moreira et al., 2013), including in vivo mouse assays (Hawkins et al., 1985), 

an in vitro cell line assay (Gutiérrez-Praena et al., 2012), a cell-free protein synthesis inhibition 

assay (S. M. Froscio et al., 2008), enzyme-linked immunosorbent assays (ELISA) (Ballot et al., 

2010) and liquid chromatography tandem mass spectrometry (Gallo et al., 2009; Guzmán-

Guillén et al., 2015). The quantification methods for ANA, which encompass biological 
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methods as well as chromatographic methods, perform well for ANA monitoring and 

investigation (Osswald et al., 2007). Specifically, bioassays for ANA include an in vivo mouse 

assay (Devlin et al., 1977) and a brine shrimp bioassay (Lahti et al., 1995). Chromatographic 

methods mainly consist of gas chromatography coupled with mass spectrometry (Dagnino et 

al., 2005; Ghassempour et al., 2005; V. Rodríguez et al., 2006), high performance liquid 

chromatography (Al-Sammak et al., 2013; James et al., 1998) and liquid chromatography 

tandem mass spectrometry (Bogialli et al., 2006; Faassen et al., 2012; Furey et al., 2003). 

However, the estrogenic effects cannot be ascertained by these chromatographic methods; 

meanwhile, detection of estrogenic activity of cyanotoxins by in vivo bioassays can be masked 

due to the high toxicity (Jonas et al., 2015). Additionally, in vivo bioassays are costly and time-

consuming (Beresford et al., 2000).  

1.6.3 In vitro assays for quantification of estrogenic activity  

Compounds mimicking the activity of endogenous estrogens are classified as estrogenic 

compounds and estrogen-like compounds (Gillesby et al., 1998). While estrogenic substances 

produce effects which are mediated through estrogen receptors, the effects produced by 

estrogen-like substances are not mediated by estrogen receptors (Gillesby et al., 1998). 

Modelling the mechanisms of action of endogenous estrogens, a number of in vitro 

estrogenicity assays are available for detecting EDCs, including estrogen receptor competitive 

ligand binding assays, recombinant receptor/reporter gene assays, cell proliferation assays, 

post-confluent cell accumulation, endogenous protein expression, quantitative reverse 

transcriptase-polymerase chain reaction and yeast-based assays (Bistan et al., 2011; Gillesby 

et al., 1998; Leusch et al., 2010). In previous studies, recombinant cells transfected with an 

estrogen receptor-regulated luciferase gene were used to detect signalling from cyanobacterial 

extracts and cyanotoxins which initiate effects mediated through estrogen receptors (Jonas et 

al., 2015; Oziol et al., 2010; Štěpánková et al., 2011; Sychrová et al., 2012). Compounds 
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produced by cyanobacteria were consequently classified as estrogenic substances, due to their 

receptor-mediated effects. Further, reporter gene-based assays are suggested as the preferred 

assays for detecting the estrogenic potency of cyanotoxins. 

However, the significant disadvantages of mammalian cell assays should be considered. The 

long periods required for cell growth and necessary sterility of samples make this a relatively 

costly method in terms of the time-consuming techniques and equipment required to avoid 

potential contamination, and the deviation in results produced by different types of hormone 

receptors (Balsiger et al., 2010). Instead, another reporter gene assay, the in vitro yeast estrogen 

screen (YES) assay is recommended. The YES assay is widely used now because of its short 

incubation time, high resistance to environmental samples, low operational costs, capacity to 

rapidly screen a large number of samples simultaneously, and the simplicity of the procedure 

(Balsiger et al., 2010). The YES assay has been applied to measure the estrogenic activity of 

individual chemicals (Routledge et al., 1996; Segner et al., 2003), samples from wastewater 

(Aerni et al., 2004; Balsiger et al., 2010; Thorpe et al., 2006) and sewage (Rutishauser et al., 

2004), and surface water samples (Murk et al., 2002).  

1.6.4 Mechanism of the yeast estrogen screen assay 

The yeast cell-based assay uses genetically modified yeast strains engineered with the human 

estrogen receptor gene and expression plasmids which carry a reporter gene (Routledge et al., 

1996). The reaction mechanism processes are described by Scheme 1.6 (McLachlan et al., 

1996): 1) estrogen enters the yeast cells; 2) when activated by estrogen, the recombinant human 

estrogen receptor gene encodes more estrogen receptors; 3) estrogen binds to these estrogen 

receptors; 4) the estrogen and receptor complex then binds to the estrogen response elements; 

5) the linked lacZ gene is transcribed producing the enzyme β-galactosidase (β-gal); 6) the 

enzyme β-gal is liberated into the media; and 7) causes a colour reaction that converts 
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chlorophenol red-β-d-galactopyranoside (CPRG) into chlorophenol red (CPR); 8) the intensity 

of the colorimetric response is quantified as estrogenic activity (Campbell et al., 2006; De 

Boever et al., 2001; McLachlan et al., 1996).  

 

Scheme 1. 6: Hormone-induced chemiluminescence in the YES assay 

 

Despite its reputation as a reliable detection tool, some studies have reported that the YES assay 

measured estrogenicity of a variety of samples differed from the values predicted by the 

concentration addition model, and differed to the estrogenicity calculated by chemical analysis 

(Beck et al., 2006; Thorpe et al., 2006). Such deviations likely result from the chemical 

disruption of the activation of estrogen response elements (Thorpe et al., 2006), the presence 

of anti-estrogenic compounds and/or unknown compounds with estrogenicity (Beck et al., 

2006; Nakada et al., 2004; Pauwels et al., 2008; Peck et al., 2004), the influence of estrogen 

receptor antagonists (Snyder et al., 2001), the considerable impact of weak estrogens 

(Rajapakse et al., 2001), the salinity of samples (Kase et al., 2008), various alterations in 
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methodology (Beresford et al., 2000), and also non-estrogenic toxicants (Frische et al., 2009). 

When binding to the human estrogen receptor α (ERα), nonsteroidal compounds are likely to 

mimic the natural estrogen 17β-estradiol (De Boever et al., 2001), thereby modulating natural 

estrogenic activity. 

1.7 Research gaps 

Shortcomings have been observed in current technologies for cyanotoxin removal and 

degradation, however treatment of cyanotoxins by FeIII-B*/H2O2, a high activity catalyst 

system, has not been described in the literature.  

While NOM has shown negative impacts on cyanotoxin removal, the characteristics of NOM 

involved in CYL and ANA degradation by FeIII-B*/H2O2 remain unknown. 

Although there are some indications of endocrine disrupting effects of cyanotoxins, 

information on the estrogenicity induced by CYL and ANA is limited. Furthermore, 

information on changes in estrogenicity following CYL and ANA treatment by a powerful 

oxidant is lacking in the current scientific literature.  

1.8 Research objectives 

The overarching objectives of this research are to investigate the degradation of CYL and ANA 

by FeIII-B*/H2O2, explore the influence of NOM on cyanotoxin degradation, and assess the 

estrogenic activity of cyanotoxins. The study has been designed in sequential steps, with the 

aim of extending knowledge toward the implementation of FeIII-B*/H2O2 in water treatment 

plants and bridging the knowledge gap around cyanotoxin related endocrine-disrupting effects. 

The specific research objectives and steps are to: 

1. Investigate the catalytic oxidative degradation of cyanotoxins CYL and ANA by FeIII-

B*/H2O2  

26 
 



 

2. Explore the influence of NOM on cyanotoxin degradation by FeIII-B*/H2O2  

3. Assess the estrogenic activity of these cyanotoxins and the estrogenic response of their 

degradation products  

1.9 Thesis framework 

As this thesis consists of three manuscripts to be submitted for publication, repetition of some 

materials has been unavoidable. Details of each chapter are presented below:  

Chapter 1 

Chapter 1 discusses global cyanobacterial blooms and associated adverse impacts from various 

perspectives. The serious consequences are seen in the poisonings and deaths in humans and 

animals associated with cyanotoxins and reported globally over decades. The chapter explains 

the rationale for selecting CYL and ANA as the target compounds and outlines the primary 

characteristics of these cyanotoxins. The chapter then presents a brief review of the available 

treatment methods for cyanotoxins, describing the challenges of current cyanotoxin treatment 

options and the negative influence of NOM on treatment efficiency. Details are provided for 

the sequence of reactions contributing to the action of FeIII-TAML/H2O2, and the factors that 

make FeIII-TAML/H2O2 an attractive alternative for cyanotoxin degradation. The chapter 

draws attention to the limited knowledge about the estrogenic activity of cyanotoxins, and 

highlights the possibility that CYL and ANA act as endocrine disrupting chemicals. The yeast 

estrogen screen assay is introduced as a currently available technique for detecting the 

estrogenic activity of cyanotoxins.  

Chapter 2 

Catalytic degradation of cyanotoxins by FeIII-B*/H2O2 is discussed in Chapter 2, and the 

degradation of CYL and ANA at varying pH levels is evaluated. The next section of Chapter 2 
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summarises the production of heterogeneous FeIII-B* and provides an assessment of the 

coverage ratio of heterogeneous FeIII-B*. Heterogeneous FeIII-B* catalysts are produced by 

immobilising homogeneous FeIII-B* onto functionalised silica gel. The coverage ratio of 

heterogeneous FeIII-B* is then assessed by monitoring the reduction in dye absorbance. The 

efficiency of cyanotoxin removal by heterogeneous FeIII-B*/H2O2 is monitored and compared 

to homogeneous FeIII-B*/H2O2. Degradation products and corresponding degradation 

pathways are identified based on the analysis of chromatograms and mass spectra. The changes 

in toxicity following the transformation of CYL and ANA by a powerful oxidant are discussed, 

in light of the structural destruction and conformational changes.  

Chapter 3 

In Chapter 3, the influence of dissolved NOM (0 ~ 30 ppm) on cyanotoxin degradation by FeIII-

B*/H2O2 is investigated. NOM oxidation by FeIII-B*/H2O2 is monitored by excitation–

emission matrix (EEM) and ultraviolet spectrometry. Changes in the fluorophore signature and 

UV/Vis absorbance indicate the potential NOM components oxidised by FeIII-B*/H2O2. The 

radical-mediated cross-coupling reactions between the NOM compounds and cyanotoxin by 

FeIII-B*/H2O2 likely increase cyanotoxin removal. Guaiacol and glycolic acid are used as NOM 

surrogates in cyanotoxin degradation to further illustrate the interaction between cyanotoxin 

and NOM constituents. Radical-mediated cross-coupling pathways between NOM surrogates 

and cyanotoxin are proposed based on the radicals generated via one-electron oxidation by 

FeIII-B*/H2O2. The changes in toxicity of cyanotoxins and their degradation products 

complexing with NOM are discussed as due to the conformational changes of the uracil moiety 

of CYL and the molecular structure of ANA.  
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Chapter 4 

Chapter 4 presents the first study on the evaluation of potential estrogenic activity of CYL and 

ANA employing the yeast estrogen screen (YES) assay. The intensity of the colorimetric 

response by CYL and ANA is quantified and the curves representing the % β-galactosidase 

responses of cyanotoxin are plotted by a four-parameter-log(agonist) vs response-curve 

equation. The logEC50 values induced by the cyanotoxins are compared to the logEC50 values 

induced by E2 and ZnCl2, which are used as endogenous hormone and endocrine disrupting 

chemical respectively. The binding affinity of CYL and ANA to the estrogen receptor is 

associated with their ring structures and toxicological properties. Cyanotoxin modulation of 

E2-induced estrogenicity are observed in the competition assay. Their agonistic and/or 

antagonistic modulation of E2-induced estrogenicity are discussed. The estrogenicity of CYL 

and ANA treated by FeIII-B*/H2O2 is explored, with the aim of extending knowledge of 

changes in cyanotoxin-induced estrogenicity following treatment. Because estrogenic potency 

is correlated with ring structures, the destruction of parent cyanotoxin and the formation of 

various products are discussed in relation to this changed estrogenicity. The reduced level of 

estrogenicity in the treated cyanotoxins is correlated with the reduced cyanotoxin levels and 

also with the degradation products, which may affect the estrogenicity measurement by acting 

as exogenous ligands. 

Chapter 5  

This chapter summarises the findings of this work and their significance to cyanotoxin 

treatment research. It concludes with a series of overall recommendations and highlights 

directions for further work, which should improve the performance of FeIII-B*/H2O2 in real life 

applications. 
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Chapter 2: Oxidative degradation of 

cylindrospermopsin and anatoxin-a by FeIII-B*/H2O2 

Manuscript to be submitted to Water Research journal 

Chapter abstract 

Cylindrospermopsin (CYL) and anatoxin-a (ANA) are alkaloid-like potent cyanotoxins 

produced during cyanobacterial blooms. Their high toxicity and widespread distribution have 

raised concerns over the safety of impacted drinking water sources. Current physical and 

chemical oxidation technologies are not always effective in treating CYL and ANA 

contaminated water. The novel catalyst iron tetra-amido-macrocyclic ligand (FeIII-TAML, 

designated as FeIII-B*) activates H2O2, and is known to degrade a range of recalcitrant 

pollutants. We explore the oxidative degradation of CYL and ANA by FeIII-B* in a 

homogeneous formulation and a heterogeneous formulation produced by anchoring dissolved 

FeIII-B* onto functionalised silica gel. Cyanotoxin oxidation by homogeneous FeIII-B*/H2O2 

(5 µM/ 5 mM) was conducted at 25 °C at pH ranging between 8.5 and 11.5 over 120 min. The 

apparent first order rate constants increased for higher pH, reaching a maximum at pH 11.5 for 

both compounds. The decrease in oxidation efficiency at pH 10.5 and 11.5 is explained by 

activator self-decomposition. In view of the opposing effect of high pH on the rate constant 

and the removal efficiency, a lower pH of 9.5 was used to assess the degradation of both 

compounds by heterogeneous FeIII-B*/H2O2. At pH 9.5, homogeneous FeIII-B*/H2O2 (2.5×10-

7 mole /5 mM) decreased the concentration of CYL (0.24 µM) by 87 % and ANA (7.1 µM) by 

96 %, while heterogeneous FeIII-B*/H2O2 (2.5×10-7 mole of FeIII-B* loaded on 240 mg of 

functionalised silica gel in 5 mM H2O2) lowered the concentration of CYL by 93 % and ANA 

by 88 %. The mechanisms of cyanotoxin removal by heterogeneous formulation were solid 

adsorption and catalytic oxidative degradation. When identical moles of FeIII-B* and H2O2 
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were used in the heterogeneous formulation, heterogeneous FeIII-B*/H2O2 showed similar 

efficiency in cyanotoxin removal as homogeneous FeIII-B*/H2O2 and so extended the 

application of the FeIII-B*/H2O2 catalyst system. High resolution mass spectrometry analysis 

of the intermediate products of homogeneous CYL and ANA oxidation showed that CYL 

transformation involved hydroxylation, sulphate elimination, uracil ring modification, and 

tricyclic ring destruction, while ANA transformation involved epoxidation and deamination. 

These intermediates suggest that the transformations lowered cyanotoxin toxicity from the 

oxidation of the uracil ring of CYL and the formation of non-toxic epoxy-ANA. Both the 

homogeneous and heterogeneous formulations of FeIII-B*/H2O2 were shown to transform CYL 

and ANA, and the intermediates identified indicate the toxicity of the mixture decreased. 
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2.1 Introduction 

Cyanobacterial blooms impact water quality by releasing compounds which taint the smell and 

taste of water (Ian R Falconer, 1999; Graham et al., 2010). Of greater concern, cyanobacterial 

blooms produce secondary metabolites such as cyanotoxins which can pose a threat to human 

and animal health (Van Apeldoorn et al., 2007). Animal deaths from cyanotoxin ingestion have 

been recorded as far back as 1878 at Lake Alexandrina in South Australia (G. Codd et al., 

1994). Since then, other incidences of animal poisoning and deaths from cyanotoxins have been 

reported in many countries (Bláha et al., 2009; Catherine et al., 2013; G. A. Codd, 2000; Svrcek 

et al., 2004). Cylindrospermopsin (CYL, Figure 2.1a) and anatoxin-a (ANA, Figure 2.1b) are 

members of the cyanotoxin family and have received a lot of attention because of their high 

toxicity and widespread distribution (A. Humpage, 2008; Kinnear, 2010; Pelaez et al., 2010).  
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Figure 2. 1: The structure of (a) cylindrospermopsin, (b) anatoxin-a, (c) FeIII-B* catalyst 

 

Traditional methods (e.g., coagulation and flocculation), physical removal, chemical oxidation 

and advanced oxidation processes (AOPs) have been used to treat CYL and ANA (de la Cruz 

et al., 2013; Vlad et al., 2014; J. Westrick et al., 2010). Sedimentation is effective for the 

removal of intracellular cyanotoxins, but not for extracellular cyanotoxins (He, Zhang, et al., 

2014; Newcombe et al., 2004; J. Westrick et al., 2010). Effective physical removal of 

cyanotoxins requires a high dose of activated carbon and repeat treatments (Hitzfeld et al., 

2000). Cyanotoxin degradation by oxidizing agents has shown varying degrees of efficiency  
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(E. Rodríguez, Onstad, et al., 2007). Chlorine and permanganate cannot effectively remove 

both CYL and ANA (Newcombe et al., 2004; E. Rodríguez, Onstad, et al., 2007; E. Rodríguez, 

Sordo, et al., 2007; P. Senogles et al., 2000). CYL and ANA removal by ozonation has been 

reported (Onstad et al., 2007; E. Rodríguez, Onstad, et al., 2007), but the effectiveness of this 

treatment is strongly dependent on the DOC concentration of water (Rositano et al., 2001). The 

criteria for gauging the effectiveness of cyanotoxin treatment are suggested as removal 

efficiency, operational costs, and levels of detoxification achieved. The iron (III) tetra-amido-

macrocyclic ligand (FeIII-TAML, designated as FeIII-B*, as shown in Figure 2.1c), an activator 

of H2O2, is expected to achieve efficient and economic oxidation and detoxification of CYL 

and ANA. The FeIII-B*/H2O2 oxidation system has been shown to rapidly oxidize various 

contaminants (Chahbane et al., 2007; Chanda, Ryabov, et al., 2006; J. L. Chen et al., 2012; 

Mitchell et al., 2010; Shappell et al., 2008) without producing toxic by-products (Chahbane et 

al., 2007; Gupta et al., 2002). FeIII-TAML/H2O2 can act efficiently at low µM concentrations 

(W. Chadwick Ellis et al., 2009) and over a broad pH range (pH 6 ~ 12.4) (Ghosh et al., 2008).  

Many catalysts are typically applied homogeneously by dissolving them in solution. An 

alternative procedure is to use the catalyst in heterogeneous form as a solid catalyst (X. S. Zhao 

et al., 2006), for example by immobilising the catalyst onto solid surfaces (Sabater et al., 2014). 

Since the half-life of homogeneous FeIII-TAML is short (Chanda, Ryabov, et al., 2006), 

heterogeneous FeIII-TAML activators may make continuous large scale water treatment 

possible by lowering the dosage required. Several types of catalyst have been immobilised on 

solid surfaces, e.g., biological catalysts (Katchalski-Katzir et al., 2000; Tischer et al., 1999), 

metal catalysts (del Pozo et al., 2011; Hu et al., 2005; Matsumoto et al., 2008; Sabater et al., 

2014; Severeyns et al., 2001; Sotiriou-Leventis et al., 2008) and photochemical catalysts (Y. 

Liu et al., 2005; Puma et al., 2008; Shephard et al., 2002). Silica gel is one of the most 
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commonly used as the immobilisation substrates (Jal et al., 2004; G. Lu et al., 2004; Price et 

al., 2000; Ross, 2011).  

The aims of this work are to investigate the oxidative degradation of CYL and ANA by 

homogeneous and heterogeneous FeIII-B*/H2O2 under different pH conditions, identify the 

intermediate products of transformation, propose the transformation pathways and assess the 

detoxification of cyanotoxins by FeIII-B*/H2O2.   

2.2 Methodology  

2.2.1 Chemicals preparation 

Cylindrospermopsin from Sapphire Bioscience Pty. Ltd. and (±)-anatoxin-a fumarate from 

Abcam Australia Pty. Ltd. were used as received. FeIII-B* was supplied by the School of 

Chemical Sciences, University of Auckland. H2O2 (30 %) was purchased from Thermo Fisher 

Scientific. Silica gel (200 − 400 mash) and dimethyloctadecyl [3-(trimethoxysilyl) propyl] 

ammonium chloride (Si-QAC) solution (42 wt. % in methanol) were purchased from Sigma 

Aldrich. The solvents were HPLC grade from Merck Millipore. Water (18.2 MΩ.cm resistivity) 

was purified by a Milli-Q filtration system (Millipore). All operations with cyanotoxins were 

undertaken in a chemical fume hood adhering to the proper precautions for handling hazardous 

chemical. 

2.2.2 Heterogeneous FeIII-B* production  

The method (Scheme 2.1) for generating heterogeneous FeIII-B* consisted of two steps. Firstly, 

the silica gel was functionalised (Isquith et al., 1972; NIKAWA et al., 2005; Walters et al., 

1973), and then FeIII-B* was anchored onto the modified solid surface via electrostatic 

interaction (McMorn et al., 2004; Sakpal et al., 2012; Shimizu et al., 1997). In Step 1, 5 g silica 

gel was reacted with 70 mL of 10 % (v/v) diluted Si-QAC solution for 2 hrs at 60 °C under 

34 
 



 

stirring (300 rpm). The reacted silica gel was recovered by washing it thoroughly with water 

(3 × 50 mL) and acetone (3 × 50 mL) and then dried in a vacuum oven at 110 °C overnight. 

The functionalised modified silica gel was harvested the following day. In Step 2, 2.5×10-7 

mole, 1.25×10-6 mole and 2.5×10-6 mole FeIII-B* in pH 9.5 0.01 M Na2CO3/NaHCO3 buffer 

was stirred with 240 mg modified silica gel at 300 rpm. Heterogeneous FeIII-B* was harvested 

by filtration after 15 min. 

silica gel

SiH3CO
H3CO

H3CO
N

CH3

CH3

ROH OH OH OH

silica gel

OH O O O O O

Si

N

R

O
Si

N
R

silica gel

OH O O O O O

Si

N

R

O
Si

N
R

[FeL(H2O)2]

[FeL(OH)(H2O)]
-

FeIII-B*

Step 1 Step 2  

Scheme 2. 1: Covalent attachment of quaternary nitrogen reagent to silica gel and 
homogeneous FeIII-B* immobilisation onto the functionalised silica gel 

 

2.2.3 Coverage assessment of heterogeneous FeIII-B*  

The coverage ratio of FeIII-B* on the solid support was quantified by determining the residual 

FeIII-B* in the filtrate by monitoring the drop in absorbance of methyl orange. Due to the 

equilibrium between absorption and desorption, repeated sets of re-suspension and filtration 

were conducted to obtain a stable coating of FeIII-B* with optimized coverage. The total 

released FeIII-B* was calculated by adding up the FeIII-B* left in each filtrate. In Scheme 2.2, 

filtrate from each cycle was mixed with 45 µM methyl orange and pH 9.5 0.01 M 

Na2CO3/NaHCO3 buffer to reach 100 mL. Dye bleaching was initiated by adding 1 mM H2O2 

into each bulk solution and the absorbance (λ = 464.5 nm) recorded at set intervals. The amount 

of FeIII-B* in the filtrate was converted by calibrating the initial bleaching rate by standard 

FeIII-B*. The coverage ratio of heterogeneous FeIII-B* was converted by the total released FeIII-

B* (mole) and silica gel (mg).  
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Scheme 2. 2: The process flow for heterogeneous FeIII-B* production 

 

2.2.4 Degradation experiments   

The initial reaction conditions were: 0.24 µM CYL or 7.1 µM ANA in the 0.01 M 

Na2CO3/NaHCO3 buffer, 5 µM homogeneous FeIII-B* or heterogeneous FeIII-B* (2.5×10-7 

mole homogeneous FeIII-B* on 240 mg modified silica gel), and 5 mM H2O2. Because the pKa 

of FeIII-TAML is in the range 9.4 − 10.5 (Ghosh et al., 2003), CYL’s pKa is 8.8 and ANA’s 

pKa is 9.4 (Onstad et al., 2007), the degradation of cyanotoxin by the homogeneous FeIII-

B*/H2O2 catalyst system was studied at pH 8.5 to 11.5. Reactions were carried out in glassware 

covered with aluminium foil paper and shaken at 600 rpm in a mechanical shaker at 25 °C. 

Samples were taken at intervals and the residual H2O2 quenched by catalase, which was 60 

times the concentration capable of destroying 5 mM H2O2 in 1 min. Samples were then filtered 

through 0.2 µm RC syringe filters (Phenomenex NZ Ltd) and applied to LC-MS for cyanotoxin 

quantification.   

2.2.5 Cyanotoxin quantification by LC-MS 

Cyanotoxin quantification was conducted by LC-MS (Shimadzu Series model LC-MS 2020, 

Japan). The separation method was modified from Faassen et al. (2012). Compounds were 

separated on a Waters Atlantis T3 column (3 μm, 3.0 × 150 mm) at 0.2 mL/min flow rate under 
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30 °C column. Milli-Q water/0.1 % formic acid (v/v) as mobile phase A and methanol/0.1 % 

formic acid (v/v) as mobile phase B were used for both cyanotoxins. The gradient elution 

program for CYL was 1 min: 5 % B, 8 − 12 min: 50 % B, and 16 min: 0 % B, with a linear 

increase between the isocratic periods. The gradient elution program for ANA was 0.01 min: 

20 % B, 3 − 5 min: 90 % B, and 10 min: 20 % B, with a linear increase between the isocratic 

periods. CYL was monitored at m/z 416 and ANA was monitored at m/z 166 in positive ion 

mode (SIM). The concentration of cyanotoxin was determined based on a standard curve 

obtained by plotting pure cyanotoxin against the peak area of the LC-MS curve.  

2.2.6 Solid-phase extraction procedure  

Degradation samples were concentrated by the solid-phase extraction (SPE) and analysed by 

Q-Exactive tandem mass spectrometry (LC-MS/MS). The CYL-SPE method was modified 

from Metcalf et al. (2002) and Foss et al. (2013) with the application of Hypersep Hypercab 

SPE cartridges (Thermo Fisher Scientific, NZ Ltd.): 1) cartridges were conditioned with two 

column volumes of methanol and rinsed with two column volumes of water; 2) samples were 

loaded onto cartridges at a flow rate of 1 − 2 mL/min; 3) cartridges were washed with one 

column volume of water and fully air-dried prior to elution; and 4) CYL was eluted with 95 % 

methanol/ 5 % formic acid (v/v). The ANA-SPE using Strata-X-CW polymeric weak cation 

SPE cartridges (Phenomenex Australia Ply Ltd.) was conducted as follows: 1) one column 

volume of methanol followed by one column volume of water was applied to condition the 

cartridges; 2) samples were loaded after adjustment to pH 6 ~ 7; 3) one column volume of 

water followed by one column volume of methanol was used to wash the cartridges; and 4) 

samples were eluted with 5 % formic acid in methanol. For all SPE samples, the eluate was 

evaporated to dryness in a speed vacuum concentrator (Savant SPD131DDA, ThermoFisher) 

and then reconstituted in methanol for analysis. 
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2.2.7 CYL and ANA degradation analysis  

The apparent-first-order rate constants for CYL and ANA degradation by FeIII-B*/H2O2 were 

obtained using the following first-order decay relationship (Jho et al., 2012): 

𝐶𝐶 = (1 − 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟)𝑒𝑒−𝑘𝑘𝑘𝑘 + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟                                             Eq.2.1 

where C represents Ct/C0 that CYL or ANA concentration at time t (min) normalized to its 

initial concentration (C0), Cres represents the residual CYL or ANA concentration normalized 

with respect to its initial concentration (C0), and k indicates the apparent first-order rate 

constant (min-1).  

2.3 Results and discussion  

2.3.1 Effect of pH on cyanotoxin oxidation by homogeneous FeIII-B*/H2O2 

We explored the effect of changes in pH on the rates at which CYL and ANA is oxidized by 

homogeneous FeIII-B*/H2O2, because the rate of the FeIII-TAML/H2O2 catalyst system 

oxidation of substrate is known to be strongly dependent on the pH of the solution (Chanda, 

Ryabov, et al., 2006; Ghosh et al., 2008). As seen from the degradation of CYL by FeIII-

B*/H2O2 in Figure 2.2a, CYL oxidation showed a rapid decline in the first 20 min, followed 

by a slower removal and then finally entered into a fairly steady state up until the end of the 

experiment at 120 min. As shown by the degradation rates at varying pH, CYL oxidation by 

FeIII-B*/H2O2 is highly pH dependent. Treatment at pH 8.5 reduced the parent compound by 

37 % after 5 min and 85 % after 30 min. Beyond the 30 min reaction time, there was no further 

significant reduction in residual CYL concentration. Increasing the pH to 9.0 resulted in 

slightly reduced removal (13 % CYL residual at 120 min). As pH was further increased to 9.5, 

no significant difference was observed for residual CYL. When pH was increased to 10.5 and 

11.5, CYL was removed rapidly in the first 5 min, decreasing by 44 % and 53 % respectively. 
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However, the rapid rate of removal deceased by the 10th min and then plateaued, resulting in 

77 % removal at pH 10.5 after 2 hrs and 70 % at pH 11.5. The results for ANA removal by 

FeIII-B*/H2O2 indicated a fast initial drop in concentration for all levels of pH, but the changes 

thereafter varied by pH (Figure 2.2b). At pH 8.5, ANA removal increased gradually to 75 % 

ANA removal by 120 min. ANA removal then increased with increasing pH up to 9.5, with 

87 % ANA oxidation at pH 9.0 and 96 % ANA oxidation at pH 9.5. However, the efficiency 

of FeIII-B*/H2O2 then decreased as pH was further increased to 10.5 (81 % ANA removal) and 

11.5 (67 % ANA removal). For both cyanotoxins, removal by degradation occurred rapidly at 

the beginning, which can be associated with high oxidized FeIII-B* concentrations. After this 

point, the decreasing rates of degradation correlated with either the consumption of oxidized 

FeIII-B* (ANA degradation) or removal of the reactant (CYL degradation).  
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Figure 2. 2: Cyanotoxins removal by homogeneous FeIII-B*/H2O2 at different pH. (a) 
CYL (0.24 µM) and (b) ANA (7.1 µM) removal by FeIII-B*/H2O2 (5 µM/ 5 mM) at pH 

8.5 (□), 9.0 (∆), 9.5 (○), 10.5 (◊) and 11.5 (x) (0.01 M) (mean ± standard deviation of 
three independent runs). 
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The cyanotoxin decay kinetics are well described by the model in Eq.2.1, with a corresponding 

regression for high R2 ranging from 0.96 to 1.00 observed (Appendix Figure A2.1). Figure 2.3 

shows that the modelling rate constants increased from low pH 8.5 and peaked at pH 11.5. The 

climbing curve from pH 8.5 to 11.5 is consistent with the bell-shaped pH profiles demonstrated 

previously (Popescu et al., 2010), and the peaking value at pH 11.5 implied the highest point 

of reactivity of FeIII-B* toward H2O2. Contrary to previous findings of the reduced performance 

of the catalyst system due to the substrate’s reversible binding (Kundu et al., 2015; Mitchell et 

al., 2010), the influence of charged cyanotoxin at pH 10.5 and 11.5 (above the pKa value of 

cyanotoxin) on FeIII-B* reactivity was negligible, because the observations agreed with the 

literature that pH from 10 to 11 is known to be the pH at which oxidized FeIII-B* species are 

formed at the fastest rate (W Chadwick Ellis et al., 2010; Ghosh et al., 2008). Removal rates 

were consistent with the rate constants in that higher pH resulted in higher removal rates for 

CYL (0 ~ 15 min) and for ANA (0 ~ 20 min). However, pH 10.5 and 11.5 led to lower removal 

rates when the reaction continued further, which was unexpected for FeIII-B*/H2O2. The 

significant amount of oxidizing species produced around pH 10 ~ 11(Ghosh et al., 2008; 

Popescu et al., 2008) can lead to rapid degradation at the initial decay phase. FeIII-B* self-

decomposition was also expected due to the large amount of oxidized FeIII-B* species produced. 

Due to the self-destruction of FeIII-B* at pH 11 (25 °C) and its corresponding half-lives of 3.4 

min (Chanda, Ryabov, et al., 2006), we propose the self-consumption of FeIII-B* as one reason 

for the reduced removal rates under high reactivity.  
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Figure 2. 3: The rate constants of CYL and ANA degradation by homogeneous FeIII-
B*/H2O2 at different pH 

 

2.3.2 Cyanotoxin removal by heterogeneous FeIII-B*/H2O2 

A pH of 9.5 was applied in the cyanotoxin catalytic studies by heterogeneous FeIII-B*/H2O2, 

based on the maximum rate of cyanotoxin loss and feasible rate constants for homogeneous 

FeIII-B*/H2O2. Information from the assessment of heterogeneous FeIII-B* coverage ratio is 

provided in Appendix Figure A2.2. CYL and ANA degradation by homogeneous FeIII-B* and 

heterogeneous FeIII-B*, with and without H2O2, is shown in Figure 2.4a and Figure 2.4b, and 

the modelled data for degradation by heterogeneous FeIII-B*/H2O2 shown in Appendix Figure 

A2.3.  
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Figure 2. 4: Cyanotoxins removal by homogeneous and heterogeneous FeIII-B*/H2O2 at 
pH 9.5. (a) CYL (0.24 µM) and (b) ANA (7.1 µM) removal by modified silica gel (240 

mg) (x), homogeneous FeIII-B* (2.5×10-7 mole) (∆), heterogeneous FeIII-B* (2.5×10-7 mole 
FeIII-B* on 240 mg MSG) (◊), homogeneous FeIII-B*/H2O2 (2.5×10-7 mole/ 5 mM) (○) 

and heterogeneous FeIII-B*/H2O2 (2.5×10-7 mole FeIII-B* on 240 mg MSG/ 5 mM) (□) at 
pH 9.5 (0.01 M) (mean ± standard deviation of three independent runs). 
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Figure 2.4a shows CYL removal by the modified silica gel (MSG) and heterogeneous FeIII-B*, 

likely due to electrostatic adsorption on the solid material. CYL is a zwitterionic compound, 

containing a positively charged guanidine moiety and a negatively charged sulphate group at 

neutral pH (Meriluoto et al., 2008; Walker, 2014). At pH 9.5, the negatively charged CYL (pKa 

= 8.8) molecules (Walker, 2014; Zhang et al., 2014) were attracted to the positively charged 

MSG, but barely attached to the equivalently charged heterogeneous FeIII-B*, leading to a 

higher CYL adsorption percentage by MSG (18 % removal) and lower adsorption by 

heterogeneous FeIII-B* (8 % removal). When H2O2 was applied, CYL removal efficiency 

increased from 87 % for homogeneous FeIII-B*/H2O2 to 93 % for heterogeneous FeIII-B*/H2O2 

over 2 hrs of treatment.  

ANA (pKa = 9.36) molecules can show both neutral and positive changes (Meriluoto et al., 

2008) in pH 9.5 solution. With its lower molecular weight and simple chemical structure, ANA 

molecules can more readily traverse the chains on MSG and heterogeneous FeIII-B*, resulting 

in respective adsorptions of 37 % and 42 % for MSG and heterogeneous FeIII-B*. In addition, 

some silanol groups remain available on the surface of silica gel after polymeric treatment. The 

negatively charged silanol groups (pKa = 7.1) (Tanabe et al., 1990) are thought to take part in 

electrostatic interactions with ANA, leading to a further adsorption of ANA. When H2O2 was 

added, both the homogeneous and heterogeneous FeIII-B* induced significant oxidation of the 

cyanotoxins, removing 96 % and 88 % of ANA respectively (Figure 2.4b). 

The removal efficiency of cyanotoxin by heterogeneous FeIII-B*/H2O2 is facilitated by catalytic 

oxidative degradation and solid adsorption, and so the removal rate constants can be jointly 

affected by these mechanisms. Nevertheless, the homogeneous and heterogeneous 

formulations of FeIII-B* activated by H2O2 showed effective catalytic oxidative degradation of 

both cyanotoxins.  
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2.3.3 Identification of intermediate products in the catalytic oxidation of cyanotoxin 

The characterisation and interpretation of collision-induced dissociation (CID) CYL product 

ions based on the MS1 mass spectrum (Appendix Figure A2.4a), with assistance from Mass 

Frontier, are shown in Appendix Table A2.1. According to the product ions from the MS2 mass 

spectra (Appendix Figure A2.4b-d), a CID fragmentation series of CYL oxidized by FeIII-

B*/H2O2 is proposed for Scheme 2.3. Some of the products identified for CYL have previously 

been reported from its photocatalysis, including the following charged species: m/z 448 (L. 

Chen et al., 2015; Fotiou et al., 2015; He, de la Cruz, et al., 2014; He, Zhang, et al., 2014; Song 

et al., 2012; Zhang et al., 2015), m/z 420 (He, de la Cruz, et al., 2014) and m/z 322 (He, de la 

Cruz, et al., 2014; He, Zhang, et al., 2014; Zhang et al., 2015). It was noteworthy that product 

ions m/z 322, 420 and 448 were detected at low intensity in the MS1 mass spectrum. In Scheme 

2.3, shaded product ions m/z 368, 350 and 340 were observed with significant intensity in the 

MS2 mass spectra (Appendix Figure A2.4c, Figure A2.4d), but were absent in the MS1 mass 

spectrum (Appendix Figure A2.4a), which was likely due to their instability.  
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Scheme 2. 3: Proposed pathway for CYL oxidation by FeIII-B*/H2O2. Ionic species were 
recovered from SPE eluate and observed in the MS1 mass spectrum. Bracketed 

structures were not observed but were hypothesized to be present theoretically. Shaded 
composition were absent in MS1 mass spectrum but seen in the tandem mass spectra as 

key ions, so were included in CID fragmentations analysis. 

 

The unsaturated double bond on the uracil ring is a reactive site for mono-hydroxylation or di-

hydroxylation (Fotiou et al., 2015; He, de la Cruz, et al., 2014). Di-hydroxylated CYL m/z 450 

has been proposed in the literature (L. Chen et al., 2015; Fotiou et al., 2015; He, Zhang, et al., 
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2014; Song et al., 2012). Although the prevalent di-hydroxylated species (Song et al., 2012) 

was not seen, a series of ionic products including m/z 448 (a1) (L. Chen et al., 2015; Fotiou et 

al., 2015), 368 and 340 (He, de la Cruz, et al., 2014) were observed. Their transformations from 

m/z 450 have been described previously. Accordingly, di-hydroxylated CYL m/z 450 is most 

likely involved in the transformation pathways for CYL oxidation by FeIII-B*/H2O2. Products 

are generated from CYL essentially through hydroxylation, sulphate elimination, uracil ring 

modification and tricyclic ring destruction. Sulphate elimination has been reported in a 

photochemical transformation (Shah et al., 2013) and products from ring-opening of the 

tricyclic alkaloid described previously (Fotiou et al., 2015; He, Zhang, et al., 2014; Zhang et 

al., 2015). The MS2 spectrum targeting m/z 416 (Appendix Figure A2.4b) indicates m/z 336 

was likely transformed through sulphate elimination and hydroxylation from a possible product 

ion m/z 352, which did not produce a clear mass spectrum. Further dehydration of m/z 336 may 

explain the appearance of m/z 318 (c1). m/z 318 (c2) but a different structure can also be 

suggested, both product ions at m/z 318 being further degraded to m/z 194 and m/z 176 through 

hydrogen abstraction at C8 and uracil moiety removal. The MS2 spectrum targeting m/z 448 

(Appendix Figure A2.4c) indicates that uracil ring elimination with bond cleavage from 

product m/z 448 (a1) contributed to the formation of product m/z 274. Different formulations 

of products m/z 350 (b1), m/z 350 (b2) and m/z 350 (b3) are proposed via various transformation 

routes, including hydrogen abstraction at C8 from the hypothesized product m/z 352, one water 

molecule eliminated from product m/z 368 and sulphate removal from product m/z 448 (a1). 

Products m/z 420 and m/z 318 were observed in Appendix Figure A2.4d. A C5=C6 bond 

cleavage of m/z 448 (a2) produced m/z 420, which was then further transformed to product m/z 

322 via fragmentation of C6-C7 (He, de la Cruz, et al., 2014).  

The CID product ions of ANA interpreted from the MS1 mass spectrum (Appendix Figure 

A2.5a), with assistance from Mass Frontier, are listed in Appendix Table A2.2. The proposed 
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CID fragmentation schema of ANA oxidized by FeIII-B*/H2O2 in Scheme 2.4 mainly consists 

of two routes: degradation from ANA epoxidation and degradation from ANA deamination. 

Previous studies (Draisci et al., 2001; James et al., 2005; James et al., 1998) have reported that 

ANA can convert to dihydro-ANA (m/z 168) and epoxy-ANA (m/z 182). While the peak 

representing dihydro-ANA m/z 168 was not observed in the mass spectra, epoxy-ANA m/z 182 

was observed with significant intensity (Appendix Figure A2.5c). The fragment ion m/z 182 is 

therefore revealed as the preferred attack reaction of ANA mediated by FeIII-B*/H2O2 catalysis. 

The mass spectra indicate that one water molecule was removed initially from epoxy-ANA m/z 

182 to form fragment m/z 164. Another water molecule was then removed from m/z 164 to 

form m/z 146. The fragment m/z 138 can be generated from epoxy-ANA m/z 182 by losing 

CH3CHO. All the fragments generated from m/z 182, including m/z 164, 146, 140, 138 and 122, 

were identified as nitrogen-containing products by virtue of their even charge. Another 

fragment identified with high mass accuracy is m/z 149, the result of the parent ANA m/z 166 

losing ammonia (Appendix Figure A2.5b). The MS2 spectrum (Appendix Figure A2.5d) 

indicates a series of fragments (m/z 131, 107, 105, 93 and 91) yielded from m/z 149. This route 

has been detailed previously (Furey et al., 2003). Although m/z 149 and m/z 131 were described 

as product ions from precursor m/z 166, we suggest m/z 149 and its corresponding products are 

actually ANA oxidation products from the action of FeIII-B*/H2O2.   
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Scheme 2. 4: Proposed pathway for ANA oxidation by FeIII-B*/H2O2. Ionic species were 
recovered from SPE eluate and observed in the MS1 mass spectrum. 

 

The uracil moiety has been reported to be responsible for the toxicity of CYL (Banker et al., 

2001). Consequently, destruction of the uracil ring by hydrogenation or hydroxylation to the 

double bond C5=C6, ring-opening, or bond cleavage should lead to a reduction in the toxicity 

of CYL. Given the majority of degradation products involve the modified uracil ring, FeIII-

B*/H2O2 is expected to reduce CYL toxicity. Although the toxicity of product m/z 149 and its 

corresponding products is not clear, ANA toxicity is most likely reduced by FeIII-B*/H2O2 

because the non-toxic epoxy-ANA (m/z 182) (James et al., 1998) and its corresponding 

products account for the major ANA reaction products. 
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2.4 Conclusions 

Green chemistry FeIII-B* coordinated with H2O2 was applied in cyanotoxin degradation at 

different pH values to determine pH-dependent efficiencies. Heterogeneous FeIII-B* was 

developed by immobilising dissolved homogeneous FeIII-B* onto a functionalised silica 

surface. The removal efficiency of heterogeneous FeIII-B*/H2O2 compared to homogeneous 

FeIII-B*/H2O2 highlights the potential of heterogeneous FeIII-B*/H2O2 as a bioremediation 

catalyst. CYL and ANA oxidative degradation products were elucidated using Q-Exactive 

tandem mass spectrometry and Mass Frontier. CYL product ions are thought to be generated 

by hydroxylation, sulphate group elimination and tricyclic guanidine moiety opening. The 

degradation products of ANA consisted of epoxidized products, deaminated products and 

linear products. Toxicity of CYL and ANA are expected to be reduced by FeIII-B*/H2O2 due 

to the uracil ring destruction of CYL and formation of non-toxic epoxidized ANA respectively. 

Our study has provided a better understanding of CYL and ANA oxidative degradation by FeIII-

B*/H2O2, and underscores the potential of heterogeneous FeIII-B*/H2O2 for use in large scale 

water treatment. 
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Chapter 3: Oxidative removal of 

cylindrospermopsin and anatoxin-a by FeIII-B*/H2O2 

in the presence of natural organic matter  

Manuscript to be submitted to Water Research journal  

Chapter abstract 

Natural organic matter (NOM) is known to negatively impact cyanotoxin degradation/removal 

by currently used technologies. Efficient oxidative degradation of cylindrospermopsin (CYL) 

and anatoxin-a (ANA) was obtained in Chapter 2 by the iron tetra-amido-macrocyclic ligand 

(FeIII-B*)/H2O2, but the influence of NOM on the oxidative removal of CYL and ANA by FeIII-

B*/H2O2 is not clear. We explored the influence of NOM ranging from 0 to 30 ppm on the 

oxidative removal of CYL (0.24 µM) and ANA (7.1 µM) by FeIII-B*/H2O2 (5 µM/ 5 mM) at 

pH 9.5 in a 2-hour reaction. Increasing NOM concentration from 0 ppm to 30 ppm improved 

CYL removal from 87 % to 100 % and ANA removal from 96 % to 100 % with higher rate 

constants. The decreased fluorescence intensity found by EEM showed that the humic and 

fulvic-like regions were oxidized by FeIII-B*/H2O2. Further, the transformed chromophores 

identified in UV-vis indicated that the NOM oxidation was associated with aromatic 

compounds and carboxylate compounds. NOM surrogates and high resolution mass 

spectrometry were used to demonstrate that enzyme-catalysed oxidative coupling occurred 

between CYL and NOM components with aromatic and carboxylate moieties, and ANA and 

NOM constituents with aromatic rings. Radical-mediated cross-coupling pathways for NOM 

interaction with CYL and ANA were proposed based on FeIII-B* mediated one-electron 

oxidation. It is suggested the toxicity of cyanotoxin cross-coupling with NOM will reduce 

through CYL toxic moiety inhibition and ANA conformational changes. This study has 

developed an understanding of the fate of CYL and ANA oxidation by FeIII-B*/H2O2 when 
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NOM is present. The results indicate that cyanotoxin catalytic oxidative degradation and NOM 

radical-mediated cross-coupling can significantly enhance overall cyanotoxin removal.  
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3.1 Introduction 

The occurrence of cyanobacterial blooms in water reservoirs has induced deterioration in water 

quality globally, with serious impacts on public health and ecosystems (de la Cruz et al., 2013; 

Hitzfeld et al., 2000; Mohamed, 2008; Hans W. Paerl et al., 2011; Smith, 2003; Walker, 2014). 

During cyanobacterial blooms, cyanotoxins and other cyanobacterial secondary metabolites 

are released into the surrounding water (W. W. Carmichael, 1992; Fristachi et al., 2008; Svrcek 

et al., 2004). Cylindrospermopsin (CYL, Figure 3.1a) and anatoxin-a (ANA, Figure 3.1b) are 

frequently studied cyanotoxin species (Catherine et al., 2013; de la Cruz et al., 2013; Osswald 

et al., 2007). CYL and ANA are fatal to animals and humans, with poisonings and death 

reported worldwide (Wayne W Carmichael et al., 2001; Faassen et al., 2012; Griffiths et al., 

2003; Gugger et al., 2005; Wood et al., 2007). Because of their wide distribution and highly 

pernicious effects, CYL and ANA are categorized as hazardous impact contaminants and 

included on recent Contaminant Candidate Lists (CCL 3 & 4) (EPA, 2008; Hudnell, 2010). 
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Figure 3. 1: The structure of (a) cylindrospermopsin, (b) anatoxin-a, (c) FeIII-B* catalyst 

 

An environmentally friendly catalyst system (Terrence J. Collins, 2002; Terrence J Collins, 

2011), the iron (III) tetra-amido-macrocyclic ligand (FeIII-TAML, designated as FeIII-B* and 

shown in Figure 3.1c) (W. Chadwick Ellis et al., 2009) activators/H2O2, has attracted a high 

level of research focus due to its efficient oxidation of recalcitrant pollutants (Banerjee et al., 

2006; Chahbane et al., 2007; Chanda, Khetan, et al., 2006; Gupta et al., 2002; Mitchell et al., 
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2010; Mondal et al., 2006; Shappell et al., 2008). In our previous study on the catalytic 

oxidative degradation of cyanotoxin (Chapter 2), cyanotoxin oxidation was achieved by FeIII-

B*/H2O2 over a broad pH range, with 70 % ~ 89 % CYL (0.24 µM) and 67 % ~ 96 % ANA 

(7.1 µM) removed by FeIII-B*/H2O2 (5 µM/ 5 mM) at pH values from 8.5 to 11.5. Further, the 

toxicity of cyanotoxin was expected to reduce by CYL uracil ring destruction and non-toxic 

epoxidized ANA formation. Consequently, FeIII-B*/H2O2 is suggested as a promising 

oxidation system for cyanotoxin degradation.  

NOM is ubiquitous in environmental systems. It is broadly categorised into hydrophilic NOM 

and hydrophobic NOM, and both types of NOM can be fractionalized into neutral, acidic and 

basic components (Matilainen et al., 2011; Nkambule et al., 2009). Hydrophobic acids account 

for the largest fraction. Hydrophobic acids are also described as humic substances and comprise 

humic acid, fulvic acid and humin (Matilainen et al., 2010; Schnitzer, 1978). NOM molecules 

contain multiple amines, carboxylic acids and phenols with varying structural functionalities 

(Świetlik et al., 2004). 

NOM has been previously reported to reduce cyanotoxin removal through multiple 

mechanisms, including occupying the adsorption sites of activated carbon (Ho et al., 2011; 

Newcombe et al., 1997; Pelekani et al., 1999), generating membrane fouling (Her et al., 2008; 

Jarusutthirak et al., 2007; Teixeira et al., 2013), performing as a radical scavenger and UV-vis 

blocker (He, de la Cruz, et al., 2014; Zhang et al., 2014; C. Zhao et al., 2014), and competing 

for chlorine (P. Senogles et al., 2000). On the other hand, NOM has been shown to participate 

as a substrate in enzyme-mediated oxidative reactions, resulting in self-coupled products 

(Berry et al., 1985; Cozzolino et al., 2002; J. Lu et al., 2009; Piccolo et al., 2000; Weber et al., 

2005). NOM is also widely assumed to act as an enzyme co-substrate leading to radical-

mediated cross-coupling with micro-pollutants (Feng et al., 2013; J. Lu et al., 2009; Mao et al., 

2010; Sun, Huang, et al., 2016; Sun, Luo, et al., 2016). Free NOM radicals containing aniline 
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and/or with phenolic functionalities are suggested to non-selectively couple with the targeted 

compound radicals to form cross-coupling species (Feng et al., 2013; J. Lu et al., 2009; Mao et 

al., 2010; Sun, Huang, et al., 2016), where the radicals are generated via one-electron oxidation 

mediated by an enzyme (Berry et al., 1985; Feng et al., 2013; Mao et al., 2010; Weber et al., 

2005). One-electron oxidation of substrates and radical-mediated cross-coupling have also 

been reported for FeIII-B*/H2O2 (Ghosh et al., 2008; Onundi, 2015). However, information on 

NOM oxidation by FeIII-B*/H2O2 and the influence of NOM on the degradation of cyanotoxins 

mediated by FeIII-B*/H2O2 is limited. Further, due to the diverse functionalities and structural 

properties of NOM, the characteristics of NOM radicals involved in radical-radical covalent 

coupling reactions with cyanotoxins remain unknown. A comprehensive understanding of the 

influence of NOM on cyanotoxin removal by FeIII-B*/H2O2 is essential to confirm the potential 

of FeIII-B*/H2O2 for application in actual water treatment plants. 

In this study, we investigate the influence of NOM on the catalytic oxidative degradation of 

cyanotoxin by FeIII-B*/H2O2, study NOM oxidation by FeIII-B*/H2O2, and explore the potential 

cross-coupling between cyanotoxin and NOM in FeIII-B*-mediated oxidative reactions.   

3.2 Methodology 

3.2.1 Materials and chemical preparation  

Cylindrospermopsin from Sapphire Bioscience Pty. Ltd. and (±)-anatoxin-a fumarate from 

Abcam Australia Pty. Ltd. were used as received. FeIII-B* was supplied by the School of 

Chemical Sciences, University of Auckland. Natural organic matter (Suwannee River, Code 

2R101N) was purchased from the International Humic Substances Society, USA. Catalase, 

guaiacol and glycolic acid were purchased from Sigma Aldrich, H2O2 (30 % v/v) from Thermo 

Fisher Scientific, and HPLC grade solvents from Merck Millipore. Water (18.2 MΩ.cm 
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resistivity) was purified by a Milli-Q filtration system (Millipore). Operations with cyanotoxins 

were undertaken in a chemical fume hood using proper hazard chemical handling measures.  

3.2.2 Cyanotoxin removal in the presence of NOM or NOM surrogate 

The initial reaction conditions were: 0.24 µM CYL or 7.1 µM ANA in the pH 9.5 0.01 M 

Na2CO3/NaHCO3 buffer, 5 µM FeIII-B*, 5 mM H2O2, and 0 ~ 30 ppm NOM or NOM surrogate 

(used at the same molar concentration as the designated cyanotoxin). Reactants were placed in 

a mechanical shaker at 600 rpm. Samples were taken at intervals and treated with catalase at 

60 times the concentration capable of destroying 5 mM H2O2 in 1 min. Samples were filtered 

through 0.2 µm RC syringe filters (Phenomenex NZ Ltd) and then applied to LC-MS.  

3.2.3 LC-MS quantification of cyanotoxin in reactions 

Cyanotoxin was quantified by LC-MS (Shimadzu Series model LC-MS 2020, Japan) using a 

method modified from Faassen et al. (2012). Compounds were separated on a Waters Atlantis 

T3 column (3 μm, 3.0 mm × 150 mm) at 0.2 mL/min flow rate and 30 °C column temperature. 

Mobile phase A (Milli-Q water/0.1 % formic acid) and mobile phase B (methanol/0.1 % formic 

acid) were used for both cyanotoxins. The gradient elution program for CYL was 1 min: 5 % 

B, 8 − 12 min: 50 % B, and 16 min: 0 % B, with a linear increase between the isocratic periods. 

The gradient elution program for ANA was 0.01 min: 20 % B, 3 − 5 min: 90 % B, and 10 min: 

20 % B, with a linear increase between the isocratic periods. CYL 416 m/z and ANA 166 m/z 

were monitored in positive ion mode mass spectrometry. The concentration of cyanotoxin in 

samples was determined based on standard curves obtained by plotting pure cyanotoxin against 

the peak area of the LC-MS curves.  

3.2.4 Measurement of NOM oxidation by FeIII-B*/H2O2 

The fluorescence spectroscopic measurement of NOM samples was conducted using an 

aqualog-UV-C spectrofluorometer (Horiba Scientific, Japan) equipped with a xenon lamp as 
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the excitation source. Scans were normalized using a quinine sulphate blank and standard. The 

sample was placed in a square quartz cuvette cell (10 mm path length), which was rinsed with 

Milli-Q water prior to each analysis. Fluorescence spectra were collected in EEMs by scanning 

at excitation wavelengths from 240 nm to 600 nm in 3-nm steps, and emission wavelengths 

from 200 nm to 600 nm in 3-nm steps. An EEM of Milli-Q water was subtracted from each 

sample EEM to eliminate Raman scatter peaks. Using Aqualog Software, the fluorescence 

spectra of NOM sample were processed by the inner filter effect and Rayleigh mask. Three-

dimensional contour plots were generated by plotting fluorescence intensity as a function of 

emission (X-axis) and excitation (Y-axis) wavelengths.  

Ultraviolet-visible spectrophotometry (Shimadzu UV-vis 2700) was used to monitor the 

absorbance of NOM components before and after catalytic oxidation by FeIII-B*/H2O2. A 

reaction containing NOM, buffer, and FeIII-B* was initiated by adding H2O2. After 2 hrs 

reaction, the absorbance of the sample was recorded by transferring the sample to a quartz cell 

and monitoring by wavelength scanning from 190 to 600 nm.     

3.2.5 Identification of cross-coupled products 

3.2.5.1 Solid-phase extraction (SPE) procedure  

The CYL-SPE using Hypersep Hypercab SPE cartridges (Thermo Fisher Scientific, NZ Ltd.) 

(Foss et al., 2013; Metcalf et al., 2002) was conducted as follows: 1) cartridges were 

conditioned with two column volumes of methanol and rinsed with two column volumes of 

water; 2) samples were loaded onto cartridges (1 − 2 mL/min); 3) cartridges were washed with 

one column volume of water and fully air-dried prior to elution; and 4) CYL was eluted using 

5 % formic acid in methanol. The ANA-SPE using Strata-X-CW polymeric weak cation SPE 

cartridges (Phenomenex Australia Ply Ltd.) was conducted as follows: 1) cartridges were 

conditioned with one column volume of methanol and one column volume of water; 2) samples 
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(pH 6 ~ 7) were loaded onto cartridges; 3) cartridges were washed with one column volume of 

water and one column volume of methanol; and 4) samples were eluted using 5 % formic acid 

in methanol. For all SPE samples, the eluate was evaporated to dryness in a speed vacuum 

concentrator (Savant SPD131DDA, ThermoFisher) and reconstituted in methanol for analysis. 

3.2.5.2 Samples of glycolic acid cross-coupling with CYL 

The cross-coupled product of CYL and glycolic acid was identified using LC-MS/MS 

(Shimadzu Series model 8040, Japan) and a Gemini 3µ C18 10A column (100 mm × 2.0 mm, 

Phenomenex). The mobile phases A (water/0.1 % formic acid) and B (methanol/0.1 % formic 

acid) were applied under the gradient elution program 0.01 min: 10 % B, 3 − 6 min: 90 % B, 

11 min: 50 % B, and 15 − 16min: 10 % B, with a linear increase between the isocratic periods. 

CYL m/z 416 was monitored by positive multiple reaction monitoring (MRM) and glycolic 

acid m/z 75 was monitored in negative ion mode (SIM). 

3.2.5.3 Samples of guaiacol cross-coupling with CYL 

The cross-coupled product of CYL and guaiacol was detected using LC-MS/MS (Shimadzu 

Series model 8040, Japan) and a Waters Atlantis T3 column (3 μm, 3.0 mm × 150 mm). The 

mobile phases A (water/0.1 % formic acid) and B (methanol/0.1 % formic acid) were applied 

under the following gradient elution program 0.01 min: 10 % B, 3 − 6 min: 90 % B, and 8 min: 

10 % B, with a linear increase between the isocratic periods. CYL m/z 416 was monitored by 

positive multiple reaction monitoring (MRM).  

3.2.5.4 Samples of guaiacol cross-coupling with ANA 

The cross-coupled product of ANA and guaiacol identification was conducted using GC-MS 

(GCMS-QP2010S, Shimadzu). ANA derivatization with methyl chloroformate was conducted 

following a method modified from V. Rodríguez et al. (2006). The ANA sample was treated 

with methyl chloroformate (1.95 g/L), then ultrasonicated for 10 min and left overnight at room 

58 
 



 

temperature. The following day, solid-phase micro-extraction was performed by dipping a 

PDMS fibre (50/ 30 µm DVB-CAR-PDMS) into the sample for 20 min while it was being 

stirred with a magnetic bar. After the extraction, the PDMS fibre was inserted into the GC-MS 

injector port for 30 min desorption under a gradient temperature program 0 − 10 min: 50 to 

150 °C, and 10 − 20 min: 150 to 300 °C. 

3.2.6 CYL and ANA data regression  

First-order rate constants for cyanotoxin removal by FeIII-B*/H2O2 in the presence of NOM 

were modelled using the following first-order decay relationship (Jho et al., 2012): 

𝐶𝐶 = (1 − 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟)𝑒𝑒−𝑘𝑘𝑘𝑘 + 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟                                                 Eq.3.1 

where C represents Ct/C0 that CYL or ANA concentration at time t (min) normalized to its 

initial concentration (C0), Cres represents the residual CYL or ANA concentration normalized 

with respect to its initial concentration (C0), and k indicates the apparent first-order rate 

constant (min-1).  

3.3 Results and discussion 

3.3.1 Cyanotoxin removal in the presence of NOM 

Figure 3.2 and Figure 3.3 indicate cyanotoxin removal by NOM under different parameter 

conditions. For both cyanotoxins, a small percentage of cyanotoxin removal was detected upon 

the addition of NOM without initiating catalysis. This observation was most likely the result 

of cyanotoxin-NOM complexation caused by non-covalent interactions, such as electrostatic 

interactions, hydrophobic interactions, hydrogen bonding, π-π interactions and van der Waals 

force (Kubicki et al., 1999; Moreno-Castilla, 2004). Further, the observation signified the 

possibility of NOM complexing with cyanotoxin under ambient conditions in natural waters. 

The cyanotoxin quantification showed a slight fluctuation, which may also be caused by weak 
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intermolecular non-covalent interactions. Compared to the slight physical adsorption by NOM, 

significant cyanotoxin removal was obtained when the catalytic oxidation was initiated with 

H2O2. Figure 3.2 shows that CYL removal efficiency was enhanced by 0.5 ppm and 3.5 ppm 

NOM by the 5th min. At the end of the reaction, CYL removal improved from 87 % with 0 ppm 

NOM to 91 % for 0.5 ppm NOM and 92 % for 3.5 ppm NOM. As the NOM dose was further 

increased to 10 ppm and then 30 ppm, CYL was totally removed in 2 hrs by 10 ppm NOM, and 

in 1 hr by 30 ppm. Figure 3.3 shows nearly 100 % ANA removal by 0.6 ppm NOM in 2 hrs. 

Removal efficiency was further increased by 10 ppm and 30 ppm NOM that 100 % ANA 

removal was achieved in 1 hr at an increased rate.  

 

Figure 3. 2: CYL removal by FeIII-B*/H2O2 with varying NOM. CYL (0.24 µM) removal 
by FeIII-B*/H2O2 (5 µM/ 5 mM) with 0 ppm (○), 0.5 ppm (□), 3.5 ppm (◊), 10 ppm (∆) 
and 30 ppm (x) NOM at pH 9.5 (0.01 M). ● represents sample of CYL and NOM (3.5 

ppm). ■ represents sample of CYL, NOM (3.5 ppm) and FeIII-B* (5 µM) (mean ± 
standard deviation of three independent runs). 
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Figure 3. 3: ANA removal by FeIII-B*/H2O2 with varying NOM. ANA (7.1 µM) removal 
by FeIII-B*/H2O2 (5 µM/ 5 mM) with 0 ppm (○), 0.6 ppm (□), 10 ppm (∆) and 30 ppm (x) 

ppm NOM at pH 9.5 (0.01 M). ● represents sample of ANA and NOM (30 ppm). ■ 
represents sample of ANA, NOM (30 ppm) and FeIII-B* (5 µM) (mean ± standard 

deviation of three independent runs). 

 

In our previous chapter, the kinetics of cyanotoxin decay by FeIII-B*/H2O2 at pH ranging from 

8.5 to 11.5 were described by the model in Eq.2.1. The data of cyanotoxin removal with NOM 

fitted well to the model in Eq.3.1, such that the corresponding regression results were observed 

with high R2 (Appendix Figure A3.1). The increase in rate constants from low NOM to high 

NOM levels shown in Figure 3.4 are consistent with cyanotoxin removal efficiency, such that 

the highest concentration of NOM (30 ppm) contributed to complete cyanotoxin removal at the 

fastest rate. NOM is suggested to be responsible for the increased cyanotoxin removals and the 

increased rate constants.  
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Figure 3. 4: The rate constants of CYL and ANA degradation by FeIII-B*/H2O2 in the 
presence of NOM 

 

Based on the oxidation of humic substance by FeIII-TAML described previously (Beach et al., 

2009), the influence of the oxidized NOM on cyanotoxin removal was considered. However, 

the contribution from oxidized NOM was negligible due to its insignificant effect on 

cyanotoxin removal (Appendix Figure A3.2). Accordingly, the intermolecular interactions 

between NOM components and cyanotoxin are proposed as one possibility for the increased 

cyanotoxin removal. It has been demonstrated previously that NOM can serve as substrate for 

the enzyme and cross-couple with target compounds (Feng et al., 2013; J. Lu et al., 2009; Mao 

et al., 2010; Sun, Huang, et al., 2016), so the interaction between NOM and cyanotoxin is 

further confirmed as cross-coupling of NOM radicals with cyanotoxin radicals. To characterize 

the NOM constituents participating in the oxidative cross-coupling with cyanotoxin, NOM 

oxidized by FeIII-B*/H2O2 was monitored in the absence of cyanotoxin.  
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3.3.2 FeIII-B*/H2O2 catalysed oxidation of NOM 

Figure 3.5a-d are the EEM fluorescence spectra of 3.5 ppm and 30 ppm NOM treated by FeIII-

B*/H2O2. The enhanced intensities of the fluorophore signatures for 30 ppm NOM (Figure 3.5c) 

compared to 3.5 ppm NOM (Figure 3.5a) indicate the presence of rich humic acid and fulvic 

acid fractions in NOM (Matilainen et al., 2011). The transformed fluorophore signatures of 

both fractions by H2O2 (Figure 3.5b and Figure 3.5d) imply that the components of NOM made 

up of humic acid and fulvic acid fractions can be mediated by FeIII-B*/H2O2. Further, the 

significantly changed fluorophore signatures of humic-like matter show a greater potential to 

be oxidized than fulvic-like matter.  

(a)  

(b)  
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(c)  

(d)  

Figure 3. 5: Fluorophore signatures of NOM oxidized by FeIII-B*/H2O2. (a) NOM (3.5 
ppm) with FeIII-B* (5 µM) at pH 9.5 (0.01 M); (b) NOM (3.5 ppm) oxidized by FeIII-

B*/H2O2 (5 µM/ 5 mM) at pH 9.5 (0.01 M); (c) NOM (30 ppm) with FeIII-B* (5 µM) at 
pH 9.5 (0.01 M); (d) NOM (30 ppm) oxidized by FeIII-B*/H2O2 (5 µM/ 5 mM) at pH 9.5 

(0.01 M). Ex 270 − 280/Em 310 − 320 for tyrosine-like and protein-like materials, Ex 270 
− 285/Em 340 − 360 for tryptophan-like and protein-like matter, Ex 320 − 350/Em 400 − 

450 for fulvic-like matter, Ex 310 − 320/Em 380 − 420 and Ex 330 − 390/Em 420 − 500 
for humic-like matter (Matilainen et al., 2011). 
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Figure 3.6 illustrates the changes in absorbance spectra of NOM samples treated by FeIII-

B*/H2O2. The intensity of NOM absorbance was increased with NOM increasing from 0.6 ppm 

to 30 ppm. With catalysis initiated by H2O2, the absorbance was observed to decrease at 

wavelengths from 220 to 500 nm. Different wavelength absorbance of NOM is associated with 

different chromophores, so the changed absorbance correlates with changes to structural 

characteristics of NOM components (Matilainen et al., 2011), such as the transformation of 

aromaticity (S. Liu et al., 2010). Specifically, spectral changes at 220 nm have been associated 

with changes to carboxylic and aromatic fractions, absorbance changes around 254 nm as well 

as 320 nm are considered to be changes to aromatic components, and absorbance of NOM at 

472 nm is associated with long-range resonance conjugation of electrons (Korshin et al., 2009; 

Onundi, 2015). Further, NOM with aromatic rings is generally thought to have high reactivity 

in peroxidase catalyzed reactions (Cozzolino et al., 2002; Weber et al., 2005).  

 

Figure 3. 6: UV absorbance of NOM reacted with FeIII-B*/H2O2. NOM (0.6, 3.5, 10 and 
30 ppm) reacted with FeIII-B* (5 µM) (dashed line) or with FeIII-B*/H2O2 (5 µM/ 5 mM) 
(solid line) at pH 9.5 (0.01 M). NOM was measured after 2 hrs reaction as initiated by 

H2O2. 
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The results for EEM fluorophore signatures and UV/Vis absorbance by oxidation showed that 

NOM components with aromatic and carboxylate groups from humic-like and fulvic-like 

fractions were oxidized by FeIII-B*/H2O2, implying their potential to cross-couple with 

cyanotoxins. This finding was supported by a study on enzyme-catalysed oxidative coupling 

of humic substances (Piccolo et al., 2000), which illustrated that phenolic and benzene 

carboxylic acids may participate in the oxidative coupling reactions. We conducted further 

experiments to characterize the cross-coupling of cyanotoxins using NOM surrogates. Reviews 

of possible NOM surrogates (Bialk et al., 2005; Campinas et al., 2006; Devitt et al., 1998; 

Zularisam et al., 2011) suggest guaiacol (Figure 3.7a) as a representative with a phenolic 

moiety (Bialk et al., 2005; J. Lu et al., 2009) for humic acid, and glycolic acid (Figure 3.7b) as 

a surrogate which mimics the carboxylate moiety of fulvic acid. 

 

HO CH2OH

O

OH

OCH3

(a) (b)  

Figure 3. 7: The structure of (a) guaiacol and (b) glycolic acid 

 

3.3.3 Cyanotoxin removal in the presence of NOM surrogates 

NOM surrogates showed an insignificant effect on CYL removal in the absence of FeIII-

B*/H2O2 (Figure 3.8). The 87 % CYL removal by 0 ppm NOM and 89 % CYL removal by 

0.05 ppm NOM were consistent with our previous finding that the addition of NOM improved 

cyanotoxin removal rate when mediated by FeIII-B*/H2O2. Addition of guaiacol and glycolic 

acid both resulted in 100 % CYL removal over 2 hrs of reaction, with significant removal seen 

by the 5th min. The complete CYL removal by guaiacol and glycolic acid was likely caused by 
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NOM surrogate radical-mediated cross-coupling. Based on the functional groups of surrogates, 

NOM radicals with aromatic ring and carboxylate moiety are suggested as facilitating cross-

coupling with CYL molecules in the catalytic oxidation by FeIII-B*/H2O2. 

 

Figure 3. 8: CYL removal by FeIII-B*/H2O2 in the presence of NOM surrogates. CYL 
(0.24 µM) removal alone (○), CYL (0.24 µM) removal with NOM (0.05 ppm) (x), with 

guaiacol (0.24 µM) (∆), with glycolic acid (0.24 µM) (□) by FeIII-B*/H2O2 (5 µM/ 5 mM) 
at pH 9.5 (0.01 M). ▲ represents sample of CYL and guaiacol. ■ represents sample of 

CYL and glycolic acid (mean ± standard deviation of three independent runs). 

 

Figure 3.9 indicates increased ANA removal by NOM and guaiacol, and decreased removal by 

glycolic acid. There was 100 % ANA removal by 0.6 ppm NOM and guaiacol, and 85 % ANA 

removal by glycolic acid. As previously mentioned, guaiacol and glycolic acid radicals can 

favour the cross-coupling with CYL, however a similar mechanism for glycolic acid did not 

occur in ANA. Glycolic acid radicals would not be able to obtain electrons from ANA 

molecules, likely due to the relatively low level of activity of ANA towards glycolic acid 

radicals. Instead, glycolic acid may compete with ANA for FeIII-B* activators. In contrast to 
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the amount of FeIII-B* available in the CYL reaction, where the molar ratio was 21 (FeIII-B*): 

21000 (H2O2): 1 (CYL): 1 (glycolic acid), less FeIII-B* was available for ANA oxidation when 

glycolic acid was consumed when the molar ratio was 0.7 (FeIII-B*): 700 (H2O2): 1 (ANA): 1 

(glycolic acid). As a result, guaiacol can contribute to ANA removal by cross-coupling with 

ANA when mediated by FeIII-B*/H2O2, but glycolic acid was more likely to inhibit ANA 

removal by competing for oxidized FeIII-B*.  

 

Figure 3. 9: ANA removal by FeIII-B*/H2O2 in the presence of NOM surrogates. ANA 
(7.1 µM) removal alone (○), ANA (7.1 µM) removal with NOM (0.6 ppm) (x), with 

guaiacol (7.1 µM) (∆), with glycolic acid (7.1 µM) (□) by FeIII-B*/H2O2 (5 µM/ 5 mM) at 
pH 9.5 (0.01 M). ▲ represents sample of ANA and guaiacol. ■ represents sample of 

ANA and glycolic acid (mean ± standard deviation of three independent runs). 

 

3.3.4 NOM surrogate radical-mediated cross-coupling with cyanotoxin 

Samples of CYL and glycolic acid were analysed using negative ESI-MS, due to the acid 

deprotonation. The MS spectra in Figure 3.10 show the appearance of a product ion m/z 503, 

which was observed clearly in the spectrum for CYL and glycolic acid (Figure 3.10b), but was 
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absent in the spectrum of glycolic acid only (Figure 3.10a). Accordingly, the product ion m/z 

503 likely formed from CYL cross-coupling with glycolic acid. Glycolic acid can transform to 

carboxylic acid by hydrolysis under alkaline conditions (Gao et al., 1998), which then further 

generates carboxylate ions due to deprotonation. The unsaturated double bond on the uracil 

ring of CYL acts as a reactive site (Fotiou et al., 2015; He, de la Cruz, et al., 2014), and the 

secondary C5 has a higher affinity to hydroxyl radical addition than the tertiary carbocation at 

C6 (L. Chen et al., 2015; Fotiou et al., 2015). Consequently, the carboxylate ions joining to the 

secondary C5 of the uracil group of CYL would result in the formation of the cross-coupled 

product (MW = 502), which would then be transformed into product ion m/z 503 by 

hydrogenation. Despite the proposed product having a molecular weight of 502, we would be 

unlikely to see it in the mass spectrum due to its rapid transformation. Figure 3.10c illustrates 

the proposed cross-coupling pathway of CYL and glycolic acid. 
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Figure 3. 10: High resolution ESI (-)-MS spectra from LC-Quadrupole-MS/MS for the 
cross-coupled product of CYL and glycolic acid. (a) Glycolic acid as control and (b) 

CYL treated with glycolic acid as a NOM surrogate (SPE extract after 2 hrs reaction of 
compounds by FeIII-B*/H2O2 (5 µM/ 5 mM) at pH 9.5); (c) proposed reaction pathway 

of CYL cross-coupling with glycolic acid. 
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When we characterized guaiacol by chromatographic methods, guaiacol standard (0.088 ppm) 

produced a clear signal in the gas chromatographic profile (Appendix Figure A3.3), while 

guaiacol standard (1.129×103 ppm) indicated low signal intensities in the positive mode liquid 

chromatographic profile (Appendix Figure A3.4). As well as targeting the guaiacol parent ion 

at m/z 147, [M+Na] +, two ions at m/z 146 and 145 were observed with significant intensity 

(Appendix Figure A3.4). These ions formed by guaiacol ionization would likely reduce the 

intensity level of self-coupled products and cross-coupled products when identifying them in 

the LC-MS mass spectra. Further, it has been reported in the literature that the coupled products 

by NOM can be significantly retained by 0.45 µm pore size membrane (Mao et al., 2010; Sun, 

Huang, et al., 2016; Weber et al., 2005), implying that syringe filters likely bind these products. 

This level of product retention can also be achieved by exclusion or adsorption during the SPE 

procedure. Guaiacol ionization as well as the exclusion of coupled products resulted in a 

cumulating reduction in the intensity of coupled products in the mass spectra. Next we explore 

the potential cross-coupled products of guaiacol with CYL using LC-MS/MS. To optimize the 

intensity of guaiacol, the cross-coupled products of guaiacol with ANA were explored using 

GC-MS. In addition, we speculate on one possible pathway by which cyanotoxin cross-couples 

with guaiacol.   

Samples of CYL and guaiacol were analysed using positive ESI-MS. MS spectra are presented 

in Figure 3.11. The product ions including m/z 245, 367 and 611 were seen when guaiacol was 

mediated by FeIII-B*/H2O2 (Figure 3.11a). These product ions can be formed by guaiacol self-

coupling with its multiple units (J. Lu et al., 2009). A product ion m/z 660 was present in the 

spectrum of CYL and guaiacol (Figure 3.11b), but absent in the spectrum of guaiacol alone 

(Figure 3.11a). Self-coupled guaiacol has been reported to subsequently undergo cross-

coupling reactions with the substrate (Simmons et al., 1989; Thorn et al., 1996). Hence, the 

product ion m/z 660 likely corresponds to a product from CYL cross-coupling with the self-
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coupled guaiacol. The cross-coupling most likely occurred as a result of self-coupled guaiacol 

attacking at the secondary C5 of uracil ring of CYL (Figure 3.11c).  
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Figure 3. 11: High resolution ESI (+)-MS spectra from LC-Quadrupole-MS/MS for the 
cross-coupled product of CYL and guaiacol. (a) Guaiacol as control and (b) CYL 

treated with guaiacol as a NOM surrogate (SPE extract after 2 hrs reaction of 
compounds by FeIII-B*/H2O2 (5 µM/ 5 mM) at pH 9.5); (c) proposed reaction pathway 

of CYL cross-coupling with guaiacol. 
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In the GC-MS spectrum of guaiacol mediated by FeIII-B*/H2O2 (Figure 3.12a), the product ion 

m/z 124 was identified as guaiacol (Appendix Figure A3.3) and the product ion m/z 244 

suggested as a guaiacol self-coupled product (J. Lu et al., 2009). The derivative ANA with m/z 

223 was observed in the spectrum of the system with ANA (Figure 3.12b), and its 

corresponding derivatization pathway was proposed according to a method described in an 

earlier study (V. Rodríguez et al., 2006). Because it only appeared in Figure 3.12b, the product 

at mass 315 is suggested as the cross-coupled product of ANA and guaiacol. Based on the 

reported oxidation products dihydro-ANA (m/z 168) and epoxy-ANA (m/z 182) (Draisci et al., 

2001; James et al., 2005; James et al., 1998), the double bond on the ring of ANA is assumed 

to be the primary site for oxidation. Accordingly, an initial cross-coupled product with 

molecular weight at 287 would be preferentially formed by a guaiacol radical attacking at the 

double bond. The subsequent derivatization of this cross-coupled product would result in a 

product with mass of m/z 345, which then transforms to the product with mass 315 by 

hydrolysis of the ester group. Figure 3.12c summarises the proposed derivatization of ANA 

and cross-coupling of ANA with guaiacol. 
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Figure 3. 12: GC-MS mass spectra for the cross-coupled product of ANA and guaiacol. 
(a) Guaiacol as control and (b) ANA treated with guaiacol as a NOM surrogate (SPE 

extract after 2 hrs reaction of compounds by FeIII-B*/H2O2 (5 µM/ 5 mM) at pH 9.5); (c) 
proposed reaction pathway of ANA derivatization and ANA cross-coupling with 

guaiacol. 
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NOM components with phenolic functional groups are proposed as cross-coupling with CYL 

and ANA, leading to increased removal rates of the substrate. NOM components with 

carboxylate functionality can participate in cross-coupling with CYL. It should be noted that 

cross-coupled products proposed in the pathways are one of the possible structural isomers 

involving C-O-C bonding, and C-O-C formation may occur at other carbon atoms of the 

substrate and surrogates. Furthermore, it is possible to form C-N-C and/or C-C coupling (Kim 

et al., 1997; Sun, Huang, et al., 2016; Weber et al., 2005). The pathways described in Figure 

3.10c, Figure 3.11c, and Figure 3.12c are shown for one possible configuration. 

3.3.5 The effect of NOM on cyanotoxin degradation products 

The uracil moiety is required for the toxicity of CYL, and compounds containing C5 and C6 

substitution result in lower or non-toxic effects (Banker et al., 2001). With enzyme catalysis, 

CYL complexation with NOM may lower its toxicity when radical-mediated covalent 

interactions occur at the uracil ring. Enzyme-catalysed cross-coupling between CYL and NOM 

is likely to reduce the toxicity of CYL, due to C5 and C6 substitution (Banker et al., 2001), or 

conformational change of the uracil moiety by radical attack (Mailman, 2008). We previously 

identified a series of CYL products formed in the catalytic oxidative degradation mediated by 

FeIII-B*/H2O2 (Appendix Scheme A3.1). In the previous study (Chapter 2), degradation 

products were generally transformed from CYL via hydroxylation, sulphate elimination, 

tricyclic ring opening and uracil ring modification. Free radicals generated from CYL products 

containing secondary amines may covalently bond with NOM through cross-coupling during 

FeIII-B*/H2O2 catalysis (Bialk et al., 2007; Dec et al., 2000; Thorn et al., 1996). CYL products 

with carbonyl moieties were likely to promote addition reactions to NOM compounds with 

aromatic amines (Gulkowska et al., 2013). Apart from the reduced toxicity resulting from uracil 

ring modification, covalent bonding with NOM is also expected to suppress the toxicity of 

CYL products (e.g., m/z 448, 350, 336 and 318). 
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ANA conformational changes by covalent bonding with NOM mediated by FeIII-B*/H2O2 may 

affect its binding affinity to receptors (Swanson et al., 1986), resulting in reduced toxicity. 

ANA intermediate products were identified through high resolution mass spectrometry analysis, 

including the formation of nitrogen-containing products via ANA epoxidation and the 

formation of cyclised and linear products via ANA deamination (Appendix Scheme A3.2). 

Based on the known non-toxic epoxidized ANA (James et al., 1998), the ANA nitrogen-

containing products transformed from epoxidized ANA are suggested to be non-toxic. In the 

presence of NOM, ANA products with primary amines (e.g., m/z 164, 122 and 146) and 

secondary amines (e.g., m/z 182, 138 and 140) likely engage in radical-radical covalent 

coupling reaction with NOM (Bialk et al., 2007; Dec et al., 2000; Thorn et al., 1996), which 

could result in reduced toxicity risk for the cyclised nitrogen-containing products as well.  

3.4 Conclusions 

According to cyanotoxin quantification in reactions, CYL and ANA removal by FeIII-B*/H2O2 

were found to be affected by NOM, in that cyanotoxin removal increased as NOM was 

increased from 0 ppm to 30 ppm. The cyanotoxin reactions with NOM surrogates suggest 

cross-coupling of cyanotoxin with specific NOM components as one possibility to increase 

removal. Further, corresponding pathways of cross-coupled products formation are proposed 

via one-electron oxidation. Rather than a negative impact of NOM on physical and chemical 

treatments, NOM radical-mediated cross-coupling with cyanotoxin mediated by FeIII-B*/H2O2 

was found to increase cyanotoxin transformation into compounds of lower toxicity. 
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Chapter 4: Estrogenic activity of 

cylindrospermopsin and anatoxin-a and their 

oxidative products by FeIII-B*/H2O2 

Manuscript published in Water Research journal (DOI: 10.1016/j.watres.2018.01.018) 

Chapter abstract 

The cyanotoxins released into waters during cyanobacterial blooms can pose serious hazards 

to humans and animals. Apart from their toxicological mechanisms, cyanotoxins have been 

shown to be involved in estrogenic activity by in vivo and in vitro assays; however, there is 

little information on the change in estrogenicity of cyanotoxins following chemical oxidation. 

In this study, the estrogenic activity of cylindrospermopsin (CYL) and anatoxin-a (ANA) at 

concentrations ranging from 2.4×10-7 M to 2.4×10-12 M (CYL) and 7.1×10-6 M to 7.1×10-11 M 

(ANA), and after treatment by the FeIII-B*/H2O2 catalyst system, was investigated by the yeast 

estrogen screen (YES) assay. The results indicate that CYL and ANA acted as agonists in the 

YES assay (CYL logEC50 = −8.901; ANA logEC50 = −6.789), their binding affinity to estrogen 

receptors is associated with their intrinsic properties, including ring structures and toxicant 

properties. CYL and ANA were shown to simulate endocrine disrupting chemicals (EDCs) to 

modulate the 17β-estradiol-induced estrogenic activity, resulting in non-monotonic dose 

responses. The treated CYL showed a significantly altered estrogenicity compared to the 

untreated CYL (T(2) = 8.168, p ≤ 0.05), while the estrogenicity of the treated ANA was not 

significantly different to the untreated ANA (T(2) = 1.295, p > 0.05). Intermediate products 

generated from CYL and ANA oxidized by FeIII-B*/H2O2 were identified using Q-Exactive 

Tandem Mass Spectrometry (LC-MS/MS). Treatment with FeIII-B*/H2O2 yielded open-ring 

by-products which likely resulted in CYL’s reduced binding affinity to estrogen receptors. The 

insignificant change in the estrogenicity of treated ANA was possibly a result of its multiple 
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ring structure products, which were likely able to bind to estrogen receptors. The comparisons 

for the estrogenicity of these cyanotoxins before and after FeIII-B*/H2O2 treatment suggest that 

the reductions in estrogenicity achieved by oxidation were dependent on the levels of 

cyanotoxins removed, as well as the estrogenicity of the degradation products. This is the first 

study on the change in the estrogenicity of CYL and ANA upon oxidation by FeIII-B*/H2O2, a 

high activity catalyst system.   
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4.1 Introduction 

Cyanotoxins in the form of cyanobacterial secondary metabolites (W. W. Carmichael, 1992) 

have been the subject of many studies over recent decades due to their wide distribution (Pelaez 

et al., 2010) and high toxicity (Duy et al., 2000). They can be categorized into cyclic peptides 

including microcystins and nodularin, and alkaloids including cylindrospermopsin (CYL, 

Figure 4.1a) and anatoxin-a (ANA, Figure 4.1b) (Svrcek et al., 2004). The widespread CYL 

and ANA (de la Cruz et al., 2013; Duy et al., 2000; Kinnear, 2010; Osswald et al., 2007) in 

particular have been associated with cases of human poisoning and animal deaths reported in 

the USA (D. Stevens et al., 1988), Australia (Saker et al., 1999), Finland (Sivonen et al., 1990), 

Scotland (Edwards et al., 1992), Ireland (James et al., 1997), Brazil (Wayne W Carmichael et 

al., 2001), France (Gugger et al., 2005), New Zealand (Wood et al., 2007), and the Netherlands 

(Faassen et al., 2012), among others countries. In addition to the hepatotoxic, neurotoxic and 

cytotoxic effects of cyanotoxins (Funari et al., 2008), there are also indications of endocrine 

disrupting effects as well. Extracts of cyanobacteria have been shown to be estrogenic by 

human breast carcinoma cell line MVLN in vitro assay (Jonas et al., 2015; Štěpánková et al., 

2011; Sychrová et al., 2012). Further, microcystin-LR and nodularin-R induced weak 

estrogenic potency in cultured mammalian cells (Oziol et al., 2010), and the endocrine 

disrupting effect of microcystin-LR has also been reported by in vivo assay (Rogers et al., 2011). 

However, information on the estrogenic potency by CYL and ANA is limited.  
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Figure 4. 1: The structure of (a) cylindrospermopsin and (b) anatoxin-a 

 

CYL and ANA oxidative degradation have been conducted by chlorine, ozone and other 

oxidizing agents, resulting in varying degrees of efficiencies and shortcomings (E. Rodríguez, 

Onstad, et al., 2007; E. Rodríguez, Sordo, et al., 2007). In our study on the oxidative 

degradation of CYL and ANA, we attempted the catalytic oxidative degradation of CYL and 

ANA using a high activity catalyst system, the iron (III) tetra-amido-macrocyclic ligand (FeIII-

TAML, designated as FeIII-B*)/H2O2 catalyst system. CYL and ANA degradation were 

achieved by FeIII-B*/H2O2, however, the effect of oxidation by FeIII-B*/H2O2 on the 

estrogenicity of the cyanotoxins was unclear.  

In this study the yeast estrogen screen (YES) assay, one of the most robust and widely used in 

vitro assays (Balsiger et al., 2010; Leusch et al., 2010) was applied to measure the estrogenic 

potency of cyanotoxin samples. Yeast cell-based assay has been used previously to detect the 

estrogenicity of samples from wastewater, sewage and surface water (Aerni et al., 2004; Murk 

et al., 2002; Rutishauser et al., 2004). However, some issues have been raised about the YES 

assay (Beresford et al., 2000), especially in relation to the toxicity of samples to yeast cells 

(Citulski et al., 2012). The latter study investigated the toxicity of CYL and ANA to yeast cells 

by assessing yeast cell viability, while also establishing reliable estrogenic dose-response 

curves.  
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Our aim in this study was to investigate the potential estrogenic activity of CYL and ANA 

using the YES assay, explore the modulating effect of cyanotoxin on E2 induced estrogenic 

activity, and assess the FeIII-B*/H2O2 catalyst system in remediating cyanotoxin induced 

estrogenicity.  

4.2 Methodology 

4.2.1 Reagents and materials 

Cylindrospermopsin from Sapphire Bioscience (NZ) and (±)-anatoxin-a fumarate from Abcam 

were used as received. ZnCl2 was purchased from BDH Chemicals, and 17β-estradiol (E2) was 

from Cayman Chemical. The University of Auckland’s School of Chemical Sciences supplied 

FeIII-B*. The HPLC grade solvents were from Merck Millipore. All operations with cyanotoxin 

were conducted in a chemical fume hood taking all appropriate safety measures for handling 

toxic compounds and SC-UW medium.  

4.2.2 Yeast estrogen screen assay 

A genetically modified strains of Saccharomyces cerevisiae (DSY 219) was employed in the 

YES assay, which is engineered with the human estrogen receptor gene and expression 

plasmids carrying an estrogen responsive element controlling the expression of the reporter 

gene lac-Z (encoding the enzyme β–galactosidase) (Routledge et al., 1996). The intensity of 

the colorimetric response induced by β–galactosidase quantifies the amount of β–galactosidase 

and so the level of estrogenic activity (Campbell et al., 2006).  

The YES assay protocol used was modified from Balsiger et al. (2010). In brief, DSY219 was 

incubated overnight in SC-UW media at 30 °C. The following day the yeast cells were diluted 

with SC-UW media to an optical density at 600 nm (1 cm path length) (OD600) of 0.08 and 

incubated at 30 °C to an OD600 of 0.1. The yeast cells were then harvested by centrifugation 
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(4000 rpm/2 min) and re-suspended in 2.5×SC-UW media to obtain the yeast inoculum for the 

YES assay. Every 750 µL sample for estrogenicity testing (Table 1) was exposed to the yeast 

cell solution (250 µL) for 2 hrs, after which 100 µL of the mixture was transferred to a 96-well 

micro-plate containing Gal-Screen Reagent (100 µL) (Life Technologies NZ Ltd.) in each well. 

Finally, after incubating at 30 °C for 30 min, the chemiluminescent signal of the GAL-Screen 

was measured by a Victor™X luminescence plate reader. 

Table 4. 1: Parameters in the YES assay 

The YES assay Initial concentration of cyanotoxin and E2 

Individual cyanotoxin assay 

CYL: 2.4×10-7 M to 2.4×10-12 M 

ANA: 7.1×10-6 M to 7.1×10-11 M 

ZnCl2*: 1.0×10-6 M to 1.6×10-8 M 

E2: 4.0×10-7 M to 4.0×10-12 M 

 

Competition assay 

CYL/ANA/ZnCl2: E2 = 1: 1 (v/v) 

Blank: E2 = 1: 1 (v/v) as control 

 

 

CYL: 2.4×10-5 M to 2.4×10-8 M 
E2: 4.0×10-5 M to 4.0×10-9 M 

 
ANA: 3.6×10-5 M to 3.6×10-8 M 
E2: 2.0×10-6 M to 2.0×10-11 M 

 
ZnCl2: 8.0×10-8 M to 8.0×10-11 M 

E2: 4.0×10-5 M to 4.0×10-9 M 

Treated cyanotoxin 

 

CYL: 2.4×10-7 M to 2.4×10-12 M 

ANA: 7.1×10-6 M to 7.1×10-11 M 

CYL-treated: Ctreated to Ctreated×10-6 

ANA-treated: Ctreated to Ctreated×10-6 

E2: 4.0×10-7 M to 4.0×10-12 M 

Chemicals were subjected to a 10-fold serial dilution; or a 2-fold serial dilution*. Ctreated 
indicated as the concentration of cyanotoxin treated by FeIII-B*/H2O2. 
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4.2.3 Estrogenic response of cyanotoxin treated by FeIII-B*/H2O2 

The initial reaction conditions were: 2.4×10-7 M CYL or 7.1×10-6 M ANA in the pH 9.5 0.01 

M Na2CO3/NaHCO3 buffer and 5.0×10-6 M FeIII-B*. Reactions were initialized by adding H2O2 

5.0×10-3 M. Sample was taken at intervals during the reaction and added with catalase to 

quench the residual H2O2. Samples were filtered through 0.2 µm RC syringe filters 

(Phenomenex NZ Ltd) and applied to LC-MS (Shimadzu Series model LC-MS 2020, Japan) 

for cyanotoxin quantification. After the catalytic oxidative degradation, the treated cyanotoxin 

and its related 10-fold serial dilutions were exposed to yeast cell solution, and the estrogenicity 

induced by the treated cyanotoxin was detected by the YES assay. The treated cyanotoxins 

were concentrated by the solid-phase extraction (SPE) for intermediate products identification. 

The LC-MS method and SPE procedure are provided in the appendix of Chapter 4. 

4.2.4 Cytotoxicity of cyanotoxins on yeast cells 

To measure the cytotoxic effect of cyanotoxin on yeast cells, 1 mL sample (Table 4.2) was 

incubated with the yeast inoculum (1 mL) at 30 °C for 24 hrs. The samples used for the flow 

cytometer (Model BDTM LSR II, 60 µL/min) were prepared following the guidelines for Cell 

Viability Kit (no. 349483), BD Bioscience.   

Table 4. 2: Parameters in cytotoxicity test 

Concentration of cyanotoxin and ZnCl2 

CYL: 3.6×10-6 M, 1.8×10-6 M, 1.8×10-7 M, 1.8×10-8 M, 1.8×10-9 M 

ANA: 9.1×10-5 M, 4.5×10-5 M, 4.5×10-6 M, 4.5×10-7 M, 4.5×10-8 M 

ZnCl2: 7.0×10-2 M, 7.0×10-3 M, 7.0×10-4 M, 7.0×10-5 M 
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4.2.5 Data calculation and statistical analysis 

The signals obtained by the plate reader were used to indicate the estrogenicity of samples. A 

dose-response curve was plotted by GraphPad Prism version 5.0 (GraphPad Software, San 

Diego California USA), based on a four-parameter-log(agonist) vs response-curve equation 

(Balsiger et al., 2010): 

𝑌𝑌 = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑇𝑇𝑇𝑇𝑇𝑇−𝐵𝐵𝑇𝑇𝑘𝑘𝑘𝑘𝑇𝑇𝐵𝐵
1+10^�(𝐿𝐿𝑇𝑇𝐿𝐿𝐸𝐸𝐸𝐸50−𝑋𝑋)∗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇𝑟𝑟�

                               Eq. 4.1 

where Top and Bottom are the maximal and the basal response; EC50 is the concentration of 

agonist that gives a response half way between the maximal (Top) response and the basal 

(Bottom) response; Y is the activity response of samples; X is the logarithm of E2 

concentrations; HillSlope indicates the steepness of the curve. Bottom, Top, HillSlope, and 

EC50 are generated automatically by the software. 

ECf was converted using the following equation (Eq.4.2), then a normalized dose-response 

curve was plotted using Prism of ECf values and % β-galactosidase: 

𝐸𝐸𝐶𝐶𝑓𝑓 = �� 𝑓𝑓
100−𝑓𝑓

�
1

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻� ∗ 𝐸𝐸𝐶𝐶50                                              Eq.4.2 

The ratio of live yeast cells was converted by the number of live cells measured in every 1×105 

event (Eq.4.3):  

𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒 𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝐵𝐵 𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙𝑦𝑦 % =  𝐻𝐻𝐻𝐻𝑙𝑙𝑟𝑟 𝑐𝑐𝑟𝑟𝐻𝐻𝐻𝐻𝑟𝑟 𝑛𝑛𝑛𝑛𝐵𝐵𝑛𝑛𝑟𝑟𝑟𝑟
1×105

× 100 %                               Eq.4.3 

The significance of the differences among the multiple samples was assessed by one-way 

ANOVA performed in GraphPad Prism version 5.0, with logEC50 means and corresponding 

standard deviations; the significant difference between two samples was compared using T-test 

in GraphPad Prism version 5.0, with logEC50 means and corresponding standard error of the 

mean.  
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4.3 Results and discussion 

4.3.1 Cytotoxicity of cyanotoxins to yeast cells 

The viability of yeast exposed to cyanotoxin was detected using flow cytometry (Figure 4.2) 

to determine the toxicity effect on the yeast cells. The viability of yeast cells incubated with 

CYL at concentrations ranging from 1.8×10-9 M to 3.6×10-6 M was not significantly different 

from yeast cells in the blank (Figure 4.2a) (F(5, 12) = 0.219, p > 0.05), implying CYL is not 

significantly toxic to the yeast cells. There was an insignificant difference in the viability of 

yeast cells incubated with ANA at 9.1×10-5 M and ANA at 4.5×10-6 M or less compared to the 

blank, while yeast cells cultured with ANA at 4.5×10-5 M showed a reduced population (Figure 

4.2b) (F(5, 12) = 9.332, p < 0.05). The significant impact of ZnCl2 at 7.0×10-2 M on cell viability 

(Figure 4.2c) can be associated with cytolysis due to the highly concentrated zinc salt (Hosiner 

et al., 2014) (F(4, 10) = 1.805×102, p < 0.001). The viability of cell exposing to decreased zinc 

salt concentration showed similar values to the blank, suggesting that zinc at 7.0×10-3 M or less 

had no toxicity to yeast cells over 24 hrs.  Despite the very slight difference induced by ANA 

on yeast cells at 4.5×10-5 M, both ANA at 4.5×10-5 M and ZnCl2 at 7.0×10-2 M were excluded 

in the YES assay to minimize the potential effect of these candidates at higher concentrations.  
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Figure 4. 2: Cytotoxicity of cyanotoxins on the yeast cells. The ratios of live yeast cells 
incubating with (a) CYL, (b) ANA and (c) ZnCl2 for 24 hrs. All data points are averages 
of three independent runs with error bars representing standard deviation. * indicates a 

significant difference between sample and blank (p < 0.05), *** indicates a significant 
difference between sample and blank (p < 0.001). 
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4.3.2 Estrogenic activity of cyanotoxins 

Figure 4.3a shows that the % β-galactosidase responses of cyanotoxins followed the same 

profile as for the E2 standard, but with differing slopes (F(12, 40) = 2.351×1012, p < 0.0001). 

Figure 4.3b indicates that the logEC50 induced by CYL was not significantly different to the 

logEC50 induced by E2, while the logEC50 values for ANA and ZnCl2 were significantly 

different from the logEC50 induced by E2 (F(3, 5) = 74.830, p < 0.001).  
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Figure 4. 3: Estrogenicity induced by cyanotoxins. Figure (a) shows normalized curves 
plotted by logECf values and % β-galactosidase; (b) shows the logEC50 values of each 

chemical. All data points are averages of two or three independent runs with error bars 
representing standard deviation. *** indicates a significant difference between sample 

and E2 (p < 0.001). 

88 
 



 

As shown previously (Denier et al., 2009), the results for E2 and ZnCl2 indicate that the YES 

assay is reliable for assessing the estrogenicity of both endogenous hormone and endocrine 

disrupting chemicals. The signals identified from CYL and ANA suggest that both cyanotoxins 

can effectively bind to the estrogen receptors to form the complex that initiates the production 

of β-galactosidase. We associated the binding affinity of cyanotoxins to estrogen receptors and 

the actions of cyanotoxins as agonists with the intrinsic properties identified for CYL and ANA. 

Toxicants can interact with receptors and lead to agonist or antagonist mechanisms (Mailman, 

2008), which is analogous to the way endocrine disrupters function in endocrine systems (Crisp 

et al., 1998; Mueller, 2004). CYL  as a potent protein synthesis inhibitor in vitro (Suzanne M 

Froscio et al., 2003) is also suggested as a potential endocrine disruptor due to its binding 

affinity to progesterone receptors (F. M. Young et al., 2008). CYL’s potential as an endocrine 

disruptor is also implied by its typical target organs (Hawkins et al., 1985) – organs commonly 

affected by known endocrine disrupting chemicals (Mueller, 2004). ANA can irreversibly bind 

to nicotinic acetylcholine receptors (Osswald et al., 2007). Although the agonist effect of ANA 

on estrogen receptors has not been elucidated in the literature, the affinity of ANA for estrogen 

receptors has been suggested based on its known binding to nicotinic acetylcholine receptors 

(Campos et al., 2006). Accordingly, ANA may function as a neuroendocrine disruptor through 

its action with both nicotinic acetylcholine receptors and estrogen receptors (Crisp et al., 1998; 

Kavlock et al., 1996). 

When characterising their action as agonists in the YES assay, the ring structures of both 

cyanotoxins are key factors in their affinity to estrogen receptors. Their ring construction can 

favour estrogen receptor binding by increasing the rigidity of the structure, as well as the steric 

centre (Blair et al., 2000; Fang et al., 2001; Safe et al., 2001). Due to the high correlation 

between relative binding affinities and structural features (Blair et al., 2000; Nishihara et al., 

2000), the lower logEC50 value induced by CYL compared to ANA can be explained by CYL’s 
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multiple rings. CYL (Figure 4.1a) has a tricyclic guanidine moiety and hydroxymethyl uracil 

(Ohtani et al., 1992), while ANA (Figure 4.1b), on the other hand, is a bicyclic secondary amine 

(W. W. Carmichael, 1992). 

4.3.3 Modulation of E2 activity by cyanotoxins  

To investigate the effect of CYL and ANA on the estrogenic activity of natural estrogen, E2 

induced estrogenicity was measured when exposed to cyanotoxin. The competition assay 

demonstrated that the co-exposure of E2 to different concentrations of CYL resulted in 

variations in the % β-galactosidase slope shift (Figure 4.4a) (F(16, 50) = 2.309×1012, p < 0.0001). 

Figures 4.4a and 4.4b show that CYL had a dose-dependent effect in the potency of E2-induced 

β-galactosidase in the YES assay. Contrary to the profile for the E2 control (Figure 4.4a), 

adding CYL at high concentrations (e.g., 2.4×10-5 M) to E2 resulted in a left slope shift, while 

CYL at low concentrations (e.g., 2.4×10-8 M) resulted in a right slope shift. The shift in slopes 

can also be seen in Figure 4.4b, which shows a significant difference between the half 

maximum effective concentration (logEC50) of E2 (E2 logEC50) and the half maximum 

effective concentration of E2 exposed to CYL (E2-CYL logEC50) (F(4, 10) = 8.031×1012, p < 

0.0001). These results show CYL can act either as an agonist or an antagonist – depending on 

its concentration.  

In the case of ANA, the competition assay (Figure 4.5a) showed that adding different 

concentrations of ANA to E2 (E2-ANA) resulted in differences in the % β-galactosidase-

induced estrogenicity slope shift compared to the E2 positive control (F(16, 50) = 2.971×1011, p 

< 0.0001). The right slope shift resulted from the reduced potency of the % β-galactosidase-

induced estrogenicity following the co-exposure of E2 to ANA. Accordingly, ANA can be 

categorized as an E2 antagonist. These differences can be seen more clearly in Figure 4.5b (F(4, 

10) = 5.411×1011 M, p < 0.0001), where the co-exposure of E2 to different concentrations of 
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ANA resulted in a higher half maximum effective concentration (E2-ANA logEC50) than the 

half maximum effective concentration (logEC50) seen for E2 (E2 logEC50). However, ANA did 

not behave as a classic antagonist in the YES assay because an inverse dose-response effect 

was observed by the antagonist effect of ANA on the E2 induced β-galactosidase in the YES 

assay. 

The competition assay for ZnCl2 added at different concentrations to E2 also resulted in 

differences in the % β-galactosidase-induced estrogenicity slope shift (Figure 4.6a) (F(16, 50) = 

7.055×1011, p < 0.0001). The half maximum effective concentration (logEC50) for E2 (E2 

logEC50) was significantly different from the half maximum effective concentration of E2 

exposed to ZnCl2 (E2-ZnCl2 logEC50) (Figure 4.6b) (F(4, 10) = 1.632×1012, p < 0.0001). The 

observations for ZnCl2 are in agreement with results from the study by Denier et al. (2009), 

further validating the use of ZnCl2 as an external control for this experiment.  
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Figure 4. 4: Modification on E2 induced estrogenicity by CYL. Figure (a) shows dose-
response curves by logECf values of E2 and % β-galactosidase in the presence of CYL; 
(b) shows the logEC50 values of E2 in the presence of CYL. All data points are averages 

of three independent runs with error bars representing standard deviation. **** 
indicates a significant difference between sample and E2 (p < 0.0001). Small error bars 

are not visible in the graphs. 
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Figure 4. 5: Modification on E2 induced estrogenicity by ANA. Figure (a) shows dose-
response curves by logECf values of E2 and % β-galactosidase in the presence of ANA; 
(b) shows the logEC50 values of E2 in the presence of ANA. All data points are averages 

of three independent runs with error bars representing standard deviation. **** 
indicates a significant difference between sample and E2 (p < 0.0001). Small error bars 

are not visible in the graphs. 
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Figure 4. 6: Modification on E2 induced estrogenicity by ZnCl2. Figure (a) shows dose-
response curves by logECf values of E2 and % β-galactosidase in the presence of ZnCl2; 
(b) shows the logEC50 values of E2 in the presence of ZnCl2. All data points are averages 

of three independent runs with error bars representing standard deviation. **** 
indicates a significant difference between sample and E2 (p < 0.0001). Small error bars 

are not visible in the graphs. 
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Overall, the dose-response experiments demonstrated that CYL and ANA induced non-

monotonic dose responses in the YES assay. Such non-monotonic dose-response behaviours 

are common to chemicals or pollutants known as estrogen active chemicals (EACs), that have 

the ability to interfere with or disrupt the function of endogenous hormones (Almstrup et al., 

2002; Li et al., 2007; Owen et al., 2014; Vandenberg et al., 2012). The causes of non-monotonic 

dose responses are not completely understood. Some equation-based computational models 

have proposed that the co-presence of an endogenous ligand and an exogenous ligand, such as 

EACs, and the concentration of each ligand can result in mixed-ligand dimers (Conolly et al., 

2004; Kohn et al., 1993; Li et al., 2007). The relative abundance of endogenous ligand-receptor 

homodimers, exogenous ligand-receptor homodimers, and mixed-ligand heterodimers will 

influence the ratio of corepressor (CoR) and coactivator (CoA) in the cell, resulting in either 

agonist or antagonist effects (Conolly et al., 2004; Li et al., 2007).  

These effects could explain the dose-dependent response for CYL observed in this work. The 

agonist response seen with high concentrations of CYL (i.e., 2.4×10-5 M and 2.4×10-6 M) is a 

result of CYL competing against E2. However when CYL concentrations are reduced to 

2.4×10-7 M, the chances of CYL binding to receptor will be reduced by E2 competition, 

resulting in a cumulative reduction effect. The dose-response behaviours also show that CYL 

at low concentrations (i.e., 2.4×10-8 M) had an antagonist effect. The antagonist effect may be 

associated with the affinity changes of the receptors when exposed to very low CYL 

concentrations in the presence of E2. Future dose-response studies will be directed towards 

determining the lowest concentration of CYL that reduces estrogen-induced β-galactosidase 

assay.   

The non-monotonic dose-response behaviours by EACs can also be explained by the 

phosphorylation status of the receptor (Atanaskova et al., 2002; Li et al., 2007; Rochette-Egly, 

2003), as well as the auto-inhibitory effect of a high dose of the ligand on receptor expression 
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(Webb et al., 1992). In both cases, the presence of high concentration of cyanotoxins may lead 

to a regulation of the receptor. Further, ANA may affect protein kinases by acting as ion 

channels (Arias, 2006). The modulation of protein kinase by ANA combined with the auto-

inhibitory effect on receptor expression with high concentrations of ANA may explain the 

inversely antagonist dose-response seen for ANA. Running this experiment for this paper, 

future dose-response studies will be directed towards determining the lowest concentration of 

ANA showing an agonistic effect.  

Some earlier studies reported that estrogenicity of samples measured by the YES assay varied 

against the values predicted by the concentration addition model, or estrogenicity calculated 

by chemical analysis (Beck et al., 2006; Thorpe et al., 2006). There are a wide range of 

suggested causes of such deviations, including: chemicals disrupting the activation of estrogen 

response elements (Thorpe et al., 2006), anti-estrogenic compounds and/or unknown 

compounds with estrogenicity (Beck et al., 2006), estrogen receptor antagonists (Snyder et al., 

2001), weak estrogens (Rajapakse et al., 2001), and non-estrogenic toxicants (Frische et al., 

2009). The influence by cyanotoxins should also be considered when analysing the estrogenic 

activity of natural samples by YES assay. According to New Zealand Ministry of Health’s 

2016 guidelines, the concentrations of CYL and ANA in drinking water should not exceed 

0.001 mg/L (2.4×10-9 M) and 0.006 mg/L (3.6×10-8 M), respectively. Epidemiological studies 

have demonstrated an association between environmental exposure to EDCs and human 

disease and disability (Vandenberg et al., 2012). The findings of this work suggest the 

possibility of chronic consequences for humans of CYL and ANA exposure at guideline values 

– or below.  
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4.3.4 Estrogenicity of treated cyanotoxins by FeIII-B*/H2O2 

To evaluate the effect of FeIII-B*/H2O2 on the estrogenicity of cyanotoxin, the estrogenicity of 

oxidized CYL and ANA was investigated by the YES assay. Figure 4.7a shows the difference 

between slopes for CYL and CYL treated by FeIII-B*/H2O2 (F(8, 30) = 1.292×1013, p < 0.0001). 

The difference is also evident when their logEC50 values are compared in Figure 4.7b (F(2, 3) = 

52.180, p < 0.01). Figure 4.8a shows the different slopes for the β-galactosidase responses of 

untreated ANA, and then ANA treated by FeIII-B*/H2O2 (F(8, 30) = 2.163×1013, p < 0.0001). 

However, the comparison logEC50 values in Figure 4.8b indicate no significant difference (F(2, 

3) = 6.290, p > 0.05). Similarly, the T-test result for the estrogenicity of treated CYL was 

significantly different from untreated CYL (T(2) = 8.168, p < 0.05), while no significant 

difference was seen between the estrogenic activity of untreated ANA and treated ANA (T(2) = 

1.295, p > 0.05). 

FeIII-B* has been reported to produce non-estrogenic activity (W Chadwick Ellis et al., 2010). 

Further, the influence of the catalase on estrogenicity quantification can be excluded due to its 

rapid exhaustion by H2O2 by 1 min. Because of the negligible influence of FeIII-B*/H2O2, and 

its evident oxidation efficiency (Appendix Figure A4.1), oxidized cyanotoxin was strongly 

associated with the measured estrogenicity, indicating that oxidized cyanotoxin may act as 

agonist or antagonist, and/or induce synergistic or antagonistic modulation of the parent 

cyanotoxin. For both mechanisms, the influence of oxidized cyanotoxin on the estrogenicity 

detected was related to its relative binding affinity to estrogen receptors, which can be highly 

dependent on constructional transformation by oxidation.  
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Figure 4. 7: Estrogenicity of CYL (2.4×10-7 M) treated by FeIII-B*/H2O2 (5.0×10-6 M/ 
5.0×10-3 M). Figure (a) shows dose-response curves by logECf values and % β-

galactosidase; (b) shows the logEC50 values of each sample with standard deviation 
from duplicates. ** indicates a significant difference between treated CYL and E2, as 

well as between treated CYL and CYL (p < 0.01). 
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Figure 4. 8: Estrogenicity of ANA (7.1×10-6 M) treated by FeIII-B*/H2O2 (5.0×10-6 M/ 
5.0×10-3 M). Figure (a) shows dose-response curves by logECf values and % β-

galactosidase; (b) shows the logEC50 values of each sample with standard deviation 
from duplicates. No significant difference is observed among logEC50 by ANA, treated 

ANA and E2 (p > 0.05). 
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In Chapter 2, the intermediates of CYL and ANA mediated by FeIII-B*/H2O2 were identified 

by Q-Exactive tandem mass spectrometry (LC-MS/MS), and a series of cyanotoxin 

degradation products was proposed. CYL was generally transformed into products with 

destroyed tricyclic and uracil rings (Table 4.3), resulting in a decrease in its binding affinity to 

estrogen receptors. Furthermore, it appears that the majority of CYL by-products had destroyed 

rings, hen showed little or no binding affinity to estrogen receptors. Overall, a reduced 

estrogenic activity of CYL was achieved by FeIII-B*/H2O2 via catalytic oxidative degradation. 

ANA degradation was mainly conducted via unsaturated carbon bond oxidation and loss of 

ammonia, to produce a large number of ANA products with rings (Table 4.4). Although the 

estrogenicity induced by parent ANA decreased, ANA breakdown products with ring structures 

likely produced estrogenicity by binding to estrogen receptors, increasing the overall estrogenic 

level. A previous study of estrogenicity induced by EDC oxidation products reported that one 

EE2 oxidation product may have higher estrogenicity than EE2 itself (J. L. Chen et al., 2012). 

The resulting reduced estrogenicity of the parent ANA, but induced estrogenicity of ANA 

products likely explains the changed logEC50 value observed, while no significant 

corresponding difference in statistical values was found. When comparing the estrogenic 

activities of cyanotoxins before and after treatment, the reduction in levels of cyanotoxin 

estrogenicity should be correlated with removal level concentrations, and also related to its 

degradation by-products. Further, the daughter by-products of cyanotoxin may be significant 

when evaluating the removal efficiency of estrogenicity via oxidation. 
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Table 4. 3: Proposed structures and formula for the CID product ions from CYL mass 
spectra 

Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

176.1183 (0.43) 5.5 
NH

NHN

H

H

C10H14N3
+

 

194.1288 (0.06) 4.5 

OH2

NH

NHN

H

H

C10H16N3O+
 

274.0855 (0.45) 4.5 
HN

NHN

O
S OHO
O

H

H H

C10H16N3O4S+
 

318.1564 (0.96) 8.5 NHNH

O

ONH

NHN

OH

H

H H

C15H20N5O3
+

 

NHNH

OHN

NHN

OH OH

C15H20N5O3
+

 

322.1072 (1.30) 3.5 
NH

NHN

O
S OHO
O

OH

H

H H

OH

C11H20N3O6S+
 

336.1668 (0.36) 7.5 NHNH

ONH

NHN

OH
H OH OH

C15H22N5O4
+

 

NHNH

OHN

NHN

OH
H OH OH

C15H22N5O4
+

 

416.1235 (0.06) 7.5 NHNH

O

ONH

NHN

O

S OHO

O

OH

H

H H

C15H22N5O7S+  
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Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

420.1182 (0.48) 6.5 NHNH

O O

ONH

NHN

O
S OHO
O

OH

H

H H H

C14H22N5O8S+
 

448.1133 (0.08) 7.5 NHNH

O

ONH

NHN

O

S OHO

O

OH

H

H H
O

O

C15H22N5O9S+
 

NHNH

O

ONH

NHN

O

S OHO

O

OH

H

H H OH
O

C15H22N5O9S+
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Table 4. 4: Proposed structures and formula for the CID product ions from ANA mass 
spectra 

Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

91.0546 (0.34) 4.5 

C7H7
+

 C7H7
+

 

93.0704 (0.53) 3.5 
C7H9

+  

105.0702 (0.28) 4.5 

C8H9
+

 C8H9
+

 

107.0859 (0.40) 3.5 

C8H11
+

 

121.0652 (0.39) 4.5 

O

C8H9O+
 

122.0967 (0.23) 3.5 

NH3

C8H12N+
 

131.0857 (1.47) 5.5 

C10H11
+

 

138.0914 (0.060) 3.5 

H2
N

O

C8H12NO+
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Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

140.1071 (0.08) 2.5 
O

H2
N

C8H14NO+
 

146.0964 (0.01) 5.5 

NH3

C10H12N+
 

149.0963 (1.20) 4.5 

O

C10H13O+
 

164.1072 (0.20) 4.5 

ONH3

C10H14NO+
 

166.1228 (1.14) 3.5 

OH2
N

C10H16NO+
 

182.1177 (0.14) 3.5 

OH2
N

O

C10H16NO2
+
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4.4 Conclusions 

CYL and ANA were shown for the first time to induce estrogenic activity as agonists in the 

YES assay. Further, they can also be considered as potential endocrine disrupting chemicals 

due to their modulations on E2 activity. The non-monotonic dose responses by cyanotoxin 

were also discussed. The results found for the estrogenicity of cyanotoxin mediated by FeIII-

B*/H2O2 imply that reducing the estrogenic levels of EDCs depends on the level of reduction 

of the parent cyanotoxin – and the resulting degradation products. Due to the unexpected 

estrogenicity produced by the efficiency of the oxidation, bioassays used in combination with 

chromatographic quantification are recommended for an integrated assessment of EDCs 

estrogenic activity following their destruction. Consideration of the inter-relationship between 

the toxicity and endocrine disrupting nature of CYL and ANA is recommended for future 

pathological work and toxicological studies. 
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Chapter 5: Summary, Conclusions and 

Recommendations for Future Work 

5.1 Summary 

The efficiency of cylindrospermopsin (CYL) and anatoxin-a (ANA) degradation by the FeIII-

B*/H2O2 catalyst system was investigated at different pH values to meet the first research 

objective of this thesis. The pKa value for FeIII-B* fell at pH in the range 9.3 to 10.5, with the 

highest reactivity of FeIII-B* activators occurring around pH 10. Since FeIII-B*/H2O2 catalysis 

rates were shown to be significantly pH dependent, finding the optimal pH appears to be a 

challenge to the real-world application of the FeIII-B*/H2O2 catalyst system. To evaluate the 

efficiency of pH-dependent FeIII-B*/H2O2 catalysis on cyanotoxin degradation, FeIII-B*/H2O2 

for cyanotoxin degradation was conducted at pH values ranging from 8.5 to 11.5. The first 

attempt at heterogeneous FeIII-B* catalyst generation was made by anchoring dissolved FeIII-

B* onto functionalised silica gel. With the aim of minimizing FeIII-B* diffusion in solution 

while at the same time maximizing coverage ratio, the repetitive sets of re-suspension and 

filtration were applied during the heterogeneous FeIII-B* catalyst generation. Cyanotoxin 

removal by homogeneous formulation and heterogeneous formulation were compared. To 

understand the mechanism of cyanotoxin degradation mediated by FeIII-B*/H2O2, the 

degradation pathways for CYL and ANA were established. Cyanotoxin degradation products 

mediated by the FeIII-B*/H2O2 catalyst system were identified by Q-Exactive Tandem Mass 

Spectrometry, and the product ions were characterised by CID mass spectra with assistance 

from Mass Frontier. 

Natural organic matter (NOM) is generally responsible for reduced treatment efficiency due to 

effects related to competition for active sites, radiation absorption and membrane fouling. So 

the influence by NOM is always a consideration when investigating removal rates for all water 

106 
 



 

treatment technologies. In recognition of the challenge posed by NOM in water treatment 

technologies, the influence of NOM on CYL and ANA removal by FeIII-B*/H2O2 was explored 

as the second task. CYL and ANA oxidative removal by FeIII-B*/H2O2 were conducted in the 

presence of NOM ranging from 0 to 30 ppm. To characterize the NOM constituents 

participating in the oxidative cross-coupling with cyanotoxin, NOM oxidized by FeIII-B*/H2O2 

was monitored by EEM and UV/Vis in the absence of cyanotoxin. Further, two NOM 

surrogates with typical functional groups were selected with the aim of characterizing the 

interaction between humic/fulvic fractions and cyanotoxins. The effect of these two model 

NOM compounds on cyanotoxin degradation mediated by FeIII-B*/H2O2 was investigated. The 

high resolution mass spectrometry analysis by LC-MS/MS and GC-MS was used to 

demonstrate the enzyme-catalysed oxidative coupling between cyanotoxin and NOM 

surrogates, and the radical-mediated cross-coupling pathways were proposed based on FeIII-B* 

mediated one-electron oxidation. 

The potential for estrogenic activity induced by cyanotoxins CYL and ANA was studied in 

parallel, with an evaluation of the estrogenicity of cyanotoxins degraded by FeIII-B*/H2O2. To 

establish reliable estrogenic dose-response curves, the toxicity of cyanotoxin to yeast cells was 

investigated by assessing yeast cell viability using flow cytometry. Following the assessment 

of yeast cell viability, the estrogenic activity of CYL and ANA at concentrations ranging from 

2.4×10-7 M to 2.4×10-12 M (CYL) and 7.1×10-6 M to 7.1×10-11 M (ANA) was quantified using 

the yeast estrogen screen (YES) assay. Further, the estrogenic activity of E2 exposed to 

cyanotoxin was measured to investigate the modulating effect of CYL and ANA on E2 induced 

estrogenicity. The estrogenicity of cyanotoxin treated by FeIII-B*/H2O2 was evaluated, and 

compared to the estrogenicity of untreated cyanotoxin. In the YES assay, ZnCl2 and E2 were 

applied as controls, and their estrogenic responses were referred in the discussion. The logEC50 
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value of each chemical/sample was calculated using a four-parameter-log (agonist) vs 

response-curve equation. 

5.2 Conclusions 

5.2.1 Oxidative degradation of CYL and ANA by FeIII-B*/H2O2 

At pH 8.5 to 9.5, and a ratio of FeIII-B* to substrate of 1: 0.048 (mole/mole), consistently high 

levels (87 % ~ 89 %) of CYL removal were achieved. This remarkably high and stable level of 

degradation was likely caused by the sufficient oxidized FeIII-B* consumed by CYL. With a 

ratio of FeIII-B* to the substrate of 1: 1.42 (mole/mole), FeIII-B*/H2O2 applied at pH 8.5 

achieved 75 % removal of ANA. As the pH was further increased to 9.5, the ANA removal rate 

increased to 96 %. For both cyanotoxins, rate constants increased with pH increasing from 8.5 

to 11.5; a finding explained by the resulting enhanced formation of oxidized FeIII-B*. The 

higher removal rates of CYL and ANA during the initial degradation phase (around 0 − 20 min) 

were consistent with the higher rate constants. As the reaction continued, however, cyanotoxin 

removal at pH 10.5 and 11.5 entered a plateau, resulting in a drop in the removal efficiency of 

cyanotoxin. The significant FeIII-B* self-destruction at pH values above 10 most likely 

explained the increasing rate constants at the initial phase and the decreasing removal rates at 

the end of the reaction period. Following the assessment of coverage ratios by bleaching dye, 

heterogeneous FeIII-B* catalyst was applied to remove the cyanotoxins. With an identical mole 

ratio of FeIII-B* and H2O2 as used in the homogeneous formulation, heterogeneous FeIII-

B*/H2O2 contributed to a similar cyanotoxin removal efficiency to homogeneous FeIII-B*/H2O2, 

resulting in 93 % CYL removal and 88 % ANA removal. Catalytic oxidative degradation of 

cyanotoxin by heterogeneous formulation was likely augmented with solid adsorption, using 

electrostatic interaction between charged molecules and the functionalised heterogeneous 

catalysts. Both homogeneous and heterogeneous FeIII-B*/H2O2 catalyst system indicate 
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significant catalytic oxidative degradation of both cyanotoxins, compared with the selective 

oxidation by general oxidants (e.g., chlorine and permanganate). The efficient and effective 

removal of these cyanotoxins suggests the FeIII-B*/H2O2 catalyst system as an ideal alternative 

for the purification of cyanotoxin-contaminated water. 

Besides this similar efficiency as homogeneous FeIII-B*, the heterogeneous FeIII-B* 

formulation suggested possible application and utility of the catalyst system. According to one 

market report, “Industrial Catalyst Market by Type (Heterogeneous & Homogeneous), by 

Material (Metal, Chemical, Zeolites and Organometallic Materials), by Application and by 

Region - Global Trends and Forecasts to 2020”, a heterogeneous catalyst is considered to form 

the largest segment of its type in the industrial catalyst market, and heterogeneous catalysis is 

projected to be the fastest-growing form of industrial catalysis for the period between 2015 and 

2020. There are future challenges for heterogeneous FeIII-B*, but expectations remain high. 

The finding from this part of work serves as a background for the desired application of other 

types and formulations of FeIII-TAML for contaminant removal. The catalytic reactions by 

immobilised FeIII-B* described herein are a promising start for application of the larger 

geometric FeIII-TAML. By taking advantage of powder catalysts, particle geometries with large 

accessible external surfaces and/or in various shapes could be developed. With full-scale 

commercial reactors, some typical catalyst geometries, including spheres, raschig rings, hollow 

extrudates, and trilobes, are anticipated by granulating, pelleting and extruding from 

appropriate powders coated with FeIII-TAML.  

CYL degradation occurred mainly through hydroxylation, tricyclic guanidine ring opening, 

uracil moiety modification and sulphate group elimination. Accordingly, destruction of the 

uracil ring is expected to result in reduced toxicity of CYL. The degradation products of ANA 

were mainly transformed from ANA epoxidation and ANA deamination. Epoxidized ANA m/z 

182 leads to a series of nitrogen-containing secondary by-products, whereas, deaminated ANA 
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m/z 149 further transforms into cyclised or linear products. Because epoxy-ANA is known to 

be non-toxic, the majority ANA degradation products are thought to have reduced toxicity. 

Consequently, FeIII-B*/H2O2 is proposed as reducing CYL and ANA toxicity by oxidizing 

toxic cyanotoxins to non-toxic or reduced-toxicity products. 

5.2.2 Oxidative removal of CYL and ANA by FeIII-B*/H2O2 in the presence of NOM 

Ninety-one percent of CYL was removed with the addition 0.5 ppm NOM, and nearly complete 

removal of ANA was observed with 0.6 ppm NOM within 120 min. Further, increasing the 

NOM dosage resulted in faster completion of removal, with no residual cyanotoxin available 

at 60 min in the presence of 30 ppm NOM. The results so far show enhanced CYL and ANA 

removal when NOM is present in concentrations as high as 30 ppm, indicating NOM as being 

beneficial to cyanotoxin removal in the ratios ≤ 1: 0.0033 (NOM/CYL, mg/mg) and ≤ 1: 0.039 

(NOM/ANA, mg/mg). During the cyanotoxin treatment, NOM has a reduced negative impact 

on cyanotoxin removal as mediated by FeIII-B*/H2O2. The reduced negative influence of NOM 

suggests certain advantages of FeIII-B*/H2O2 over physical and chemical technologies (e.g., 

membrane filtration, photocatalysis, and chlorination) regarding the removal of cyanotoxins. 

This finding also suggests opportunities that exist for FeIII-B*/H2O2 to be employed at multiple 

stages of cyanotoxin treatment, where the impact of NOM concentration is not significant. 

As illustrated in Chapter Three, FeIII-B*/H2O2 oxidized substrates via one-electron oxidation, 

whereby NOM and cyanotoxin radical species were generated. These radicals then proceeded 

to interact by self-coupling and cross-coupling, leading to the formation of intermediate 

products. Radical-mediated cross-coupling between the components of NOM and cyanotoxin 

molecules is highly suggested as one explanation for the enhanced removal efficiency. The 

transformed fluorophore signatures found by EEM and the changes in absorbance spectra 

identified in UV/Vis indicated that NOM components from humic-like and fulvic-like fractions, 
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especially the compounds with aromatic and carboxylate groups were oxidized by FeIII-

B*/H2O2. Accordingly, NOM compounds with aromatic and carboxylate moieties were likely 

to cross-couple with cyanotoxins in the reaction mediated by FeIII-B*/H2O2. Guaiacol and 

glycolic acid were selected as NOM surrogates, which represent NOM with an aromatic moiety 

and NOM with a carboxylate moiety, respectively. When mediated by FeIII-B*/H2O2, guaiacol 

increased removal of both cyanotoxins, and glycolic acid increased CYL removal only. The 

radical-mediated cross-couplings between NOM components and cyanotoxins were 

characterized as CYL cross-coupling with NOM constituents with aromatic and carboxylate 

moieties, and ANA cross-coupling with NOM constituents with an aromatic moiety. Cross-

coupling pathways between NOM surrogates and cyanotoxins were proposed based on an 

enzyme-catalysed one-electron oxidation. The cross-coupling of the parent cyanotoxins with 

NOM can result in a reduced toxicity due to inhibition of the CYL uracil ring and a 

conformational change in the ANA molecule, and the cross-coupling of degradation products 

with NOM may further lower their toxicity.  

5.2.3 Estrogenic activity of CYL and ANA and their oxidative products by FeIII-B*/H2O2 

When the estrogenic activity of cyanotoxins was investigated, cyanotoxins were found to bind 

to estrogen receptors by mimicking endogenous ligands; the complex formed was able to 

activate the production of enzyme β-galactosidase, leading to an agonist dose-response 

mechanism. The functionalisation of CYL and ANA in inducing estrogenic activity revealed 

that both cyanotoxins are potential agonists in the YES assay. The ring structures are proposed 

as one reason for the binding affinity of both CYL and ANA to estrogen receptors. The 

cyanotoxins also demonstrated alterations on E2 induced estrogenicity, where synergistic and 

antagonistic modulations were seen by CYL and antagonistic modulation was observed by 

ANA. These findings for cyanotoxin effects on E2 activity indicate the potential of both CYL 

and ANA to be endocrine disrupting chemicals (EDCs). As a result of their actions as agonists 
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in the YES assay and their modulations on endogenous estrogen (E2), deviations caused by 

cyanotoxins should be considered when determining the potential estrogenic activity of natural 

samples by the YES assay. The logEC50 induced by E2 exposed to cyanotoxin revealed that 

CYL and ANA can display non-monotonic dose-response behaviours. Around 86 % removal 

of cyanotoxins was achieved by FeIII-B*/H2O2 at pH 9.5 after a reaction time of 1 hr. Although 

significant removal was observed for both cyanotoxins, the changes in estrogenicity induced 

in the treated cyanotoxins differed. Comparing the logEC50 values before and after treatment, 

the estrogenicity of treated CYL was significantly different to that for CYL, while the 

estrogenicity of treated ANA was not significantly different to the level for native ANA. The 

identification of corresponding products reveals that CYL degradation products with ring 

breakage structures are likely related to the significantly different logEC50 value, while ANA 

oxidized products with intact ring structures may have contributed to the insignificant 

difference found. 

5.3 Recommendations for Future Work 

Overall, this thesis highlights the advantages of FeIII-B*/H2O2 in terms of the removal 

efficiency and non-toxic product formation of cyanotoxins CYL and ANA from applying 

different formulations of FeIII-B* and the modelled NOM system. The following 

recommendations are offered for related research on cyanotoxins CYL and ANA, and the FeIII-

B*/H2O2 catalyst system in future.  

1) In order to evaluate the long-term effects of cyanotoxin by-products on health, further work 

on toxicity evaluation of oxidized cyanotoxins by FeIII-B*/H2O2 is encouraged, via in vitro 

and in vivo assays. 

2) Extensive research on heterogeneous FeIII-TAML is recommended in regard to the types of 

support materials, and modes of functionalised immobilisation. In the interests of meeting 
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the increasing market demand and economical operations, it will be important to integrate 

engineering with catalysis to create optimal bulk processes for heterogeneous FeIII-TAML.  

3) Regarding NOM cross-coupled products, a further study applying density functional theory 

calculation (DFT) in collaboration with NMR analysis is recommended such that DFT 

could provide a more accurate identification of the reactive sites of each compound in 

relation to the cross-coupling process and product structures. 

4) Due to the complexity of actual NOM constituents and the life-threatening properties of 

the cyanotoxins themselves, seeking a deeper insight into the toxicological properties of 

cross-coupling products is strongly encouraged.  

5) Since in vitro assays may not always predict results in vivo, complementary in vivo assays 

are suggested for a comprehensive assessment of the estrogenic activity of CYL and ANA. 

6) Considering the modulations of estrogenic CYL on E2, future CYL dose-response studies 

are recommended using CYL concentrations below 2.4×10-8 M, with the aim of assessing 

CYL antagonism in the YES assay.  

7) Future investigation on ANA non-monotonic dose-response behaviours should be directed 

towards determining the lowest ANA concentration producing agonistic effects.  

8) Due to the modulations of E2 induced estrogenicity seen at low cyanotoxin concentrations, 

priority should be given to developing guidelines for cyanotoxin exposure levels in relation 

to adverse health consequences. 

9) Exploration on the inter-relationship between cyanotoxin toxicity mechanisms and their 

endocrine disrupting action is recommended through pathological work in conjunction with 

epidemiological studies.  

10) Because of the detected estrogenicity levels of oxidized ANA, estrogenicity reduction of 

EDCs should not be simply predicted by their oxidized efficiency. The estrogenicity 
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induced by EDCs degradation products should be also considered in evaluating the 

estrogenicity of EDCs in the environment. 

11) Due to the complex composition of ANA intermediate products, the application of 

surrogates or chemical extraction is recommended for identifying and eliminating ANA 

products with estrogenic activity.  

12) Bioassays together with chromatographic quantification are recommended for an integrated 

assessment of EDCs estrogenic activity following their oxidative degradation. 
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Appendix - Chapter 2 
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pH k (min-1) with 95 % confidence 

intervals 

Cres with 95 % confidence 

intervals 

R2 

8.5 0.1047 [0.1032 - 0.1061] 0.1081 [0.1044 - 0.1118] 0.9998 

9 0.07854 [0.07474 - 0.08235] 0.1266 [0.1124 - 0.1408] 0.9981 

9.5 0.09798 [0.09326 - 0.1027] 0.1374 [0.1248 - 0.1500] 0.9981 

10.5 0.1653 [0.1568 - 0.1738] 0.242 [0.2333 - 0.2508] 0.9983 

11.5 0.2788 [0.2644 - 0.2933] 0.3029 [0.2973 - 0.3085] 0.9989 
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(b)
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pH k (min-1) with 95 % confidence 
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Cres with 95 % confidence 

intervals 

R2 

8.5 0.0181 [0.01590 -  0.02030] 0.1657 [0.1131 - 0.2184] 0.9959 

9 0.03477 [0.02983 - 0.03970] 0.1445 [0.09800 - 0.1910] 0.9889 

9.5 0.06025 [0.05233 - 0.06818] 0.08396 [0.04844 - 0.1195] 0.988 

10.5 0.09244 [0.06956 - 0.1153] 0.2716 [0.2293 - 0.3140] 0.9591 

11.5 0.1764 [0.1574 - 0.1954] 0.3467 [0.3355 - 0.3579] 0.9943 

 

Figure A2.1: Cyanotoxin degradation data fitted by Eq.1. (a) CYL degradation at 
different pH by homogeneous FeIII-B*/H2O2; (b) ANA degradation at different pH by 

homogeneous FeIII-B*/H2O2. 
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Figure A2.2: Coverage assessment of heterogeneous FeIII-B*. (a) The initial rates of 
orange dye (45 µM) bleaching by filtrate from heterogeneous FeIII-B* generation 

(2.5×10-6 (○), 1.25×10-6 (∆) and 2.5×10-7 (□) mole homogeneous FeIII-B* and 240 mg 
MSG) and H2O2 (1 mM) at pH 9.5 (0.01 M); (b) the initial rates of orange dye (45 µM) 
bleaching by homogeneous FeIII-B* standards (2.5×10-9, 2.5×10-8, 4×10-8, 1.25×10-7 and 

2.5×10-7 mole) and H2O2 (1 mM) at pH 9.5 (0.01 M); (c) the coverage ratios of 
heterogeneous FeIII-B* (mean ± standard deviation of three independent runs). 
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(b)
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Figure A2.3: Cyanotoxin degradation data fitted by Eq.1. (a) CYL degradation at pH 
9.5 by heterogeneous FeIII-B*/H2O2; (b) ANA degradation at pH 9.5 by heterogeneous 

FeIII-B*/H2O2. 
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(e)

 

Figure A2.4: Positive mode Q-Exactive tandem mass spectra of CYL: (a) product ion 
spectrum MS1 (targeting m/z 416); (b) product ion spectrum MS2 (targeting m/z 416); 

(c) product ion spectrum MS2 (targeting m/z 448); (d) product ion spectrum MS2 
(targeting m/z 420); (e) composite spectrum of m/z 416. 
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(e)

 

Figure A2.5: Positive mode Q-Exactive tandem mass spectra of ANA: (a) product ion 
spectrum MS1 (targeting m/z 166); (b) product ion spectrum MS2 (targeting m/z 166); 

(c) product ion spectrum MS2 (targeting m/z 182); (d) product ion spectrum MS2 
(targeting m/z 149); (e) composite spectrum of m/z 166. 
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Table A2.1: Proposed structures and formula for the CID product ions from CYL mass 
spectra 

Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

176.1183 (0.43) 5.5 
NH

NHN

H

H

C10H14N3
+

 

194.1288 (0.06) 4.5 

OH2

NH

NHN

H

H

C10H16N3O+
 

274.0855 (0.45) 4.5 
HN

NHN

O
S OHO
O

H

H H

C10H16N3O4S+
 

318.1564 (0.96) 8.5 NHNH

O

ONH

NHN

OH

H

H H

C15H20N5O3
+

 

NHNH

OHN

NHN

OH OH

C15H20N5O3
+

 

322.1072 (1.30) 3.5 
NH

NHN

O
S OHO
O

OH

H

H H

OH

C11H20N3O6S+
 

336.1668 (0.36) 7.5 NHNH

ONH

NHN

OH
H OH OH

C15H22N5O4
+

 

NHNH

OHN

NHN

OH
H OH OH

C15H22N5O4
+

 

416.1235 (0.06) 7.5 NHNH

O

ONH

NHN

O

S OHO

O

OH

H

H H

C15H22N5O7S+  
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Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

420.1182 (0.48) 6.5 NHNH

O O

ONH

NHN

O
S OHO
O

OH

H

H H H

C14H22N5O8S+
 

448.1133 (0.08) 7.5 NHNH

O

ONH

NHN

O

S OHO

O

OH

H

H H
O

O

C15H22N5O9S+
 

NHNH

O

ONH

NHN

O

S OHO

O

OH

H

H H OH
O

C15H22N5O9S+
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Table A2.2: Proposed structures and formula for the CID product ions from ANA mass 
spectra 

Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

91.0546 (0.34) 4.5 

C7H7
+

 C7H7
+

 

93.0704 (0.53) 3.5 
C7H9

+  

105.0702 (0.28) 4.5 

C8H9
+

 C8H9
+

 

107.0859 (0.40) 3.5 

C8H11
+

 

121.0652 (0.39) 4.5 

O

C8H9O+
 

122.0967 (0.23) 3.5 

NH3

C8H12N+
 

131.0857 (1.47) 5.5 

C10H11
+

 

138.0914 (0.060) 3.5 

H2
N

O

C8H12NO+
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Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

140.1071 (0.08) 2.5 
O

H2
N

C8H14NO+
 

146.0964 (0.01) 5.5 

NH3

C10H12N+
 

149.0963 (1.20) 4.5 

O

C10H13O+
 

164.1072 (0.20) 4.5 

ONH3

C10H14NO+
 

166.1228 (1.14) 3.5 

OH2
N

C10H16NO+
 

182.1177 (0.14) 3.5 

OH2
N

O

C10H16NO2
+
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Appendix - Chapter 3 

(a)
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NOM k (min-1) with 95 % confidence 
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Cres with 95 % confidence 

intervals 

R2 

0 0.09798 [0.09326 - 0.1027] 0.1374 [0.1248 - 0.1500] 0.9981 

0.5 0.1058 [0.09817 - 0.1135] 0.1138 [0.09504 - 0.1326] 0.9959 

3.5 0.1087 [0.1023 - 0.1151] 0.09376 [0.07839 - 0.1091] 0.9973 

10 0.1099 [0.1031 - 0.1168] 0.02957 [0.01229 - 0.04685] 0.997 

30 0.1464 [0.1387 - 0.1541] 0.01424 [0.001682 - 0.02679] 0.9981 
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(b)
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0 0.06025 [0.05233 - 0.06818] 0.08396 [0.04844 - 0.1195] 0.988 

0.6 0.05919 [0.05383 - 0.06454] 0.03301 [0.0002817 - 0.06574] 0.9928 

10 0.07067 [0.06367 - 0.07768] -0.00462 [-0.03958 - 0.03034] 0.9916 

30 0.07439 [0.06757 - 0.08120] -0.00902 [-0.04083 - 0.02279] 0.993 

 

Figure A3.1: Cyanotoxin degradation data fitted by Eq.1. (a) CYL degradation by FeIII-
B*/H2O2 with varying NOM; (b) ANA degradation by FeIII-B*/H2O2 with varying 

NOM. 
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Figure A3.2: Cyanotoxin removal by FeIII-B*/H2O2 with NOM or with oxidized NOM at 
pH 9.5 (0.01 M). ─◊─ represents sample of CYL (0.24 µM) with NOM (3.5 ppm) 

removal by FeIII-B*/H2O2 (5 µM/ 5 mM), ─x─ represents sample of ANA (7.1 µM) with 
NOM (30 ppm) removal by FeIII-B*/H2O2 (5 µM/ 5 mM), - -◊- - represents sample of 

CYL (0.24 µM) removal by oxidized NOM (3.5 ppm), - -x- - represents sample of ANA 
(7.1 µM) removal by oxidized NOM (30 ppm) (mean ± standard deviation of three 

independent runs). 

 

Conditions: oxidized NOM was produced by NOM (3.5 ppm NOM designated for CYL, 30 

ppm NOM designated for ANA) reacting with FeIII-B*/H2O2 (5 µM/ 5 mM) at pH 9.5 0.01 M 

Na2CO3/NaHCO3 buffer. Reacting NOM was taken at intervals and treated with catalase. The 

oxidized NOM was then mixed with CYL (0.24 µM) or ANA (7.1 µM) thoroughly. Cyanotoxin 

was quantified by LC-MS. 
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Figure A3.3: Gas chromatographic profile obtained by the analysis of guaiacol at 0.088 
ppm. 
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Accurate mass 

(error, ppm) 
RDB Proposed product ion structure and molecular formula 

145.0260 (-18.62) 4.5 
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O

Na+

CH2
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147.0417 (-2.39) 3.5 

OH

OCH3

Na+

C7H8NaO2
+

 

 

Figure A3.4: High resolution ESI (+)-MS spectrum from LC-ToF-MS/MS for guaiacol 
(1 µL of guaiacol at 1.129 g/mL in 1 mL methanol) in positive ion mode. 
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Scheme A3.1: Proposed pathway for CYL oxidation by FeIII-B*/H2O2. Ionic species 
were recovered from SPE eluate and observed in the MS1 mass spectrum. Bracketed 

structures were not observed but were hypothesized to be present theoretically. Shaded 
composition were absent in MS1 mass spectrum but seen in the tandem mass spectra as 

key ions, so were included in CID fragmentations analysis. 
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Scheme A3.2: Proposed pathway for ANA oxidation by FeIII-B*/H2O2. Ionic species 
were recovered from SPE eluate and observed in the MS1 mass spectrum. 
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Appendix - Chapter 4 

1. The LC-MS method for CYL and ANA:  

Compounds were separated on a Waters Atlantis T3 column (3 μm, 3.0 × 150 mm) at 0.2 

mL/min flow rate (Temp. 30 °C). Milli-Q water/0.1 % formic acid (v/v) as mobile phase A and 

methanol/0.1 % formic acid, (v/v) as mobile phase B were used for both cyanotoxins. The 

gradient elution program for CYL was 1 min: 5 % B, 8 − 12 min: 50 % B, and 16 min: 0 % B, 

with a linear increase between the isocratic periods. The gradient elution program for ANA 

was 0.01 min: 20 % B, 3 − 5 min: 90 % B, and 10 min: 20 % B, with a linear increase between 

the isocratic periods. CYL was monitored at m/z 416 and ANA was monitored at m/z 166 in 

positive ion mode (SIM). The concentration of cyanotoxin was determined based on a standard 

curve obtained by plotting pure cyanotoxin against the peak area of the LC-MS curve.  

2. The solid-phase extraction (SPE) method for CYL and ANA:  

The CYL-SPE method (Hypersep Hypercab SPE cartridges, Thermo Fisher Scientific, NZ 

Ltd.): 1) cartridges were conditioned with two column volumes of methanol and rinsed with 

two column volumes of water; 2) samples were loaded onto cartridges at a flow rate of 1 − 2 

mL/min; 3) cartridges were washed with one column volume of water and fully air-dried prior 

to elution; and 4) CYL was eluted with 95 % methanol/ 5 % formic acid (v/v).  

The ANA-SPE method (Strata-X-CW polymeric weak cation SPE cartridges, Phenomenex 

Australia Ply Ltd.): 1) one column volume of methanol followed by one column volume of 

water was applied to condition the cartridges; 2) samples were loaded after adjustment to pH 6 

~ 7; 3) one column volume of water followed by one column volume of methanol was used to 

wash the cartridges; and 4) samples were eluted with 5 % formic acid in methanol.  
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For both CYL and ANA SPE samples, the eluate was evaporated to dryness in a speed vacuum 

concentrator (Savant SPD131DDA, ThermoFisher) and then reconstituted in methanol for 

analysis. 

 

Figure A4.1: Cyanotoxins degradation by FeIII-B*/H2O2. CYL (∆) (2.4×10-7 M) or ANA 
(□) (7.1×10-6 M) treated by FeIII-B*/H2O2 (5.0×10-6 M/ 5.0×10-3 M) at pH 9.5 (0.01 M 

Na2CO3/NaHCO3 buffer). 

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60 70

C
t/C

0

Time (min)

ANA

CYL

139 
 



 

(a)

 

(b)

 

140 
 



 

(c)

 

(d)

 

141 
 



 

(e)

 

Figure A4.2: Positive mode Q-Exactive tandem mass spectra of CYL: (a) product ion 
spectrum MS1 (targeting m/z 416); (b) product ion spectrum MS2 (targeting m/z 416); 

(c) product ion spectrum MS2 (targeting m/z 448); (d) product ion spectrum MS2 
(targeting m/z 420); (e) composite spectrum of m/z 416. 
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Figure A4.3: Positive mode Q-Exactive tandem mass spectra of ANA: (a) product ion 
spectrum MS1 (targeting m/z 166); (b) product ion spectrum MS2 (targeting m/z 166); 

(c) product ion spectrum MS2 (targeting m/z 182); (d) product ion spectrum MS2 
(targeting m/z 149); (e) composite spectrum of m/z 166. 
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