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ABSTRACT 

 

Organic N-chloramines have long been recognised as disinfection by-products 

(DBPs) found in both chlorinated and chloraminated water, but have gained little attention 

from water authorities in the past. However, in recent years studies have shown that 

organic N-chloramines are molecules involved in inflammation and several chronic 

diseases including cancers. A recent study (Bull et al., 2006) has suggested that organic N-

chloramines can be potential health risks but due to a lack of available toxicological 

information toxicity studies of compounds in this group have been recommended as a 

priority in DBPs research. 

 

The aim of this study was to investigate genotoxicity of individual organic N-

chloramines utilising a mammalian cell-based genotoxicity assay to help determine which 

compound(s) should be subject to further in vivo studies. The flow cytometry-based 

micronucleus (FCMN) assay was optimised and validated for use as a rapid screening for 

genotoxicity of organic N-chloramine candidates. A number of assay validations were 

conducted on two mammalian cell lines (WIL2-NS and L5178Y) using model 

genotoxicants with various modes of action. Comparative studies on these two cell lines 

showed that WIL2-NS cells were suitable for the FCMN assay and therefore selected for 

use in all studies described in this thesis. 

 

For the genotoxicity investigation of organic N-chloramines, 16 compounds were 

synthesised by chlorination of amine precursors. At least 3 concentrations (in µM range) 

were subjected to screening for genotoxicity using the validated FCMN assay and 

confirmed by microscopic counting of micronuclei. This study found that of the 16 

compounds, 4 were genotoxic to WIL2-NS cells by both FCMN and microscopy based MN 



  ii 

assay. Oxidative stress was hypothesised as a possible genotoxic mechanism of these 

compounds and also was investigated in this study. Following exposure to the 4 genotoxic 

organic N-chloramines, it was found that although there was a small reduction of cellular 

glutathione the change in lipid peroxidation was not observed. This suggested that 

oxidative stress is unlikely to be a mechanism involved in genotoxicity of these organic N-

chloramines. 

 

The final part of this research demonstrated an application of using the optimised 

FCMN assay to identify genotoxic DBP precursors in Australian water.  We collaborated 

with Curtin University, Western Australia on this aspect. Highly coloured surface water 

was collected, concentrated, and fractionated based on molecular weight (MW) of the 

organic contents by researchers at Curtin University. Eight MW fractions (pre- and post 

chlorination) were tested for genotoxicity using the FCMN assay. No genotoxicity was 

observed in all pre-chlorinated MW fractions while significant genotoxicity was seen in 

chlorinated products of several fractions of medium to high MW. This result indicated that 

these fractions contain materials that are precursors to genotoxic DBPs and may lead to 

future studies such as characterisation of the genotoxic DBP precursors for their removal 

prior to the disinfection process. 
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1. GENERAL INTRODUCTION 

 

For nearly a century, chlorine has been successfully used for the control of water-

borne infectious diseases. Although consumption of chlorinated water has significantly 

reduced death and illness from water borne pathogens (Sadiq and Rodriguez, 2004), 

concern has been raised over the health risks associated with disinfection by-products 

(DBPs) that  form during the chlorination processes .  The DBP chloroform (CHCl3) was 

first detected in chlorinated drinking water in the mid 1970s (Komulainen, 2004).  Since 

then, several areas of DBP research have been conducted including DBP identification, 

toxicity and epidemiology studies, in order to determine the risks associated with DBP‟s in 

drinking water.  

 

Epidemiology studies have shown that there is a significant relationship between 

consumption of disinfected water and chronic adverse health effects, in particular an 

increased rate of bladder cancer among exposed populations.  Toxicological investigations 

have focused on common DBPs such as trihalomethanes (THMs) and haloacetic acids 

(HAAs). Studies conducted in vitro and in vivo have shown that some of these types of 

DBPs are mutagenic and genotoxic; however, to date the data cannot provide a strong 

mechanistic link between such DBPs and formation of bladder cancer.  Aside from THMs 

and HAAs it has been suggested that several hundred or perhaps thousands of other DBPs 

could be present in disinfected water.   

 

In a recent study (Bull et al., 2006) used quantitative structure toxicity relationship 

analysis (QSTR) to predict possible carcinogens and identified several groups of DBPs  

prioritised for further studies.  These included haloquinones, halocyclopentenoic acids, 

nitrosamines, nitrosamides, halonitriles, halomines and organic N-haloamines. Of those 
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groups listed by Bull et al. (2006), although members of the organic N-haloamines (i.e. 

organic N-chloramines) were determined to be of concern, it was noted that currently there 

are insufficient toxicological data to make an informed judgment of their potential health 

risk when formed in drinking water. 

 

This thesis describes in vitro toxicity and genotoxicity studies of organic N-

chloramines. The thesis comprises 8 Chapters. This Chapter presents general introduction 

of relevant DBP research and literature reviews, while Chapter 2 describes background 

information on organic N-chloramines followed by the project rationale and specific aims. 

Chapter 3 explains the in vitro approach and assay validations for the study of cytotoxicity 

and genotoxicity of organic N-chloramines. The production of organic N-chloramines, their 

genotoxicity investigation and possible genotoxic mechanism are described in Chapters 4, 

5 and 6 respectively. Chapter 7 shows an application of using the optimised cell based 

assay to help determine potential health risk of DBPs formed in Australian water and the 

overall research summary and final discussion is addressed in Chapter 8. 

 

 



Chapter 1 – General Introduction 

Somprasong Laingam, PhD Thesis 2009  3 

1.1. Water Disinfection 

 

The main purpose of disinfection is to reduce health risks from waterborne 

pathogenic organisms that cause human diseases. As a result, outbreaks of disease or death 

from waterborne pathogens of bacterial origin (e.g. cholera and typhoid) have declined 

dramatically since its introduction in the early 1900‟s (Leclerc et al., 2002). 

 

The chemicals used for disinfection normally are substances that possess strong 

oxidative activity, which not only inactivate or remove the waterborne pathogens, but also 

provide other benefits when used in water treatment such as removing taste and odour 

causing-compounds and preventing biological regrowth in the water distribution system 

(Sadiq and Rodriguez, 2004).  

 

A number of chemicals or processes can be used to disinfect water. Most drinking 

water produced from surface water supplies is currently disinfected with chlorine, or, to a 

much lesser extent, chloramine (a product of chlorine after reaction with ammonia), while 

chlorine dioxide, ozone and ultraviolet radiation have also been used to some extent 

(Tibbetts, 1995).  
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1.1.1. Chlorine 

 

Chlorine has been extensively used as a disinfectant in water industries because it is 

by far the cheapest means to disinfect water particularly in a large scale production. 

Chlorine has strong oxidising potential, which can kill a wide range of harmful water borne 

pathogens. When chlorine is added to water, a rapid hydrolysis takes place forming 

hypochlorous acid (HOCl) as shown in the equation 1 below.  Depending on pH value, 

HOCl can partly degrade to hypochlorite ion (OCl-) as shown in equation 2. Both HOCl 

and OCl- have very distinctive behaviour; HOCl is more reactive and is a stronger 

disinfectant than hypochlorite.  

 

Cl2 + H2O  HOCl + H+ + Cl-   ……. (1) 

HOCl   H+ + OCl-      ……. (2) 

 

Since chlorine is a strong oxidant that reacts not only with organisms but also other 

substances present in the water, the amount of chlorine required for an effective 

disinfection is dependent on quality of the water source. If the water contains high levels of 

substances such as organic materials, a higher amount of chlorine will be required. The 

term “break point chlorination” is the name given to the process where chlorine is added to 

water until the organic materials are totally oxidised. The excess chlorine added above this 

point will be present as free available chlorine. In general, after chlorination the chlorine 

residual in finished water is also maintained at low levels throughout the distribution 

system in order to protect against microbial recontamination. 
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1.1.2. Chloramine 

 

Chloramination is an alternative disinfection method using chloramine as a 

disinfectant. Chloramines are produced in the reaction between chlorine (Cl2) and ammonia 

(NH3). When ammonia is added to chlorine solution, 3 possible amine species i.e. 

monochloramine (NH2Cl), dichloramine (NHCl2) and trichloramine (NCl3) can be formed 

depending on the pH of the reaction. Of these 3 amine species, monochloramine is the 

most desirable product used for water disinfection purposes. Monochloramine is the major 

product when the reaction takes place in a mild alkaline solution (eg pH 8.4). Reactions of 

chloramine in solution are shown in the equations below. 

 

NH3 + HOCl      NH2Cl + H2O   ……. (3) 

NH2Cl + HOCl  NHCl2 + H2O   ……. (4) 

NHCl2 + HOCl  NCl3 + H2O   ……. (5) 

 

Although chloramines are weaker disinfectants than chlorine, they are more stable, 

hence providing benefits in extending disinfection efficiency throughout the water utility‟s 

distribution system. It is recognised that the longer half life of chloramines also helps 

provide better protection against bacterial regrowth in systems with large storage tanks or 

dead-end water main and that chloramination reduced production rates of trihalomethanes 

(THMs) and haloacetic acids (HAAs), which are two common classes of DBPs regulated 

by health authorities. Another benefit of using chloramines for water disinfection is that 

drinking water produced from the plants using chloramine as a disinfectant has a rather 

pleasant taste and odour compared with those that use chlorine. For these reasons, 

chloramination has become a common method used in water industries, particularly in the 
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USA (Yoon and Jensen, 1996). Approximately 20% of US drinking water utilities have 

replaced chlorination with chloramination since 2002 (Sadiq and Rodriguez, 2004). In 

Australia, chloramination is mainly used for disinfection in long pipelines, where the 

longer half life is a advantage. However, a problem is that although chloramination can 

reduce formation rates of THMs and HAAs, it can increase the production of other N-

containing DBPs, including N-chloramines.Chlorine dioxide 

 

In recent years, interest has increased in the use of chlorine dioxide (ClO2) as an 

alternative or in addition to chlorine, for water disinfection. Chlorine dioxide is a very 

effective bactericide and more effective than chlorine for the disinfection of viral 

contaminated water. It is a neutral chlorine compound, small and volatile molecule with a 

strong oxidative potency. The solubility of chlorine dioxide in water is very high (10 times 

more soluble in water than chlorine) especially at low temperatures (EPA, 1999). It does 

not hydrolyse when added into water, but remains as a dissolved gas in solution. For 

potable water application, chlorine dioxide is generated on site from reaction of sodium 

chlorite (NaClO2) solution with gaseous chlorine (Cl2), hypochlorous acid (HOCl) or 

hydrochloric acid (HCl) as shown in the equations below (EPA, 1999). 

 

2NaClO2 + Cl2(g)  2ClO2(g) + 2NaCl  ……. (6) 

2NaClO2 + HOCl  2ClO2(g) + NaCl + NaOH ……. (7) 

5NaClO2 + 4HCl  4ClO2(g) + 5NaCl + 2H2O ……. (8) 
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Advantages of using chlorine dioxide as a disinfectant include its efficacy in 

deactivating the chlorine-resistant pathogens, Giardia and Cryptosporidium (Korich et al., 

1990; Winiecka-Krusnell and Linder, 1998), the ability to remove and prevent biofilm 

formation, in addition to a reduction in unpleasant odour caused by phenolic compounds 

(Lalezary et al., 1986). Also, compared with chlorine, chlorine dioxide is more effective for 

the removal of iron and manganese especially when these are found in complex compounds 

(Aieta and Berg, 1986).  

 

Some disadvantages of using chlorine dioxide for water disinfection include its low 

stability because it can be easily decomposed when in contact with sunlight. Although 

chlorine dioxide is effective in deactivating Giardia, Cryptosporidium and some viruses, it 

is less effective for deactivation of rotaviruses and E. coli (Betancourt and Rose, 2004; De 

Luca et al., 2008; Pereira et al., 2008). In addition, water disinfection using chlorine 

dioxide is very expensive (i.e. 5 to 10 times higher cost) than chlorine (White, 1999). 

1.1.3.  Ozone 

 

Ozone (O3) is the most powerful oxidant amongst all available disinfectants used in 

water treatment, and has been used for water disinfection purposes for a long period of 

time (von Gunten, 2003). O3 is produced by an ozone generator by a conversion of O2 

using high voltage power (6,000-20,000V).  O3 is a very unstable molecule that can be 

reverted to O2 shortly after its formation. Therefore it must be generated on-site and cannot 

be shipped to the water treatment plant. 
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Although ozone is a very effective disinfectant and has an excellent property in 

controlling odour and taste making ozonated water more palatable compared with other 

disinfected waters, ozonation is not a very popular method used in water utilities. It is by 

far the most expensive disinfection method and its application is not practical for a large 

scale drinking water production. Furthermore, due to its short life, ozone has a very short 

contact time to water (around 5 minutes), which may not be enough to provide an effective 

disinfection. In addition, not only does ozone not produce a disinfection residual, but it also 

can convert non-biodegradable organic matter to biodegradable compounds, hence 

providing additional nutrient in the distribution systems. Therefore, bacterial re-growth can 

be readily found in the system using only ozonation for water disinfection process (Alonso 

et al., 2004) 

1.2. Disinfection By-products (DBPs) 

 

Disinfection by-products are formed by the non-specific reaction of disinfectant 

with natural organic matter (NOM) or bromide in water to produce various organic and 

inorganic compounds. Types of DBPs formed in disinfected waters are varied, dependent 

on many factors such as the composition of NOM, choices of disinfectant and their dosing 

rate, the presence of ions (i.e. bromide or iodide), temperature and pH of the water. To 

date, approximately 600 DBPs have been identified in disinfected drinking waters 

(Richardson, 2003). These DBPs have been categorised into many classes based on their 

molecular structures, formation and chemical properties. Some currently known DBPs and 

their occurrence in disinfected waters (mostly from chlorination) are described here and 

also summarised in Table 1-1 (page 13). 
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1.2.1. Trihalomethanes 

 

Trihalomethanes (THMs) were the first group of DBPs identified in chlorinated 

drinking water and have been well studied. Trichloromethanes are formed from reactions 

between chlorine and organic matter (NOM). When bromine is present in the water, 

tribromomethanes are also likely to form. THMs consist of 4 chemicals; chloroform 

(CHCl3), bromodichloromethane (CHBrCl2), dibromochloromethane (CHBr2Cl) and 

bromoform or tribromomethane (CHBr3). Total THMs is a collective term representing the 

four members and traditionally have been used as surrogate markers for monitoring of DBP 

formation in water. 

 

The US Environmental Protection Agency (EPA, 2001) has published the “Stage 1 

Disinfectants/Disinfection Byproducts Rules” to regulate total THMs at a maximum 

allowable annual average level of 80 µg/L, while the WHO (2008) has a separate standard 

for individual members of the THMs  i.e. 60 µg/L for bromodichloromethane, 100 µg/L for 

bromoform, 200 µg/L for chloroform. In Australia, the guideline level of THMs is set at 

250 µg/L (NHMRC/ARMCANZ, 2004). 

1.2.2. Haloacetic acids 

 

Haloacetic acids (HAAs) are another group of DBPs, mostly produced in 

chlorinated water. HAAs comprise 9 members (HAA9), but only 5 compounds (called 

HAA5) are regulated by health authorities, which include 3 chlorinated acetic acids (mono, 

di and trichloroacetic acids), and 2 brominated acetic acids (mono and dibromoacetic 

acids). HAAs are non-volatile compounds and can occasionally be found in water at higher 
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concentrations than THMs, depending on the pH value of the water. For example, when the 

pH is low, HAAs are preferably formed and when the pH is high THMs are the 

predominant products. As with the THMs, composition of NOM in the water source 

determines the amount of HAAs (Chang et al., 2009; Chellam and Krasner, 2001; Serodes 

et al., 2003; Uyak et al., 2008). 

 

HAA levels are also monitored in disinfected drinking water. The US EPA has 

established maximum contaminant levels of HAAs (or HAA5) of 60 µg/l (EPA, 1998), 

while WHO has set individual guideline value of 50 µg/L for dichloroacetic acid and 200 

µg/L for trichloroacetic acid (WHO, 2004). In Australia, the guideline for 

monochloroacetic acid is 150 µg/L and for trichloroacetic is 100 µg/L  

(NHMRC/ARMCANZ, 2004).  

1.2.3. Bromate 

 

Bromate (BrO3
-) is formed mainly in ozonated water when the source waters 

contain high levels of natural bromide. Formation of bromate can also be found in water 

disinfected by chlorine dioxide, particularly when the disinfection with chlorine dioxide is 

conducted in the presence of sunlight (Gordon et al., 1990). Bromate can be found as a 

contaminant from the use of hypochlorite solution instead of gaseous chlorine (Bolyard et 

al., 1992). In ozonated water, bromate can be detected at concentrations up to 25.1 µg/L, 

while in chlorine dioxide treated water significantly lower concentrations are usually seen. 

In the United States, the regulated concentration of bromate is set at 10 µg/L (WHO, 2008). 

In Australia, the guideline is set at 20 µg/L (NHMRC/ARMCANZ, 2004). 
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1.2.4. Chlorite 

 

Chlorite (ClO2
-) is a common DBP produced in water treated with chlorine dioxide. 

Chlorite is a degradation product of chlorine dioxide when in contact with naturally 

occurring organic and inorganic matter. Levels of chlorite can be varied between 30% and 

70% of the chlorine dioxide dose, depending on several factors such as oxidant demand, 

temperature, competitive side reactions with other chemicals or processes and generator 

efficiency. In the United States, chlorite is currently regulated at 1.0 mg/L (Richardson et 

al., 2007). In Australia, the guideline value is set at 3.0 mg/L (NHMRC/ARMCANZ, 

2004). 

1.2.5. Haloacetonitrile 

 

Haloacetonitriles (HANs) is a group of DBPs consisting of dichloroacetonitrile, 

bromoacetronitrile, bromochloroacetonitrile, dibromoacetonitrile and tribromoacetonitrile. 

HANs are usually formed immediately during water disinfection, but decomposed quickly 

during hydrolysis reaction or reactions with residual disinfectants. The levels of HANs 

present in water are normally lower than THMs and HAAs. The guideline set by WHO 

(2008) for dichloroacetonitrile is 90 µg/L and for trichloroacetonitrile is 1 µg/L. 
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1.2.6. Halofuranones 

 

The main DBP in this class is MX (3-chloro-4(dichloromethyl)-5-hydroxy-2(5H) 

furanone. Other analogues of MX such as its geometric isomer (EMX), as well as 

brominated analogues (BMXs) have also been identified in disinfected water.  MX was 

first identified as a chlorination by-product in pulp mill effluent (Holmbom et al., 1984) 

and was later found in chlorinated drinking water. It has gained interest in recent decades 

because it is the most potent mutagenic DBP in bacterial in vitro genotoxicity assays 

compared with other known DBP present in chlorinated water (Kronberg et al., 1988).   

 

Levels of MX found in disinfected water have been reported in ng/L concentration 

range. As high as 80 ng/L of MX was reported in Massachusetts, USA (Wright et al., 

2002), while a nationwide study of MX in the United State reported > 100 ng/L (as high as 

850 ng/L) was found in many US water utilities (Weinberg et al., 2002). However, due to a 

lack of toxicological information, there is no guideline for MX at present. 
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Table 1-1.  Summary of DPBs and their occurrence in disinfected water  
 
Regulated DBPs High µg/L  Low µg/L  ng/L Other 
THMs     
 Chloroform √    
 Bromodichlormethane √    
 Chlorodibromomethane √    
 Bromoform √    
HAAs     
 Chloroacetic acid  √   
 Bromoacetic acid  √   
 Dichloroacetic acid √    
 Dibromoacetic acid √    
 Trichloracetic acid √    
Oxyhalides     
 Bromate  √   
 Chlorite √    
      
Unregulated DBPs High µg/L  Low µg/L  ng/L Other 
Halomethanes     
 Chloronitromethane   √  
 Bromonitromethane   √  
 Dichloronitromethane   √  
 Dibromonitromethane  √   
 Bromochloronitromethane   √  
 Trichloronitromethane  √   
 Bromodichloronitromethane  √   
 Dibromochloronitromethane  √   
 Tribromonitromethane  √   
Iodo-acids     
 Iodoacetic acid  √   
 Bromoiodoacetic acid  √   
 (Z)-3-Bromo-3-iodopropenic acid   √  
 (E)-3-Bromo-3-iodopropenic acid   √  
 2-Iodo-3-methlybutenedioic acid  √   
Other halo-acids     
 Bromochloroacetic acid  √   
 Bromodichloroacetic acid  √   
 Dibromochloroacetic acid  √   
 Tribromoacetic acid  √   
Iodo-THMs and other unregulated 
THMs     
 Dichloroiodomethane  √   
 Bromochloroiodomethane  √   
 Dibromoiodomethane  √   
 Chlorodiiodomethane  √   
 Bromodiiodomethane  √   
 Iodoform  √   
 Dichloromethane  √   
 Bromochloromethane    ND 
 Dibromomethane    ND 
      

Data modified from (Richardson et al., 2007).  
ND = non-detect. NA = no occurrence data available. 
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Table 1-1. (continued) 

Unregulated DBPs High µg/L  Low µg/L  ng/L Other 
MX compounds     
 MX   √  
 EMX   √  
 ZMX   √  
 BMX-1   √  
 BMX-2   √  
 BMX-3   √  
 BEMX-1   √  
 BEMX-2   √  
 BEMX-3   √  
Haloamides     
 Chloroacetamide  √   
 Bromoacetamide  √   
 Iodoacetamide    NA 
 Dichloroacetamide  √   
 Bromochloroacetamide  √   
 Dibromoacetamide  √   
 Bromoiodoacetamide  √   
 Trichloroacetamide  √   
 Bromodichloroacetamide  √   
 Dibromochloroacetamide  √   
 Tribromoacetamide  √   
 Diiodoacetamide    NA 
 Chloroiodoacetamide    NA 
Haloacetonitrile     
 Chloroacetonitrile  √   
 Bromoacetonitrile  √   
 Iodoacetonitrile    NA 
 Dichloroacetonitrile  √   
 Bromochloroacetonitrile  √   
 Dibromoacetonitrile  √   
 Trichloroacetonitrile  √   
 Bromodichloroacetonitrile  √   
 Dibromochloroacetonitrile  √   
 Tribromoacetonitrile  √   
Halopyrroles     
 2,3,5-Tribromopyrrole   √  
Nitrosamines     
 N-nitrosodimethylamine   √  
 N-nitrosopyrrolidine   √  
 N-nitrosomorpholine   √  
 N-nitrosopiperidine   √  
 N-nitrosodiphenylamine   √  
Aldehydes     
 Formaldehyde  √   
 Acetaldehyde  √   
 Chloroacetaldehyde  √   
 Dichloroacetaldehyde  √   
 Bromochloroacetaldehyde  √   
 Trichloroacetaldehyde (chloral hydrate) √   
  Tribromoacetaldehyde   √     
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1.2.7. Emerging DBPs 

 

Apart from the regulated DBPs, it has been speculated that a large portion of DBPs 

have not been identified (Figure 1.1). The ongoing concern that the types of cancer found 

in animal studies following exposure to the known DBPs is not correlated with the findings 

from human epidemiological studies (Bull et al., 2006; Richardson, 2003; Richardson et 

al., 2007), suggested that the new DBPs that have not yet been identified may link to the 

effects seen in humans.  

 

 

 

 

 

Figure 1.1. Halogenated DBPs as proportionate to total organic halogen.  

Relative amounts of halogenated DBPs as proportionated to total organic halogen (TOX) in 

chlorinated drinking water. The diagram shows representative data of a treatment plant in 

the United States (Richardson, 2003). 
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The change in disinfection practices to avoid formation of THMs does not 

necessarily mean the disinfected water is safe for consumption. Instead, the more harmful 

DBPs may be produced (Muellner et al., 2007).  For example, although replacing 

chlorination with chloramination has caused a significant reduction of THMs in the 

finished water, chloramination has introduced the formation of nitrogen-containing DBPs 

(Nissinen et al., 2002). (i.e. NDMA). The presence of NDMA (N-nitrosodimethylamine) in 

drinking water has caused a greater health concern as NDMA is known to be a potent 

carcinogen (Choi and Valentine, 2002; Najm and Trussell, 2001).  

1.3. Health Risks Associated With DBPs 

 

The detection of chloroform in disinfected drinking water in the 1970‟s (Bellar et 

al., 1974; Rook, 1974) prompted epidemiology based-studies to determine whether there 

was an association between exposure to disinfected drinking water and adverse health 

effects. Most epidemiological studies in early years have focused on outcomes of long term 

exposure to disinfected drinking water and incidences of various kinds of cancer, 

particularly bladder cancer. Moreover, in recent years, many studies have suggested that 

exposure to disinfected water may be associated with adverse reproductive effects and 

developmental toxicity and child birth defects.  

1.3.1. DBPs and Bladder Cancer 

 

Whilst studies have shown that DBPs may have been associated with an increased 

incidence of various types of cancer such as rectal (Koivusalo et al., 1997), colon (Doyle et 

al., 1997), kidney (Koivusalo et al., 1998) as well as certain types of leukaemia (Infante-

Rivard et al., 2002), the majority of previous epidemiological studies have found a strong 
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link between an increased incidence of bladder cancer and long term exposure to 

disinfected drinking water (Cantor et al., 1987; King and Marrett, 1996; Koivusalo et al., 

1998; McGeehin et al., 1993; Villanueva et al., 2004; Zierler et al., 1988). 

 

A meta-analysis conducted from a pool of epidemiological studies (6,084 bladder 

cancer cases and 10,816 controls from 6 case-control studies, and 24 bladder cancer cases 

from 2 cohort studies) of populations in Europe and North America (Villanueva et al., 

2003) has shown that there is an association between long term consumption of chlorinated 

drinking water and bladder cancer, particularly in men [Odds ratio (OR) = 1.4; 95% 

Confident Interval (CI) = 1.1 – 1.9]. Although the observed relative risk was found to be 

relatively low, it was suggested that the population distributable risk could be very 

important as the vast majority of the population of industrialised countries are potentially 

exposed to chlorinated by-products for a long period of time. 

 

A recent study (Villanueva et al., 2004) has strengthened the hypothesis that the 

risk of bladder cancer is increased with long-term exposure to disinfection by-products. 

This study was conducted from analyses of pooled data collated from 6 case-control 

studies. Of the 6 studies, 2 were from the United States (Cantor et al., 1998; Lynch et al., 

1989) and one each from Canada (King and Marrett, 1996), France (Cordier et al., 1993), 

Italy (Porru et al., 1996) and Finland (Koivusalo et al., 1998). All 6 studies provided data 

on THM exposure (THMs was used as a marker of DBPs) and individual water 

consumption. A pool of 2806 cases and 5254 controls was analysed. There was a 

significant increase in bladder cancer in men exposed to an average of more than 1 µg/L 

THMs compared with those who had lower or no exposure [OR = 1.24; 95% CI = 1.09 – 

1.41]. The risk was reported to be higher in those exposed to higher than 50 µg/L THMs 

[OR = 1.44; 95% CI = 1.20 – 1.73). In women, it was found that THMs exposure was not 
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associated with bladder cancer risk [OR = 0.95; CI = 0.76 – 1.20). This suggested a 

significant increase of bladder cancer risk in men associated with long-term exposure to 

DBPs at levels currently observed in many industrialised countries. 

1.3.2. DBPs and Adverse Reproductive Outcomes 

 

Aside from bladder cancer risk, in recent years there have been a number of reports 

on the association between DBP exposure and adverse reproductive outcomes. These 

include low birth weight, preterm delivery, spontaneous abortions, stillbirth (Bove et al., 

2002; Magnus et al., 1999; Nieuwenhuijsen et al., 2000) and birth defects, mainly central 

nervous system, respiratory, major cardiac, oral cleft (Dodds and King, 2001; 

Nieuwenhuijsen et al., 2000), neural tube defects (Bove et al., 2002; Nieuwenhuijsen et al., 

2000) and small for gestational age (Bove et al., 2002). 

 

Although many studies have suggested that exposure to DBPs is a factor for 

adverse reproductive outcomes, some inconsistent findings have been reported. A study by 

(Graves et al., 2001) showed that there was no association with DBP exposure for several 

outcomes including low birth weight, preterm delivery, some specific congenital 

anomalies, and neonatal death. Inconsistent or very weak results for all congenital birth 

defects, all central nervous system anomalies, neural tube defects, spontaneous abortion 

and stillbirth were also reported (Nieuwenhuijsen et al., 2000; Tardiff et al., 2006). A 

pooled analysis of 5 epidemiological studies conducted during 1966 – 2001 also showed 

that the effects on respiratory system, major cardiac and oral cleft defects are heterogenous 

and inconclusive (Hwang and Jaakkola, 2003; Magnus et al., 1999).  
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Various epidemiological studies pointed towards an association between THMs and 

low birth weight (Bove et al., 2002; Dodds and King, 2001; Nieuwenhuijsen et al., 2008; 

Wright et al., 2004) but the evidence is inconclusive. There also is no evidence for an 

association between THMs and preterm delivery. Only moderate evidence for association 

with neural tube defects and spontaneous abortion was reported (Bove et al., 2002). It is 

also suggested that another main limitation of most studies has been the relatively crude 

methodology, for the assessment of exposure in particular (Nieuwenhuijsen et al., 2000), 

hence the overall evidence showing an association between THMs exposure and birth 

defects remain inconclusive (Dodds and King, 2001; Nieuwenhuijsen et al., 2000) 

 

At this point of time, although there have been some inconsistencies of the result 

findings from the literature, many studies have shown that the risks of DBPs associated 

with adverse reproductive/developmental toxicity effects may exist. However, with the 

available information to date, it is very difficult to confirm or deny the results observed 

from epidemiological studies. Firstly, many of the epidemiological links connecting DBPs 

to adverse health effects are tenuous as they are very difficult to prove (Smith, 2007). 

Secondly, DBPs in water do not appear as isolated compounds and normally manifest 

themselves as complex mixtures. Therefore, using only THMs as a marker for DBP loading 

may be acceptable to help estimate levels of exposure, but it does not necessary mean that 

the outcomes observed would reflect the final outcomes seen in the epidemiology. To 

better understand the effects of DBPs and health effects more toxicological studies of 

individual DBPs or mixtures of DBPs as well as studies on determination of the presence 

of individual DBPs in a water supply, the concentrations of each and their temporal and 

spatial variance to help predict possible additive, synergistic or antagonistic effects of the 

mixture would be required. 
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1.4. Toxicological Studies of DBPs   

 

Along with extensive epidemiological studies, a large number of toxicological tools 

(i.e. mutagenicity, genotoxicity and carcinogenicity assays) have been used to help 

determine the carcinogenic risks of DBPs. Mutagenicity assays  measure a change in DNA 

sequence (arising from gene mutation) while genotoxicity assays are used to determine 

damage that occurs at either the DNA or chromosome level.  

 

Over the past 30 years, DBP toxicity research has focussed intensively on THMs. 

Chloroform is the main THM product and a great deal has been reported on its toxicity and 

carcinogenicity. A review of many in vitro and in vivo mutagenicity and genotoxicity 

studies demonstrates that chloroform is not mutagenic nor genotoxic, but it is carcinogenic 

in rodents causing tumours at various sites such as liver, kidney and intestine (IARC, 1999)  

It is also reported that chloroform and the other regulated THMs do not induce bladder 

cancer in animal studies. This indicates that THMs themselves may not be associated with 

the bladder cancer risks described in the epidemiological studies. 

 

Another group of DBPs that have been extensively studied is HAAs. All 5 members 

of HAAs have been found to be mutagenic in bacteria and genotoxic in mammalian cells 

(IARC, 2004). The cytotoxicity and genotoxicity potencies of the brominated forms are  

higher than the chlorinated forms (Giller et al., 1997; Plewa et al., 2002). Bromoacetic acid 

has not been tested for carcinogenicity, while chloroacetic acid gave negative results in a 

carcinogenicity test in rodents. On the other hand, the remaining 3 members of the HAAs 

(dibromoacetic, dichloroacetic and trichloroacetic acids) have been shown to be 
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carcinogenic, producing liver tumours in mice, and leukemias and abdominal cavity 

mesotheliomas in rats (DeAngelo et al., 1997).  

  

Other than THMs and HAAs, a large number of mutagenicity and genotoxicity 

studies, and some carcinogenicity studies, of known/unregulated DBPs have been 

conducted. More details and a summary of these toxicity studies can be viewed in an article 

published by Richardson et al. (2007).  

 

Although a wide range of data on DBPs exist, the current toxicological information 

does not support the epidemiological findings. For example, most of DBPs tested for 

carcinogenicity in animal models cause primarily liver cancer rather than bladder cancer 

(IARC, 1995; IARC, 1999; IARC, 2004), while the epidemiological studies have found an 

association between exposure to disinfected water and bladder cancer risks (Villanueva et 

al., 2003). This lack of correlation between sites of tumours in animal cancer studies and 

human epidemiological studies using drinking is not well understood. In addition, the fact 

that bladder cancer risk in human has been associated with THM levels (King and Marrett, 

1996; Villanueva et al., 2007), while THMs themselves are not bladder carcinogens 

(IARC, 1999) suggests that the causative DBPs are yet to be identified. 

1.5. Early Prioritisation Studies of DBP Research  

 

Aside from the regulated DBPs, there is very little or no data on occurrence and or 

toxicity of other DBPs. Literature has suggested that over 600 compounds may form during 

the water disinfection processes (Richardson et al., 1999) depending on the NOM content 

of the source water and the method of disinfection used.  Given that it is both impractical 
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and uneconomical to conduct studies on all DBPs reported in the literature, prioritisation 

on which DBPs are to be tested is necessary.  

 

The early prioritisation by US EPA aimed to create a list of DBPs for further 

research. Known DBPs were selected for prioritisation based on predictions of adverse 

health effects (cancer) by multidisciplinary expert panels, including toxicologists, 

structure-activity specialists and chemists (Woo et al., 2002). The expert panel considered 

three main factors 1) the occurrence of the DBPs in drinking water, 2) the strength of the 

available toxicity data and 3) similarity of the DBPs to other carcinogenic compounds. 

Additionally, where toxicity data for a chemical was unavailable, computer based QSTR 

(qualitative structure-toxicity relationships) was used to assist the process based on the 

chemical‟s molecular attributes. The study suggested approximately 50 DBPs of high 

priority, including brominated, chlorinated and iodinated species of halomethanes, 

brominated and chlorinated forms of haloacetonitriles, haloketones, haloacids, and 

halonitromethanes as well as analogs of MX for further occurrence studies.  

 

Following the prioritisation of DBPs for further research, a US Nationwide DBP 

Occurrence study was conducted (Weinberg et al., 2002). This study was of particular 

importance as it confirmed that the DBPs identified were commonly present in US drinking 

water. Another significant outcome taking place at this period of time was that a number of 

emerging DBPs were discovered (i.e. iodo-acids were identified for the first time (Plewa et 

al., 2004). This has also led to a significant input in research on improving analytical 

technology and assay development. 
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The Nationwide DBP occurrence survey also showed that changes in disinfection 

practices to minimise the levels of regulated THMs resulted in the formation of various 

other types of DBPs. For example, iodo-THMs were found to be at highest concentration in 

a plant using chloramination.  Dihaloaldehydes were highest at a plant using chloramines 

and ozone, while MX and BMXs were found to be at highest concentrations in plants that 

treated waters  high in NOM and bromide using chlorine dioxide followed by chlorine 

(Krasner et al., 2002; Weinberg et al., 2002).  

 

A great concern has also been raised in relation to chloraminated DBPs, particularly 

when NDMA was identified in chloraminated water (Tomkins and Griest, 1996). NDMA, 

a member of the N-nitrosamine group of nitrogenous carcinogens, has previously been 

most commonly found in food and cigarette smoke (Jakszyn et al., 2006; Tricker et al., 

1991). NDMA is only one of many nitrogenous compounds, so its presence in disinfected 

water has indicated that other nitrogenous DBPs may also be present in water too. These 

new emerging DBPs may be responsible for adverse health effects, therefore should be 

taken into consideration for the subsequent prioritisation. 
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1.6. Recent Prioritisation Study of DBP Research 

 

In 2006, Bull et al. (2006) reported outcomes of a prioritisation study for DBP 

research using toxicological and chemical models. Nitrogenous DBPs (i.e. nitrosamines, 

organic N-chloramines) were included in this prioritisation study.   

 

QSTR/ TOPKAT® was the main approach used for the analyses. TOPKAT® is a 

QSTR model that has proven useful and has been used in the examination of 

pharmaceutical and toxicological data.  TOPKAT® was selected in the study because 1) it 

has a set of QSTR models that predict chronic lowest observed adverse effect levels 

(LOAELs), 2) it has databases for predicting carcinogenicity, and 3) it includes a 

developmental toxicity potential model and an Ames‟ mutagenicity model. 

 

 Two approaches were used in this prioritisation study. The first approach called 

“Feed-back process” involved analyses of the carcinogenic chemicals listed in the 

Carcinogen Potency Database (CPDB1) including those that have been shown to cause 

bladder cancer in one or more species including humans. The results of these analyses 

showed that the DBPs that might be formed from NOM that are most closely related to 

known bladder carcinogens were aromatic amines, heterocyclic amines, nitrosamines and 

quinones. Of these, amines were found to be very common among bladder carcinogens. 

The second approach is called “Feed-forward process”, which involved two fundamental 

steps: 1) identification of significant molecular sub-structures of NOM and 2) prediction of 

                                                 
1 The CPDB is an online database summarising most of the cancer bioassays that have been conducted on 
chemicals in experimental animals. The website (http://potency.berkeley.edu/cpdb.html) is maintained by 
Gold and coworkers at the University of California, Berkeley. 
 

http://potency.berkeley.edu/cpdb.html
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probable DBPs from those structures through a combination of laboratory model 

compound studies and mechanistic organic chemistry.  

 

The outcome of this study has suggested several DBPs of concern. These include 1) 

Haloquinones, 2) Halocyclopentenoic acids, 3) Organic N-chloramines, 4) Nitrosamines 

and nitrosamides and 5) Halonitriles and haloamides. It was noted that although organic N-

chloramines were predicted as potential candidates for bladder carcinogens, there are 

insufficient toxicological data related to these compounds to inform judgments for 

individual members of the class. To be able to investigate further and to strengthen the 

prediction using QSTR/TOPKAT® model, more basic experimental toxicity and 

genotoxicity studies of organic N-chloramines are required. More details of the organic N-

chloramines and their related literature reviews are discussed in the next Chapter. 
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2. ORGANIC N-CHLORAMINES AND RESEARCH AIMS 

 

Organic N-chloramines have long been recognised as potential health hazards in 

medicals and pharmaceuticals. It is also known that organic N-chloramines can form in 

water by the reaction of chlorine with primary or secondary amines - including α- amino 

acids and polypeptides, which are abundant in natural surface waters and municipal 

wastewater (Bull et al., 2006). These compounds are both reactive, and have sufficient 

stability to be absorbed and delivered to target organs. The question has been raised as to 

whether these compounds could be causative of the chronic health effects associated with 

long term exposure to disinfected water as observed in epidemiological studies. This 

Chapter reviews literature on organic N-chloramines and related studies including several 

summary points suggested by a recent Quantitative Structure-Toxicity Relationship 

(QSTR) report by Bull et al. (2006). The project rationale, hypothesis and specific aims of 

this research are then detailed. 

2.1. Organic Nitrogen in Natural Water 

 

The main precursors of organic N-chloramines are organic nitrogenous substances, 

which are essential elements found ubiquitously in natural aquatic systems. Dissolved 

organic nitrogen (DON) is the main component of the total dissolved nitrogen (TDN) in 

natural water, representing only a small fraction (0.5 – 10%) of the mass of NOM, while 

the major component of NOM is organic carbon (30 – 50%). Given organic carbon as the 

main composition of  NOM, a large number of studies have focussed on various aspects of 

DOC, while relatively little is known about its nitrogenous fraction (Westerhoff and Mash, 

2002). 
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Levels of organic nitrogen in water supplies can be substantially varied by location 

(Caraco and Cole, 2002) or season (Westerhoff and Mash, 2002). For example, in South-

eastern US rivers, DON concentrations ranged between  0.42 – 1.08 mg N/L (Alberts and 

Takacs, 1999). In Florida, USA, up to 2.5 mg N/L of DON was determined in water 

collected from Lake Apopka (Tuschall and Brezonik, 1980). A study of 20 forested 

watersheds in Sweden and Finland demonstrated DON concentration range from 0.2 to 1.2 

mg N/L (Arheimer et al., 1996). At present, there is no published data on the prevalence of 

individual amino acids in natural source water. Only available information was obtained 

from a prediction by D. Reckhow (personal communication, unpublished data) as shown in 

Table 2-1. 

 

Table 2-1. Levels of free amino acids in natural water source 
Amino Acid Abundance* 

Glycine 11.70% 

Alanine 11.70% 

Valine 5.20% 

Isoleucine 4.40% 

Leucine 5.60% 

Serine 10.80% 

Threonine 7.00% 

Methionine 1.00% 

Aspartic Acid 10.20% 

Glutamic Acid 10.00% 

Lysine 1.60% 

Ornithine 2.00% 

Arginine 7.40% 

Histidine 2.50% 

Asparagine 0.40% 

Glitamine 0.50% 

Tryptophan 2.50% 

Phenylalanine 3.40% 

Tyrosine 2.20% 

 
* Based on calculation of amino acid nitrogen/DOC ranges from Thomas (1997) and Bronk 
(2002). Data adopted from D. Reckhow (personal communication). 
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In Australia, very few studies of water quality, particularly in terms of providing 

information on organic nitrogen have been published in international journals (Harris, 

2001). Only a summary report reviewing the export of total nitrogen and total phosphorous 

from an Australian catchment (Murray-Darling Basin) was published by Young et al. 

(1996). However, due to relatively low annual rainfall and a significant amount of land 

used for agricultural/farming purposes, it is strongly believed that the organic nitrogen 

content in Australian aquatic systems would be very high. Furthermore, since organic 

nitrogen can be released from algal cells (Fogg, 1971; Nagao and Miyazaki, 2002), 

frequent algal blooms  in Australian waters may play a significant role in raising the levels 

of DON in natural water bodies. 

2.2. Water Disinfection and Formation of Organic N-Chloramines 

 

During water disinfections, organic N-chloramines are formed in the presence of 

chlorine or chloramines when primary or secondary amines are present in the source water 

(Mitch and Sedlak, 2002). In chlorinated water, the formation of organic N-chloramines in 

aqueous medium takes place rapidly by the transfer of chlorine from hypochlorite (HOCl) 

to the nitrogen of the amine (Donnermair and Blatchley, 2003). Two predominant products 

formed are monochloramines (RNHCl) and dichloramines (RNCl2) as shown in reactions 

(1) and (2). In chloraminated water, organic N-chloramines are formed by a reaction 

between monochloramine (NH2Cl) and organic amine (RNH2) as shown in reaction (3). 

The formation of organic N-chloramines in disinfected water has been reported to be 

temperature and pH dependent (Deinzer et al., 1978).  
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RNH2   + HOCl  RNHCl + H2O  ……. (1) 

RNHCl + HOCl  RNCl2 + H2O  ……. (2) 

  RNH2 + NH2Cl    RNHCl + NH3  ……. (3) 

 

Previously, organic N-chloramines have been classified as “nuisance” compounds 

in water treatment industries because they exert a chlorine demand, reducing the 

disinfection activity of chlorine or chloramines. However, in recent years organic N-

chloramines have gained attentions from health authorities as potential key molecules for 

chronic health effects as shown in biomedical literature (Barua et al., 2001; Bernofsky, 

1991; Davies et al., 1993; Englert and Shacter, 2002; Kawai et al., 2004; Marcinkiewicz, 

1997; Midwinter et al., 2004; Schuller-Levis and Park, 2004). While they have received 

attention in research community, there is a lack of toxicological studies of compounds in 

this group. Some reviews of published toxicological studies are addressed below. 

2.3. Toxicological Significance of Organic N-chloramines 

 

Organic N-chloramines were first suggested as potential carcinogens in the 1980s 

(Scully and Bempong, 1982). Since that time, there have been very limited studies on 

chemistry and the occurrence of these substances in drinking water. Only a few of organic 

N-chloramines have been assessed toxicologically. One problem with the toxicological 

assessment of these compounds is that organic N-chloramines are thermally labile: many 

cannot be generated and isolated as a pure compound and as a result, very few compounds 

have been synthesised and tested for toxicity.  
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One compound, N-chloropiperidine (NCP) has been successfully synthesised and 

purified and thus often used as a model compound for organic N-chloramines. In bacteria, 

NCP has been shown to be a mutagen in Salmonella typhimurium strain TA 100 (Bempong 

and Scully, 1980). In Chinese hamster ovary (CHO) cells, NCP showed strong cytostatic 

and cytotoxic effects, suggesting that NCP may interfere with normal chemical cytogenetic 

programming of the cells leading to anomalous chromosome separation and nuclear 

distribution. In addition, it was shown that NCP could induce structural chromosome 

aberrations (breaks, exchanges, fragments, ring chromosomes and centromeric errors). The 

responses measured were found to be concentration-dependent  (Scully and Bempong, 

1982).  

 

Apart from the NCP, most toxicological investigations of organic N-chloramines 

have used freshly produced compounds without purification for the studies. For example, 

Süssmuth (1982) conducted studies using a number of bacterial assays and found that 

chlorinated products of methionine, tyrosine, phenylalanine, cysteine and glycine were 

mutagenic in bacteria, while the parent compounds (no-chlorination) were non-mutagenic. 

Similarly, Nakamura et al. (1993) reported that chlorinated products of arginine, glycine, 

histidine, hydroxyproline, lysine, methionine, phenylalanine, proline, serine and threonine 

were also shown to have mutagenic effects in bacterial assays. The mutagenicity of these 

organic N-chloramines was observed without using metabolic activation system, which 

indicated that the organic N-chloramines are direct acting mutagens. 

 

 There has been very limited information in terms of in vivo toxicological studies of 

organic N-chloramines and there are no data that demonstrate carcinogenic effects of 

organic N-chloramines in experimental animals (Bull et al., 2006). Aside from exposure to 

organic N-chloramines via disinfected drinking water, studies have shown that the 
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formation of organic N-chloramines can occur in vivo. Scully et al. (1985) reported that 

organic N-chloramines (eg. N-chloroglycine and N-choropiperidine) could be formed in 

stomach of rat following successive administration of the parent amines and chlorine. It 

was also reported that organic N-chloramines could also be formed when mixing gastric 

fluid with inorganic chloramines (Scully et al., 1990). The presence of organic N-

chloramines in stomach demonstrates the stability of some of these compounds at an 

extremely low pH. Since a large amount of fluid and nutrients can be absorbed in stomach, 

the presence of organic N-chloramines in stomach also indicates a significant delivery of 

these compounds at the site of entry. 

 

Although there is very little information on in vivo toxicity of externally formed 

organic N-chloramines, the in vivo formation of organic N-chloramines by phagocytes 

during inflammatory processes has been discussed extensively in the biomedical literature 

and has been postulated to be potential contributors to the development of chronic diseases 

and cancers (Barua et al., 2001; Bernofsky, 1991; Davies et al., 1993; Englert and Shacter, 

2002; Grisham et al., 1984; Kawai et al., 2004; Midwinter et al., 2006; Midwinter et al., 

2004; Schuller-Levis and Park, 2004; Vissers et al., 2001; Weitzman and Gordon, 1990). 

These studies have indicated toxicological significance of organic N-chloramines if present 

in disinfected drinking water and consumed by humans.  

 

To date, while the toxicity mechanism of organic N-chloramines is not well 

understood, literature has suggested that due to the oxidative capacity like HOCl organic 

N-chloramines could play a critical role as intermediates for HOCl medicated cellular 

damage (Pattison and Davies, 2006). In terms of genotoxicity, it has been suggested that 

once enter the cells, organic N-chloramines (which are more stable than HOCl) can travel 

to the nucleus and may directly attack DNA molecules (Bull et al., 2006). The direct 
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interaction between N-chloramines and DNA can progress to the evolution of nitrogen 

centred free radicals, which results in oxidation of DNA and/or dimers between DNA bases 

(Hawkins and Davies, 2002). Examples of the formation of organic N-chloramines (in 

drinking water) and their predicted toxicologically active compounds are illustrated in 

Figure 2.1. 

 

Aside from experimental studies, QSTR/TOPKAT® has been used to assess 

toxicological potentials of organic N-chloramines (Bull et al., 2006). Thirteen organic N-

chloramines were selected from reactions of amino acids and pharmaceutical with chlorine 

and subjected to the TOPKAT® analysis. The study reported that although TOPKAT® 

estimated probabilities of carcinogenic effectsfor many N-chloramines, the program 

indicated a lack of structural fragment in the training sets of the carcinogenic activity or 

developmental toxicity and there are insufficient toxicological data related to compounds 

in this group to form judgements for individual members of organic N-chloramines. The 

study therefore recommended that further toxicity investigations on both individual 

compounds and their mixtures may help understand toxicology of organic N-chloramines. 
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Figure 2.1. Formation of organic N-chloramines in water and in vivo significance. 

Figures were adapted from Bull et al. (2006). It is predicted that the first intermediate will 

be produced in drinking water with subsequent reactions occurring in vivo. Example A 

shows products of reaction of amino acid (primary amine) with HOCl. Example B shows 

products of reaction of acetamide (secondary amine) with HOCl. Example C shows 

products of reaction of aminopyrine with HOCl. 

a1172507
Text Box
 
                                          NOTE:  
   This figure is included on page 33 of the print copy of 
     the thesis held in the University of Adelaide Library.
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2.4. Organic N-Chloramines and Bladder Cancer Risk 

 

To date, there is no data for identifying specific organic N-chloramines as likely 

bladder carcinogens. Due to a complete lack of toxicological data, the QSTR TOPKAT® 

model (Bull et al., 2006) could not predict the carcinogenic risks of organic N-chloramines. 

However, the study has drawn several crucial points indicating that compounds in this class 

may play critical roles in adverse health effects. In terms of bladder cancer risks, it was 

suggested that organic N-chloramines may play a critical role due to a number of reasons. 

Firstly, organic N-chloramines are often rather stable molecules (more stable than either 

HOCl or monochloramine). The stability of some organic N-chloramines is sufficient to be 

absorbed and distributed to target tissue in vivo, allowing time for them to consequently 

produce toxicity effects. Secondly, the bladder has local metabolic capability, and hence 

could further facilitate toxicity of the absorbed organic N-chloramines (Bull et al., 2006). 

To assist further investigation by QSTR analyses, more experimental toxicity 

investigations of individual compounds in this group are required. 

2.5. Significance of Organic N-Chloramines: Australian Perspectives  

 

In Australia, there have been no epidemiological studies that have examined the 

relationship between disinfection of drinking water and human cancer risk. However, a 

report on cancer prevalence in Australia in 2000 has shown that bladder cancer incidence 

was one of the most common cancers amongst Australians, representing 2,886 cases of 

85,231 total cancer cases (McAvoy et al., 2005). This report also shows that the bladder 

cancer incidence was found to be higher in men than women (2138 vs. 747 cases). Other 

dietary factors are also thought to contribute to bladder cancer incidence in developed 
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countries, but it is noted that the high bladder cancer incidence in Australian men is similar 

to that in other developed countries where chlorinated drinking water has been used for a 

long time. This indicates that Australia may face the same problems as the other countries 

in terms of DBPs and associated health risks.   

 

Due to relatively low annual rainfall, it is believed that Australian water resources 

contain high levels of NOM and therefore types and concentrations of DBPs in Australian 

drinking water can be extremely varied. It has been noted that the problems regarding 

DBPs and health risks exist, but very few studies in this research area have been conducted 

in Australia. Most water quality centres in Australia only monitor THMs as a surrogate 

marker of DBPs. Therefore the information on the nature, prevalence and typical 

concentrations of DBPs in Australia is very limited. Furthermore, remarkably high THMs 

levels in Australian drinking water (Simpson and Hayes, 1998) has confirmed that the 

problems regarding DBPs in this country exist. In part, high levels of THMs indicate that 

other more toxic DBPs may be present in Australian drinking water too.  

 

Frequent algal blooms as well as the increased number of drinking water sources 

that are impacted by municipal wastewater indicated that Australian water source are 

organic nitrogen rich, resulting in a possibly high levels of organic N-chloramines as a 

consequence of water disinfection. While organic N-chloramines have been shown to have 

significant implications on human health risks in the literature, the complete lack of 

information on toxicology, occurrence and fate of organic N-chloramines in drinking water 

supplies indicated that these areas of studies need to be of priority. 
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2.6. Project Rationale 

 

Organic N-chloramines have been predicted to be a potential health hazard (Bull et 

al., 2006). Formation of organic N-chloramines occurs during water disinfection and can 

be present as DBPs in the finished drinking water. Although it is believed that organic N-

chloramines could be a potential health threat, to date little information on the toxicology 

of organic N-chloramines is available and so any potential risk cannot be quantified.  

 

The primary aim of the research described in this thesis is to investigate the 

genotoxicity of a number of organic N-chloramines. The work was motivated by a previous 

study, “Use of Toxicological and Chemical Models to Prioritized DBP Research” (Bull et 

al., 2006). This report suggested a potential role for organic N-chloramines in the incidence 

of cancer associated with consumption of chlorinated drinking water, but also a lack of 

toxicological data with which to assess this hypothesis.  

 

This project aimed to test two hypotheses: 

 

1. That certain organic N-chloramines (in the µM concentration range) are genotoxic 

to mammalian cells and, 

 

2. That oxidative stress is a mechanism involved in the genetic damage caused by the 

organic N-chloramines. 
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The specific aims of the work described in this thesis were: 

 

1. To establish a rapid genotoxicity screening assay, the flow cytometry-based 

micronucleus assay (Chapter 3). 

 

2. To synthesise organic N-chloramines by chlorination of pure amines and amino 

acids (Chapter 4). 

 

3. To assess the genotoxicity of the synthesised organic N-chloramines by the 

validated genotoxicity assay (Chapter 5). 

 

4. To investigate roles of organic N-chloramines in the induction of oxidative stress 

(Chapter 6). 

 

5. To investigate cytotoxicity and genotoxicity of DBPs formed when molecular 

weight fractions of raw water are chlorinated (Chapter 7).  

 

It was expected that this project would provide additional information on the 

toxicity and genotoxicity of organic N-chloramines. This basic information may be used as 

support data for the QSTR/TOPKAT® training sets for future risk assessment for this class 

of DBPs.  It was also expected that the application of the developed assay for genotoxicity 

assessment of DBPs produced in Australian water would help narrow the scope of future 

studies by focussing research on the components that might be potential causes of adverse 

health effects. 
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3. FLOW CYTOMETRY-BASED MICRONUCLEUS ASSAY 

3.1. Introduction 

 

In vitro genotoxicity studies are usually used as the initial step to identify possible 

carcinogens prior to undertaking more complex in vivo carcinogenicity studies. Most 

genotoxicity assays focus on the investigation of damage or abnormalities at DNA or 

chromosome levels. A range of assays can be used including chromosome aberration assay 

(2003; Evseeva et al., 2005; Shahabuddin et al., 2005), sister chromatic exchange (Ipek et 

al., 2003; Kocaman and Topaktas, 2008; Snyder and Green, 2001), micronucleus assay 

(Fenech, 2000), detection of DNA adducts (Austin et al., 1996; Zhou et al., 2007) and the 

comet assay (Buschini et al., 2004; Landi et al., 2003; Maffei et al., 2005). Other methods 

such as gene mutation assays and fluorescence in situ hybridisation have also been used in 

genotoxicity assessment (Albertini et al., 2000). To assess genotoxicity of a chemical, it is 

essential to select the appropriate assay(s) to be able to detect expected events, and further 

where the assay is to be used as a screening assay, the practicality of running large number 

of samples should also be considered. 

For genotoxicity assessment of disinfection by-products, comet assay and 

micronucleus (MN) assay have been commonly used (Buschini et al., 2004; Landi et al., 

2003; Liviac et al., 2009; Maffei et al., 2005; Pellacani et al., 2005; Plewa et al., 2002). A 

pilot study evaluating the comet and micronucleus assays was firstly conducted at the 

Australian Water Quality Centre (AWQC), with both assays being established for use.  A 

number of factors resulted in the micronucleus assay being chosen for use in this project. 
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In order to assess genotoxicity of organic N-chloramines of unknown genotoxic 

mechanisms, it is necessary to use an assay that has both good sensitivity and more 

importantly that can detect genotoxicity from a wide range of mechanisms. While the 

comet assay measures clastogenic effects (i.e. DNA/chromosome breaks) (Klaude et al., 

1996), the micronucleus assay can detect both clastogenic and aneugenic effects (i.e. 

chromosome loss) of the test chemicals (Fenech, 2000). In addition, a comparative study on 

genotoxicity assessment of a large number of genotoxicants with unknown modes of 

actions suggested that the micronucleus assay is by far more sensitive than the comet assay 

(Hartmann et al., 2001).  Laboratory work also showed that the micronucleus assay was 

more practical and less complicated experimentally to use than the comet assay. 

 

In the conventional micronucleus (MN) assay, the frequency of MN is determined 

using microscopy by counting cells with and without MN.  Several hundred or thousand 

cells (if the occurrence of MN is rare) are required for the evaluation of micronucleus 

frequencies. As a result, analysis of MN by microscopy demands significant amount of 

time and is labour intensive, which is not practical for use as a screening assay for a large 

number of samples. In addition, since the process is conducted manually, the process is 

subjective and can introduce discrepancies in MN yields i.e. discrepancies of results 

between different laboratories and among different operators (Fenech et al., 2003a).   

 

To minimise the variations and to increase the screening capability, an automated 

approach for MN scoring using flow cytometry has been introduced (Nüsse and Kramer, 

1984).   Although the FCMN assay has potential use as a rapid genotoxicity screening 

assay, some disadvantages have been discussed (Nüsse and Marx, 1997). The main 

problem of the FCMN assay involves the interference from apoptotic cells and apoptotic 

bodies, which can interfere with the scoring of micronuclei during the measurement.  
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In the conventional micronucleus assay, it is suggested that performing the 

experiment using cells with impaired p53 could reduce false positives resulting from 

apoptosis (Meintieres et al., 2001). Therefore it was hypothesised that the same principle 

may be applicable to the flow cytometry-based micronucleus assay too. However, at this 

point of time, although many cell types have been assessed for use in the FCMN assay 

(Avlasevich et al., 2006; Bryce et al., 2007; Sanchez et al., 2000; Slavotinek et al., 1995), 

comparative information on their sensitivity to genotoxicants in terms of cytotoxicity, 

genotoxicity and apoptosis is not available.  

 

This chapter describes the set up, optimisation and validation of the FCMN assay. 

Two cell lines, WIL2NS and L5178Y were evaluated for use. Following exposure to 

several model genotoxicants with various modes of action, genotoxic and cytotoxic 

responses of the two cell lines were compared. A non-genotoxicant was used as negative 

control and included in the validation studies. Comparison of the apoptotic response 

between the two cell lines is also reported in this chapter. The information on genotoxicity, 

cytotoxicity and the ability to undergo apoptosis between these two cell lines is then used 

as a basis for recommending a suitable cell line for the FCMN assay for genotoxicity 

screening of organic N-chloramines.   
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3.2. Materials and Methods 

3.2.1. Chemicals and Reagents 

 

Mitomycin C (CAS No. 50-07-07), methyl methanesulfonate (CAS No. 66-27-3), 

vinblastine sulfate (CAS No. 143-67-9), etoposide (CAS No. 33419-42-0), benzo[a]pyrene 

(CAS No. 50-32-8) and sucrose (CAS No. 57-50-1) were purchased from Sigma-Aldrich 

(MO, USA). Details of chemicals with their modes of action are provided in Table 3-1. 

Sodium citrate (CAS No. 6132-04-3), citric acid (CAS No. 77-92-9), RNase A (Cat. No. 

R6513) and NaCl (CAS No. 7647-14-5) were also purchased from Sigma-Aldrich. 

Propidium iodide (PI) was obtained from Invitrogen (California, USA). 
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Table 3-1. Genotoxic and non-genoxic test chemicals used in assay validation 
Chemical Abbreviation CAS No. Genotoxicity outcomes 

 

Mitomycin C 

 

MMC 

 

50-07-7 

 

DNA cross links (Thomas et al., 2003) 

 

Methyl-  

methanesulfonate 

 

MMS 

 

 

66-27-3 

 

 

dsDNA breaks (Beetstra et al., 2005) 

 

 

Vinblastine VINB 143-67-9 Chromosome lag (Thomas et al., 2003) 

Etoposide 

 

 

ETOPO 

 

 

33419-42-0 

 

 

 

dsDNA breaks (Fenech et al., 2003b) and 

chromosome lag (Kallio and Lahdetie, 1996) 

 

Benzo[a]pyrene** 

 

BaP 

 

50-32-8 

 

dsDNA breaks (Loquet and Wiebel, 1982) 

 

Sucrose 

 

SUCRO 

 

57-50-1 

 

Non-genotoxic (Avlasevich et al., 2006) 

 

 
dsDNA = double stranded DNA, ** metabolic activation required 
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3.2.2. Cell Culture 

3.2.2.1. General Maintenance 

 

WIL2-NS cell line 

The WIL2-NS (human lymphoblastoid) cell line was a gift from Dr B. Sanderson 

(Flinders University, South Australia). The cells were cultured in RPMI-1640 medium 

(Sigma-Aldrich; MO, USA) supplemented with 10% foetal bovine serum (FBS), 10 mM 

HEPES, 1.5 g/L sodium bicarbonate, 0.06 mg/ml Penicillin G and 0.1 mg/ml Streptomycin.  

 

L5178Y  cell line 

The mouse lymphoma cell line, L5178Y tk+/- (clone 3.7.2C), was obtained from 

the American Type Culture Collection (ATCC) (Manassas VA, USA). The cells were 

grown in Dulbecco‟s Modified Eagle‟s medium (Sigma-Aldrich; MO, USA) supplemented 

with 10% foetal bovine serum, 10 mM HEPES, 0.1% Pluronic, 0.06 mg/ml Penicillin G 

and 0.1 mg/ml Streptomycin.  

 

Routine maintenance 

Both cell lines were cultured at 37ºC in a humidified atmosphere with 5% CO2. To 

maintain exponential growth phase, cells were passaged every 2-3 days maintaining a cell 

density of 1.0 x 105 – 1.0 x 106 cells/ml. Each lot of cells was used within a period of 6 

months or within the passage number no greater than 85. A new lot of cells were 

resuscitated from cryo-preserved stocks when required. 
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3.2.2.2.  Measurement of Cell Growth 

 

Since formation of MN takes place during cell division, in order to determine 

appropriate incubation time for the MN assay it is necessary to know rate of cell growth. 

To determine the rate of cell growth, cell counts were performed at time 0 and 24 hr using 

trypan blue (TB) exclusion assay. Briefly, 200 µl of cell suspension was added into a 1.5 

ml eppendorf tube containing 400 µl TB buffer (0.1 % w/v TB in PBS2 solution). Trypan 

blue (CAS 72-57-1), purchased from Sigma-Aldrich (MO, USA), is a dye commonly used 

to distinguish between viable and non-viable cells. Viable cells exclude the dye, while non-

viable cells absorb the dye and appear blue in cytoplasm of the cells (Strober, 2001). 

Numbers of cells (both viable and non-viable) were counted microscopically using a 

hemocytometer (Improved Neubauer) as shown in Figure 3.1. Total cell number was 

calculated and reported as number of cells per millilitre, and viability was expressed as 

percentage of viable cells over the total cell count. 

 

                                                 
2 Phosphate Buffered Saline 
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Figure 3.1. Hemocytometer (Improved Neubauer) used for cell count. 

The coverslip is applied to slide and cell suspension is added to the counting chamber 

using a micropipette. Each counting chamber has a 3 x 3 mm grid (enlarged). Cells are 

counted from the four corner squares (1, 2, 4 and 5) and the central square (3) (Phelan, 

2006). 
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3.2.3. Flow Cytometry Settings for Measurement of Micronuclei 

3.2.3.1. Flow Cytometry Settings 

 

To set up parameters for flow cytometric measurement of micronuclei, a suspension 

of micronuclei/nuclei was firstly prepared (described in section 3.2.4.2 below). The 

FACSCalibur™ flow cytometer (Becton Dickensn, San Jose, CA, USA) equipped with a 

15 mW air-cooled argon ion laser emitting at a fixed wavelength of 488 nm was used in 

this study. Forward scatter (FSC) signals were collected by the 90 collection lens and 

focussed into a series of optical filters and the light spectrally split by a collection of 

dichroic mirrors and filters. Side scatter (SSC) signals were collected by the side scatter 

photomultiplier tube. The orange fluorescence signals from PI-stained DNA were collected 

by the FL2 photomultiplier tube (585 ± 42 nm). The optical layout of the the 

FACSCalibur™ flow cytometer is shown in Figure 3.2. 

 

All parameters were presented on logarithmic scales. Detector voltages and 

threshold settings were adjusted for the stained sample (suspension of N and MN). Sheath 

fluid consisted of ISOTON® II Diluent (Beckman Coulter, USA) with three possible flow 

rates of low (12 ± 3 µl min-1), medium (35 ± 5 µl min-1) and high (60 ± 7 µl min-1). 

Acquisition of data for suspensions of N and MN was performed using a low flow setting. 

Data were recorded and analysed using the FACStation Data Management system 

comprising a Power Macintosh® G3 computer with CellQuest™ software (Becton 

Dickenson, San Jose, CA, USA). 
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Figure 3.2. Optical layout of the FACSCalibur™ flow cytometer.  

The Red Diode Laser and FL4 PMT are optional extras and not present on the 

FACSCalibur™ used at the AWQC and in this thesis. Picture adopted from Becton 

Dickinson FACSCalibur™  System User‟s guide (1996), p56. 

 

a1172507
Text Box
 
                                          NOTE:  
   This figure is included on page 47 of the print copy of 
     the thesis held in the University of Adelaide Library.
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3.2.3.2. Gating Criteria for Measurement of Micronuclei 

 

To determine gating regions for the measurement of micronuclei, bivariate dot plots 

using logarithmic scales were created (i.e. FSC vs. FL2 or SSC vs. FL2). Events were 

triggered on FL2 fluorescence; the fluorescence threshold was fixed at channel 5 and the 

G1 phase peak was set to channel 1000. Nuclei and micronuclei were discriminated from 

non-specific debris using the electronic gates shown in Figure 3.5. The nuclei region was 

set to channels 1000-2000 and the micronuclei region was defined as channels 10-100 (1-

10% of DNA of G1 phase nuclei) (Nüsse et al., 1994; Nüsse and Kramer, 1984). The 

frequency of MN was expressed as a percentage of the ratio between total micronuclei 

(Nmn) and total nuclei (Nn) [% MN = 100 (Nmn/Nn) based on the acquisition of 10,000 

events. 
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3.2.3.3. Confirmation of Micronucleus by Flow Cytometry Sorting 

 

To confirm that the events in regions R3 and R4 described in Figure 3.5D contain 

micronuclei and nuclei, particle sorting by flow cytometry followed by morphological 

investigation by microscopy was performed. Briefly, WIL2-NS cells were exposed to 15 

µg/ml MMS for 24 hr and a nuclear suspension prepared (as described in section 3.2.4.2). 

Using the FACSCalibur™ and Cell Quest® software, electronic gating regions were 

defined as shown in Figure 3.6 and, where appropriate, events in each region were 

collected in a clean collection tube. The sorted particles were concentrated by passing the 

suspension through a 0.8 µM Poretics® polycarbonate membrane (Osmonic Inc.) using a 

vacuum apparatus (QIAGEN, Australia). The membrane was then placed on a glass slide. 

Twenty-five microlitres of 10 µg/ml PI in PBS solution was added on the membrane, 

sealed with a cover glass for 10 min at room temperature in the dark before analyses using 

fluorescence microscopy. Morphologies of the particles were observed and photographs 

taken using a fluorescence microscope (Olympus BX60) equipped with a digital camera 

(Olympus DP50) using 200X magnification. 
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3.2.4. Micronucleus Assay 

3.2.4.1. Chemical Treatment 

 

Two treatment protocols, with and without the metabolic activation by S9 were 

used in the validation studies as described below and summarised in Figure 3.3. 

 

Protocol for direct acting genotoxicants (without S9) 

This protocol was used for evaluation studies of 4 genotoxicants (MMC, MMS, 

VINB and ETOPO) and a non-genotoxicant (SUCRO). Twenty-four hours prior to 

experiment, cells (exponential growth phase, see section 3.2.2.1) were passaged into a new 

tissue culture flask (CELLSTAR®, Greiner bio-one).  On the day of experiment, the cells 

were counted (TB exclusion assay, see section 3.2.2.2), and a suspension of 2.5 x 105 

cells/ml was prepared in complete medium. The cells were seeded at 2 ml per well in a 24-

well tissue culture plate (flat bottom for suspension cells, SARSTEDT, Sarstedt Inc.). The 

cells were incubated at 37ºC, 5% CO2 for a 2 hr recovery. Following this recovery period, 

cells were treated (in triplicate) with the test chemicals by diluting a stock solution 100-

fold in the well. Continuous exposure to the test chemical continued at 37ºC, 5% CO2 for 

24 hrs. Untreated cells (no treatment control) were included as required. 

 

Protocol for metabolic activation by S9 

BaP is an indirect genotoxicant, requiring metabolism by cytochrome P450 1A1 

(Georgiadis et al., 2005)  to produce the active compound benzo[a]pyrene-7, 8-diol (Kim et 

al., 1998). For experiments using benzo[a]pyrene (BaP), a short term treatment was used 

because preliminary experiments indicated that 24 hr exposure to S9 produced an 
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unacceptable level of cytotoxicity.  S9 post mitochondrial fractions (MOLTOX™, USA) 

were prepared in culture medium supplemented with NADP and glucose-6-phosphate (both 

from Sigma-Aldrich; MO, USA) as per the company instruction.   Briefly, 1 ml cell 

suspensions (5.0 x 105 cells/ml, prepared from a fresh 24 hr culture as above) were treated 

with BaP in the presence of 1 ml of S9 mix for 3 hrs. After treatment, cells were washed 

twice with serum-free culture medium, resuspended in 2 ml of growth medium in a new 

24-well tissue culture plate and incubated at 37ºC, 5% CO2 for 21 hrs.  

 

 

 

 

Figure 3.3. Summary of protocols used for in vitro genotoxicity assessment. 

A 24 hr exposure experiment without metabolic activation (Top panel) was used for all test 

chemicals except BaP. A short-term exposure experiment with S9 metabolic activation 

(Bottom panel) was used for BaP treatment. Seeding (equilibration), exposure and recovery 

stages are conducted in cell culture environment (37ºC, 5% CO2 in humidified 

atmosphere). Cells were harvested and assayed at room temperature with minimal exposure 

to UV light. 
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3.2.4.2. Analysis of MN by Flow Cytometry 

 

For analysis of MN by flow cytometry, the two-step treatment described by Nüsse 

and Kramer (1984) with minor modifications was used to prepare a suspension of nuclei 

(N) and micronuclei (MN). The two-step method allows a separation of MN from cells 

without disruption of mitotic and other nuclei. Briefly, 600 µl of cell suspension was 

transferred into a 1.5 ml eppendorf tube, centrifuged at 100 g (Eppendorf Centrifuge 5804) 

for 5 min and the supernatant removed.  

 

The cell pellet was then resuspended in 600 µl of FCM-solution I (584 mg/L NaCl, 

1000 mg/L  sodium citrate, 10 mg/L RNAse A, 0.3 ml/L Nonidet P-40 and 10 mg/L PI), 

gently mixed by vortexing and incubated at room temperature for 60 min. The detergent 

(NP40) containing solution disrupted the cell membrane and released MN into the solution. 

Then 600 µl of FCM-solution II (85.6 g/L sucrose, 15 mg/L citric acid and 10 mg/L PI) 

was added directly to the tube, gently mixed and the suspension of N and MN transferred 

into a FCM tube. This step was to completely remove the cytoplasm adhering to nuclei 

while the osmotic pressure caused by the sucrose and citric acid helps prevent further 

disruption of mitotic nuclei. 

 

Following incubation at room temperature for 30 min, the N/MN suspension was 

gently mixed and subjected to flow cytometric measurement using the FACSCalibur™ 

flow cytometer (Becton Dickensn, San Jose, CA, USA). Measurement and analysis of 

micronuclei was performed as described in section 3.2.3.2.  
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3.2.4.3. Analysis of MN by Microscopy  

 

Using the same treatment samples, microscopic measurement of MN was 

performed in parallel with the scoring of MN by flow cytometry. Five hundred microlitres 

of cell suspension (the same cell samples used for the FCMN assay) was collected in 1.5 

ml eppendorf tubes, centrifuged at 100 g for 5 min and the supernatant removed. The cell 

pellet was then resuspended in 20 µl FBS. A sample (5 µl) was thinly smeared on glass 

slides, using the same technique as described by Houwen (2002). The slide was air dried, 

fixed in absolute methanol and stained with Diff-Quik (Surgical and Medical Supplies, 

Australia). Stained slides were stored at room temperature in the dark until analysed. 

 

 Scoring of MN was performed using 1000X magnification (Olympus BX40). For 

each culture, 1000 cells were analysed (i.e. 1000 cells/culture x triplicate cultures = 3000 

cells/chemical concentration) and total number of nuclei (Nn) and micronuclei (Nmn) was 

recorded. To be counted as a micronucleus the stained DNA had to be round in shape, of 

approximately 1 - 10% of the size of the main nucleus and exhibit similar staining 

characteristics as the main nuclei (Fenech, 2000). The frequency of micronuclei was 

calculated in the same manner as in the flow cytometry [i.e. %MN = 100 x (Nmn/Nn)]. 
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3.2.5. MTS-Cell Viability Assay  

 

The MTS assay (The CellTiter 96® AQueous One Solution Cell Proliferation 

Assay, Promega) was used to determine cell viability. MTS [3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt] is reduced by 

metabolically active cells into a coloured formazan product that is soluble in culture 

medium, which can be easily detected by measuring absorbance at 490 nm.  

 

Following the chemical treatment, 100 µl of cell suspension was transferred into a 

well of a 96-well tissue culture plate (CELLSTAR®, greiner bio-one). Ten microlitres of 

the CellTiter 96® AQueous One Solution was added directly to the cell suspension. Cells 

were mixed, incubated at 37ºC, 5% CO2 for 3 hrs and then absorbance was measured at 

490 nm (Wallac VICTOR3 1420 Multilabel Counter, PerkinElmer™). Viability was 

expressed as a percentage of the absorbance of the test sample over the no-treatment 

control. 

3.2.6. Apoptosis Measurement  

3.2.6.1. Apoptosis Induction 

 

To compare levels of apoptosis responses between WIL2-NS and L5178Y cells, 

two apoptosis inducing procedures, heat-shock treatment and exposure to etoposide, were 

utilised. Apoptosis induction by heat-shock was carried out by incubating the cells at 45ºC 

for 30 min. The cells were then returned to 37ºC for 1, 2, 3 or 4 hr. This procedure was also 
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described by VanderWaal et al. (1997). For etoposide treatment, cells were exposed to 0, 

0.5, 1.0 or 1.5 µg/ml etoposide for 24 hr. Following the treatments, levels of caspase-3 in 

apoptosis-induced cells were determined using the flow cytometric NucView Assay.  

3.2.6.2. Flow Cytometric NucView Assay 

 

Briefly, following induction of apoptosis, 200 µl of cell suspension was transferred 

into a flow cytometry tube. Two microlitres of NucViewTM 488 caspase-3 substrate 

(Biotium Inc., USA) was added directly to the cells and incubated at room temperature in 

the dark for 15 min. The NucViewTM 488 caspase-3 substrate is cleaved by caspase-3 in 

the cytoplasm of apoptotic cells to release a fluorescent DNA dye that is able to enter the 

nucleus and stain the DNA. Ten thousand cells were analysed using flow cytometry (from 

histogram plots of events registered in FL1 channel; Figure 3.9). Levels of apoptosis were 

expressed as percentages of the NucView positive cells over the total cell counts. 

3.2.7. Statistical Analysis 

 

All statistical analyses and graphing were performed using GraphPad Prism version 

4.00 for Windows (GraphPad Software, San Diego California, USA). Unless otherwise 

stated, data plots represent mean ± SEM of 3 independent experiments. Kruskal-Wallis 

followed by Dunns post test was used to determine significant differences of treatments 

from negative controls. Non-parametric Spearman‟s coefficient (r) was used to assess the 

degree of correspondence of the micronucleus frequency results measured by flow 

cytometry and by microscopy. Statistical significance was accepted at p < 0.05. 
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3.3. Results 

3.3.1. Doubling Times of WIL2-NS and L5178Y Cell Lines  

 

The doubling time of WIL2-NS and L5178Y cell lines was determined.  As shown 

in Figure 3.4, over 24 hr culture, cell population of WIL2-NS increased from the average of 

2.7 x 105 cells /ml to 13.0 x 105 cells/ml, while L5178Y population increased from 2.8 x 

105 cells /ml to 14.1 x 105 cells /ml. Both cell lines produce at least 2 population doublings 

over 24 hr, giving the estimated doubling time of 10-12 hours. Hence, both cell lines are 

suitable for a 24 hr MN assay protocol. 
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Figure 3.4. Growth rate of WIL2-NS and L5178Y cell lines. 

Cell counts were determined using TB exclusion assay. Data are mean ± SEM of 4 

individual experiments.  
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3.3.2. Optimisation of the FCMN Assay 

 

To establish the FCMN assay, a number of parameters required optimisation. This 

included the flow cytometer parameter settings and the confirmation of the electronic 

gating by flow cytometry sorting.  

3.3.2.1. Flow Cytometry Parameter Settings 

 

The flow cytometer parameter settings were optimised in order to discriminate PI-

stained nuclei and micronuclei from irregular shaped debris of unknown origin.  A 

sequential gating procedure was used as shown Figure 3.5.  The scatter plot (log SSC-H 

against log FSC-H) of PI stained nuclei and micronuclei showed that the majority of events 

fell within the R1 region (Figure 3.5A). The DNA distribution profile of R1, as shown in 

Figure 3.5B (or histogram plot of events against log FL2-H) was used for the adjustment of 

DNA signal and for the flow cytometry threshold setting. G1 phase nuclei were fixed at 

channel 1000, while the threshold was set at channel 5. Channel 2000 represents a peak of 

G2 phase nuclei having twice the DNA content of the G1 peak. Figure 3.5C represents the 

second gate (R2) of a dot plot (log SSC-H against log FL2-H). Particles outside this gate 

were determined as debris (see sorting below). All events in this R2 region were selected 

and an additional scatter plot of log FSC-H vs. FL2-H was created (Figure 3.5D). The N 

and MN gates were determined from this final scatter plot. 
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Figure 3.5 Gating criteria for flow cytometric measurement of micronuclei.  

To be scored as micronuclei the events must fall within R1 region of the light scatter plots 

(A), FL2 range (M1 region; B), the SSC vs. FL2-H (R2 region; C) and FSC vs. FL2-H (D). 

R3 is the region that micronuclei are to be found (1-10% of G1 phase nuclei PI-

fluorescence, FL2H) while R4 is the region of main nuclei (D). 
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3.3.2.2. Flow Cytometric Sorting of Nuclei/Micronuclei 

 

To confirm that the regions detailed in section 3.3.2.1 above contained N and MN 

as expected, flow cytometry regions were sorted, collected, and the content assessed by 

fluorescence microscopy. As shown in Figure 3.6, particles collected from region R1 were 

observed to be round in shape, and each particle had similar size and fluorescence staining 

characteristics. Particles in R2 region were also round with similar fluorescence intensity to 

the particles in R1 but of smaller size. This confirms that particles in R1 and R2 are nuclei 

and micronuclei respectively. It was noted that particles sorted from R3 region were a 

mixture of small and irregular shaped characteristics, classified as debris or DNA artefacts. 
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Figure 3.6. Flow cytometry sorting of PI-stained nuclei (N) and micronuclei (MN).  

Top picture shows a dot plot (FSC-H vs. FL2-H) of the suspension of N/MN from WIL2-

NS cells treated with 15 µg/ml MMS. Several sort regions are indicated (R1, R2 and R3). 

Pictures in the bottom panel show the morphologies of the sorted particles, corresponding 

to the defined sort region. Photos were taken under a fluorescence microscopy (200X 

magnification). 
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3.3.3. FCMN Assay Validation 

 

The FCMN assay was validated using a number of genotoxicants with various 

modes of action and a non-genotoxicant (Table 3-1). Cytotoxicity and MN formation in 

WIL2-NS and L5178Y cell lines was assessed following exposure to MMC, MMS, VINB, 

ETOPO, BaP and SUCRO as shown in Figure 3.7 and Figure 3.8, respectively, and is 

described in detail below. Spontaneous MN formation in no-treatment control cells is also 

discussed. For each compound tested, MN formation was also assessed by the microscopy 

based MN assay in parallel.  

3.3.3.1. Spontaneous MN Formation (no-treatment control) 

 

The average MN frequency in untreated WIL2-NS cells was 1.9 ± 0.32% by FCM 

and 1.13 ± 0.35% (mean ± SD, n = 21) by microscopy.  For L5178Y cells, the background 

MN frequency was 1.4 ± 0.41% by FCM and 0.92 ± 0.28% (mean ± SD, n = 21) by 

microscopy. Overall, results showed that background MN levels were slightly higher in 

WIL2-NS cells than in L5178Y cells and MN measured by flow cytometry provided higher 

values than microscopy. Measurement of MN over 21 cell passages indicated that 

spontaneous MN formation was stable in both cell lines.  
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3.3.3.2. Treatment with Mitomycin- C (MMC) 

  

In WIL2-NS cells, MMC demonstrated concentration-dependent cytotoxicity and 

genotoxicity (Figure 3.7A). There was a statistically significant increase in micronuclei as 

assessed by flow cytometry (p = 0.0110, Kruskal-Wallis Test) with good agreement with 

microscopic measurement (r = 0.9804, Spearman‟s correlation). Viability was only reduced 

to 74 ± 1.3% (mean ± SEM, n = 3) at concentrations resulting in the increased formation of 

MN.  

  

MMC treatment of L5178Y cells also showed a concentration-dependent response 

for both cytotoxicity and genotoxicity (Figure 3.8A). While viability remained >70%, an 

increase in micronucleus formation measured by flow cytometry was statistically 

significant (p = 0.0357, Kruskal-Wallis Test). The results were consistent with those 

obtained from microscopy (r = 0.9893, Spearman‟s correlation). 

3.3.3.3. Treatment with Methyl Methanesulfonate (MMS) 

  

Cytotoxicity screening of MMS on both cell lines showed that each cell line 

responded to MMS differently. L5178Y cells were less susceptible to the chemical than 

WIL2-NS cells. EC30 (the concentration that cause 30% reduction of cell viability) of 

L5178Y and WIL2-NS cell lines was 80 µg/ml and 20 µg/ml, respectively. Therefore, 

different concentration ranges of MMS were tested for micronucleus induction. 

 



Chapter 3 – Flow Cytometry-based Micronucleus Assay 

Somprasong Laingam, PhD Thesis 2009  63 

In WIL2-NS cells, treatment with MMS up to 20 µg/ml gave concentration-

dependent responses in both cytotoxicity and micronucleus formation (Figure 3.7B). Flow 

cytometric measurement of MN demonstrated a significant increase of MN frequency (p < 

0.0111, Kruskal-Wallis Test) and the results were well correlated with the microscopy (r = 

0.9529, Spearman‟s correlation). Viability at these concentrations was ≥ 75 ± 4.6%.  

 

 In L5178Y cells (Figure 3.8B), the cytotoxicity and genotoxicity pattern differed in 

comparison to WIL2-NS cells. An increase in viability of the cells was observed after the 

cells were treated with low concentrations of MMS (<60 µg/ml), but at the highest 

concentration (80 µg/ml) cytotoxicity was clearly observed (viability reduced to 72 ± 

4.8%). At the non-cytotoxic concentrations, flow cytometric measurement of MN showed a 

statistically significant increase (p = 0.0285, Kruskal-Wallis Test). At the cytotoxic 

concentrations, levels of MN were similar to or reduced compared to the lower 

concentrations. Thus, compared to the untreated control (2.0 ± 0.32%), no significant 

increase in MN formation was observed at 60 µg/ml (5.4 ± 0.9%), but the result was 

significant at 80 µg/ml (8.0 ± 2.7%). A similar pattern was also observed when MN were 

measured by microscopy.  

3.3.3.4. Treatment with Vinblastine (VINB) 

  

WIL2-NS cells were slightly more sensitive to VINB (EC30 = 1.5 ng/ml) than the 

L5178Y cells (EC30 = 3.0 ng/ml). In WIL2-NS cells, treatment with VINB showed 

concentration-dependent cytotoxicity and genotoxicity (Figure 3.7C). MN formation as 

measured by flow cytometry was found to be statistically significant (p = 0.0224, Kruskal-

Wallis Test). Viability was reduced from 90 ± 3.5% to 73 ± 3.3% at concentrations that 
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produced MN. There was good positive correlation between MN results obtained from the 

two measurement methods (r = 0.9916, Spearman‟s correlation).  

 

 Results showing the concentration-dependent cytotoxicity and genotoxicity in 

L5178Y cells are given in Figure 3.8C. In the range of concentrations tested (the highest 

caused 31 ± 2.6% reduction in viability), FCMN results showed statistically significant 

increases of MN (p < 0.0216, Kruskal-Wallis Test) with positive correlation with the 

results from microscopic measurement (r = 0.9963, Spearman‟s correlation).  

3.3.3.5. Treatment  with Etoposide (ETOPO) 

  

Our preliminary cytotoxicity screening indicated that WIL2-NS cells were also 

more susceptible to ETOPO than L5178Y cells with EC30„s of 0.45 µg/ml (WIL2-NS) and 

2.0 µg/ml (L5178Y), respectively. Hence, different concentration ranges were tested on 

each cell line. 

 

In WIL2-NS cells (Figure 3.7D), a significant increase in MN was observed in the 

FCMN assay following treatment with ETOPO (p < 0.0211, Kruskal-Wallis Test). The 

highest test concentration reduced viability to 66 ± 4.1%. A positive correlation between 

results from FCMN and microscopy was observed (r = 0.9034, Spearman‟s correlation). 

However, while at the lowest concentration of ETOPO (0.15 µg/ml, producing 88 ± 1.9% 

viability) both measurement methods gave similar results, at the higher two concentrations 

(0.30 µg/ml and 0.45 µg/ml, producing viabilities = 77 ± 4.6% and 66 ± 4.1%, 

respectively) the FCMN method produced substantially higher MN counts than did 

microscopy. It was noted during microscopic examination that ETOPO treatment gave rise 
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to unusual morphologies i.e. enlarged cells with multi-nuclei or micronuclei, which made 

the analyses of MN more difficult.  

 

 In L5178Y cells (Figure 3.8D), concentration-dependent cytotoxicity and 

genotoxicity was observed following treatment with ETOPO, although higher 

concentrations (≥ 1.0 µg/ml) were required when compared to the experiments on WIL2-

NS cells. The increase of MN formation measured by FCM was also found to be 

statistically significant (p < 0.0090, Kruskal-Wallis Test) with a positive correlation with 

the microscopic result (r = 0.9000, Spearman‟s correlation). 

3.3.3.6. Treatment with Benzo[a]pyrene (BaP) 

 

Treatment of WIL2NS or L5178Y with BaP (up to 24 µg/ml) for 24 hr did not show 

any cytotoxic or genotoxic effects in either of the cell lines (data not shown) indicating that 

the cells do not have the metabolic enzymes required to produce the active toxin. Hence, 

S9 was used in all experiments with BaP in this study.  

 

In the presence of S9, treatment of WIL2-NS cells with BaP up to 24 µg/ml did not 

show cytotoxicity, but gave a concentration-dependent genotoxic response (Figure 3.7E). 

The FCMN results were found to be statistically significant (p < 0.0018, Kruskal-Wallis 

Test) with a positive correlation with microscopy (r = 0.9684, Spearman‟s correlation).  

 

In L5178Y cells (Figure 3.8E), treatment with BaP up to 24 µg/ml resulted in a 

reduction of viability to 69 ± 2.7%. Following the treatment, a statistically significant 

increase of MN induction was observed by the FCMN assay (p = 0.0399, Kruskal-Wallis 
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Test). The results from flow cytometry were in agreement with microscopy (r = 0.9747, 

Spearman‟s correlation).  

3.3.3.7. Treatment with Sucrose (SUCRO) 

  

Sucrose, a non-genotoxicant, was used as a negative control. In both cell lines, 

treatment with SUCRO up to 5 mg/ml, the OECD3 recommended highest test 

concentration for unknown compounds  (OECD, 2004), did not show signs of cytotoxic or 

genotoxic effects in the FCMN assay (data not shown).  To evaluate further, we treated 

both cell lines with SUCRO at higher concentrations to initiate cytotoxicity through 

osmotic stress mechanisms.  

 

It was found that following treatment of SUCRO up to 32 mg/ml, WIL2-NS cells 

(Figure 3.7F) demonstrated a concentration-dependent cytotoxicity response (viability 

reduced to 73 ± 2.9 %) with no significant increase in MN when measured by both flow 

cytometry (p = 0.2758,  Kruskal-Wallis Test) and microscopy (p = 0.4824, Kruskal-Wallis 

Test).  

 

In L5178Y cells (Figure 3.8F), a reduction of viability (75 ± 3.6 %) was seen at 8 

mg/ml with no further decrease at higher concentrations. It was also found that treatment 

with SUCRO up to 32 mg/ml did not show significant increases in MN when measured by 

both flow cytometry (p = 0.0908, Kruskal-Wallis Test) and microscopy (p = 0.1051, 

Kruskal-Wallis Test). 

 

                                                 
3 The Organization for Economic Co-operation and Development guideline for the testing of chemicals: in 
vitro micronucleus assay. 
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Figure 3.7. Cytotoxicity and micronuclei formation responses of WIL2-NS 

 following treatment with mitomycin-C (A), methyl methanesulfonate (B), vinblastine (C), 

etoposide (D), benzo[a]pyrene (E) and sucrose (F). Right y-axis shows percent cell 

viability, relative to control, as measured by the MTS assay ( ). Left y-axis is 

micronucleus frequency, as a percentage of whole nuclei, measured by flow cytometry ( ) 

and microscopy ( ). Each data point represents mean ± SEM of three independent 

experiments. Picture taken from Laingam et al. (2008) 
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Figure 3.8. Cytotoxicity and micronuclei formation responses of L5178Y  

following treatment with mitomycin-C (A), methyl methanesulfonate (B), vinblastine (C), 

etoposide (D), benzo[a]pyrene (E) and sucrose (F). Right y-axis shows percent cell 

viability, relative to control, as measured by the MTS assay ( ). Left y-axis is 

micronucleus frequency, as a percentage of whole nuclei, measured by flow cytometry ( ) 

and microscopy ( ). Each data point represents mean ± SEM of three independent 

experiments. Picture taken from  Laingam et al. (2008). 
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3.3.4. Comparison of Apoptosis Response  

 

To compare levels of apoptosis responses between WIL2-NS and L5178Y cells, we 

induced apoptosis using two procedures, heat-shock treatment and exposure to etoposide. 

Apoptosis was monitored by determination of caspase-3 activity in cells using the Flow 

Cytometric NucViewTM assay. Figure 3.9 demonstrates the flow cytometry profile of 

apoptotic L5178Y cells at 0, 2 and 4 hr following heat-shock treatment.  Cells were 

considered apoptotic if they fell in the M2 region shown in Figure 3.9 (B, D and F).   

 

Comparison of the apoptotic responses of the two cell lines is shown in Figure 3.10. 

For heat-shock treatment (Figure 3.10A), it was found that numbers of apoptotic L5178Y 

cells increased with time to 77.4 ± 11.3% (mean ± SD, n = 2) of the population being 

apoptotic 4 hr after heat-shock.  The induction of apoptotic cells was not seen in WIL2-NS 

cell within 3 hours after heat-shock; and only a small increase 14.6 ± 3.3% (mean ± SD, n 

= 2) was observed at 4 hr. 

  

When apoptosis was induced by treatment with etoposide (Figure 3.10B), it was 

found that at all concentrations tested (up to 1.5 µg/ml) a greater amount of caspase-3 

positive cells were seen in L5178Y cells than WIL2-NS cells.  
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Figure 3.9. Apoptosis measurement by the flow cytometric NucView Assay. 

Pictures show representative data of L5178Y control (A, B), cells after 2 hr post heat-shock 

(C, D) and cells after 4 hr post heatshock (E, F). M1 is the caspase-3 negative region and 

M2 is the caspase-3 positive region. Apoptosis is expressed as a percentage of 

M2/(M1+M2). 
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Figure 3.10. Comparisons of apoptosis responses between WIL2-NS and L5178Y. 

Apoptosis levels were measured by theflow cytometric NucView assay following 

heatshock treatment (A), exposure to etoposide, ETOPO (B). Histograms show mean ± SD 

of data taken from 2 independent experiments.  
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3.4. Discussion 

 

For use in an in vitro micronucleus assay, it is required that cells must complete at 

least 2 - 2.5 cell cycles (cell doublings) before commencing the measurement of 

micronuclei (OECD, 2004). Therefore, understanding the population doubling time of the 

cells was the first step in conducting in this study. Under the optimal cell culture 

conditions, both WIL2-NS and L5178Y cell lines were shown to have estimated doubling 

times of 10 – 12 hours, hence they completed at least 2 cell cycles within the 24 hour 

treatment protocol used in this study. 

 

An advantage of the FACSCalibur™ system is the sorting facility, which allows 

isolation of certain particles for further studies. This application was used to confirm that 

the particles in the defined MN gate are micronuclei and those in the defined N gate are 

nuclei. The results observed in this study showed that the gating criteria described in 

section 3.2.3.2 and Figure 3.5 were consistent with the information obtained from previous 

studies (Nüsse et al., 1994; Roman et al., 1998). It is noted that some nuclear blebs were 

observed in both nuclei and micronuclei, which could have resulted from ruptures of 

nuclear envelops during the sorting and preparation process.  

 

Preliminary studies in this project had shown that when highly cytotoxic 

concentrations were used in the FCMN assay, substantial interference from cellular debris 

or DNA artefacts made the interpretation of the FCMN results in MN regions very 

difficult. It was also observed that (1) when the concentrations below EC30 were tested the 

FCMN gave positive results in a concentration-dependent manner and that (2) the FCMN 

results were similar to the results from microscopy. Hence, in this study EC30 was used as 
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the top concentration for the FCMN assay. The same principle was also applied in a study 

of the Comet assay described by Henderson et al. (1998). 

 

Both cell lines demonstrated concentration-dependent cytotoxic responses to all 

genotoxicants with the exception of the treatment of WIL2-NS cells with BaP, where no 

significant cytotoxicity was observed. Since a significant increase in genotoxicity was seen 

in WIL2-NS at 12-24 µg/ml and the solubility of BaP was very limited in culture medium, 

concentrations above 24 µg/ml were not included in our study.  

 

MN induction in L5178Y and WIL2-NS cell lines was first compared using the 

FCMN assay. It was found that both cell lines were responsive to the genotoxicants tested. 

Significant increases in MN formation demonstrated a concentration-dependent response 

from genotoxic damage caused by a range of genotoxic mechanisms i.e. breakage of DNA 

strands (MMC, MMS, ETOPO and BaP) or inhibition of spindle fibre function (VINB) that 

affects chromosome segregation. The only exception was following MMS exposure where 

in the L5178Y cell line, an increase in MN formation at low concentrations (20 – 40 

µg/ml), but instead a decrease in MN at high concentrations (60 – 80 µg/ml) was observed. 

The reduction of MN frequencies at high MMS concentrations (60 – 80 µg/ml) could be 

due to the fact that these concentrations were highly cytotoxic to the cells but was not 

shown by MTS assay. In addition, since MTS assay measures metabolic function of the 

cells, an increase in MTS cell viability following treatment with low MMS concentrations 

(i.e. 20 – 40 µg/ml) could possibly be a consequence of compensation for the disruption of 

cellular homeostasis caused by this chemical (Calabrese, 2001a; Calabrese, 2001b; 

Calabrese and Baldwin, 2001).    
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To determine the specificity of the FCMN assay, MN frequencies obtained from 

flow cytometry were compared with microscopy counting.   As it was expected that scoring 

of MN by flow cytometry would give a higher result compared with the microscopy due to 

methodological bias (a cell containing 3 MN is normally scored as 1 positive unit by 

microscopy, but is scored as 3 positive units by flow cytometry) (Nüsse and Kramer, 1984), 

in this study MN frequencies by microscopy were calculated and expressed as percentages 

of total MN over total nuclei counts. Using this approach, if a disagreement of results was 

found, it would have indicated false positive results from the FCMN assay, which could be 

from necrotic/apoptotic nuclei. Overall, at the range of concentrations tested, the MN 

results measured by FCMN and microscopy were demonstrated to be similar.   

 

The only obvious discrepancy was seen in WIL2-NS cells following the treatment 

with high concentration of ETOPO (0.45 µg/ml). It is worth noting that after treatment with 

ETOPO, WIL2-NS showed unusual morphology i.e. enlarged cells with multiple 

micronuclei and nuclei, which made microscopic scoring of MN very difficult and 

therefore it was possible that the results from microscopy were underestimated. However, 

the purpose of this study was to establish a micronucleus-based genotoxicity screening 

method to be used to look for unknown genotoxins in complex mixtures or genotoxicity in 

novel candidate compounds. In this context, the method does not need to produce results 

that quantitatively correspond with the responses observed using other counting methods, 

but rather positives and negatives should be detected at much the same concentrations of 

test compound that they are in more established methods.  
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For the investigation of apoptosis responses between the two cell lines, we found 

that WIL2-NS cells did not show as high levels of apoptosis as the L5178Y cells. The 

results demonstrating low apoptosis response on WIL2-NS cells lines in this study are 

consistent with those reported in the literature (Amundson et al., 1993; Umegaki and 

Fenech, 2000; Xia et al., 1994; Xia et al., 1995). This advantage should be considered for 

selection of the cell line for the FCMN assay. 

  

In conclusion, this Chapter described an establishment of the FCMN assay. For 

assay validations, two cell lines (WIL2-NS and L5178Y) were investigated using 

genotoxicants with various genotoxic mechanisms. Following exposure to the test 

chemicals, concentration-dependent responses were observed. The studies have shown that 

both cell lines can be used in the FCMN assay. However, when apoptosis responses of the 

cells were compared, it was found that WIL2-NS cells did not undergo apoptosis to the 

same extent as L5178Y cells. Since apoptotic nuclei are a major interference in the FCMN 

assay, we concluded that, of the two cell lines investigated, WIL2-NS is a more suitable 

cell line to use in the FCMN assay for rapid genotoxicity screening of unknowns. 

 

 

 

Conclusion remark: The study described in this Chapter has been published in  

Laingam S, Froscio SM and Humpage AR. Flow-cytometric analysis of in vitro 

micronucleus formation: Comparative studies with WIL2-NS human lymphoblastoid and 

L5178Y mouse lymphoma cell lines. Mutat. Res. 2008: 656 (1-2): 19-26.  
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4. PRODUCTION OF ORGANIC N-CHLORAMINES 

4.1. Introduction 

 

The organic N-chloramines chosen for toxicity and genotoxicity studies were based 

on the recommendation of Bull et al. (2006) and subsequent discussions (Bull 2007, 

personal communication). The compounds chosen, in most cases, are predicted to have 

high probability of being produced in disinfected drinking water based on the occurrence of 

precursors. The initial list includes 21 compounds (Appendix 2, A2-1), most of which are 

products from chlorination of amino acids and amines. However, since these compounds 

are not commercially available they need to be produced freshly prior to use and at the time 

of study 5 of the 21 candidates were not feasibly synthesised in our laboratory. Therefore, 

only 16 organic N-chloramine candidates were used as model compounds for genotoxicity 

investigation of organic N-chloramine in this study. The list of these compounds and 

chemical structures of their precursors are shown in Table 4-1 and Figure 4.1, respectively. 
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Table 4-1.  List of the organic N-chloramine candidates and their precursors 

No. Organic N-chloramines Amine Precursors CAS No. 

1 N- chloroleucine L-Leucine 61-90-5 

2 N- chloroisoleucine L-Isoleucine 73-32-5 

3 N- chloroglycine L-Glycine 56-40-6 

4 N- chlorophenylalanine L-Phenylalanine 63-91-2 

5 N- chloroserine L-Serine 56-45-1 

6 N- chlorohistidine L-Histidine 71-00-1 

7 Taurine monochloramine L-Taurine 107-35-7 

8 N, N'- dichlorolysine L-Lysine 56-87-1 

9 N-chloro-α-acetyllysine Nα-Acetyl-L-lysine 1946-82-3 

10 N- chloro-ε-acetyllysine Nε-Acetyl-L-lysine 692-04-6 

11 N- chloroarginine L-Arginine 74-79-3 

12 N- chlorohistamine Histamine 51-45-6 

13 N- chloroethanolamine Ethanolamine* 141-43-5 

14 N- chloroalanylphenylalanine Alanylphenylalanine 3061-90-3 

15 N- chloroglutamate L-Glutamic acid 56-86-0 

16 N, N'- dichlorocystine L-Cystine 56-89-3 

 

All reagents are of analytical grade.  

Ethanolamine (*) is in liquid form, density = 1.012 g/ml at 25C. 
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Figure 4.1. Molecular structure of amino acids and amine precursors 

used for production of organic N-chloramines. Pictures adopted from Sigma-Aldrich 

product catalogue (http://www.sigmaaldrich.com/catalog/ProductDetail, accessed 3/03/09). 

 

 

http://www.sigmaaldrich.com/catalog/ProductDetail
a1172507
Text Box
 
                                          NOTE:  
   This figure is included on page 78 of the print copy of 
     the thesis held in the University of Adelaide Library.
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The production of the compounds of interest can be achieved by a simple reaction 

between chlorine and the precursors. In aqueous medium, chlorination of amino acids or 

amines yields the N-Cl-compounds by direct transfer of Cl from the O of the HOCl to the 

unprotonated N of the amino acid or amine as shown below (Armesto et al., 1993; 

Donnermair and Blatchley, 2003). Under a controlled condition (i.e. pH, temperature and 

concentration of chlorine and precursors), the product formed can be directly used for 

subsequent assays (Nakamura et al., 1993).  

 

  

 

Amino acids (L-isomer) are used in this study for production of the N-chloramines 

as they are the major form present in natural water supplies (Abe et al., 1993). Previous 

studies have reported mutagenicity of chlorination products of α-amino acids (Nakamura et 

al., 1993; Süssmuth, 1982), while toxicity information of chlorinated products of amino 

acid containing 2 amino groups is not well understood. Nightingale (2000) reported that 

when the α-amino group of lysine is blocked, N dichloro lysine is formed during 

chlorination. It has been suggested that the N-dichloro lysine could decompose to free 

radicals that form protein-DNA cross links (Kulcharyk and Heinecke, 2001), indicating 

that this compound could be potentially genotoxic. Hence it was also included in this study.  

 

Ethanolamine and histamine were included in the list for several reasons. 

Ethanolamine is abundant in decaying materials (Thomas, 1997), which could be present at 

high concentration in organic rich water. On the other hand, a high concentration of 

histamine is secreted (by mast cells) at inflammatory sites and is likely to be chlorinated by 

HOCl produced from oxidation of chloride in activated neutrophils at sites of inflammation 
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(Bull et al., 2006; Peskin and Winterbourn, 2003; Thomas, 1979). Both chlorinated 

products of ethanolamine and histamine demonstrated a potent mutagenic activity in 

bacteria (Thomas et al., 1987), but their genotoxicity in mammalian cells is not known.  

 

To provide significant information for risk characterisation of the organic N-

chloramines, the test concentration range of the organic N-chloramines should be 

comparable to those that might be present in actual disinfected waters. Since there have 

been no reports on the individual organic N-chloramine in the literature (Westerhoff and 

Mash, 2002), the chosen test concentration range has to be estimated from a predicted level 

of its precursor. Previous studies have suggested that micromolar concentrations of amino 

acids could be found in natural waters (Nweke and Scully Jr, 1989; Ram and Morris, 1980) 

and that they are not necessarily removed during water treatment process but instead they 

could also be released from microorganisms during water treatment process i.e. filtration 

(Nagata and Kirchman, 1990), resulting in them being present at the disinfection step (Rice 

and Gomez-Taylor, 1986). Therefore, it is predicted that organic N-chloramines produced 

could be found in micromolar concentration range too. 

 

This chapter describes the production of organic N-chloramines by chlorination of 

amino acids and several amines. The reaction time and concentrations of amino acid; and  

amine precursors (in micromolar concentration range) were optimised. The optimal 

condition was then selected for further production of organic N-chloramines for further 

toxicity and genotoxicity investigations, which are detailed in the following Chapters. 
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4.2. Materials and Methods 

4.2.1. Chemicals and Reagents 

 

Chlorine Solution 

 

Chlorine stock solution was prepared by bubbling chlorine gas in 1 L Milli-Q water 

to reach an approximate concentration of 3,000 mg/L and left to stabilise at 4ºC for 24 hr 

before use. Prior to each experiment, the chlorine stock solution was diluted 1/1000 in 

Milli-Q water and the chlorine concentration measured by the DPD/FAS titration method 

as described in section 4.2.3. 

 

Preparation of Amino Acid/Amine  Solution 

 

All L-amino acids and amines (precursors of organic N-chloramines) were 

purchased from Sigma-Aldrich (MO, USA). The details are shown in Table 4-1. The stock 

solutions (100 mM), except ethanolamine, were prepared in sterile Milli-Q water and 

stored at 4C for approximately 1 week. Histamine (100 mM) was stored at - 20C. 

Ethanolamine was used as the concentrated liquid form supplied by Sigma-Aldrich (density 

= 1.012 g/ml). All solutions were equilibrated to room temperature prior to experiment. 
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4.2.2. Production of Organic N-chloramines 

 

Determination of Chlorine Contact Time 

 

To select the optimal chlorine contact time, an experiment was set up by 

preparation of 100 µM of amino acid (or 828 µM for ethanolamine) solution in Hanks 

Balanced Salt Solution (HBSS) in a 1L Schott bottle and spiked with 4 mg/L chlorine 

solution. Samples (100 ml) were taken for chlorine residual measurement (using the 

method described in 4.2.3) at 1, 3, 5, 10 and 30 min. 

 

Determination of Precursor Concentration 

 

Organic N-chloramines were produced by chlorination of the amino acids and 

amine precursors. Briefly, 100 ml of amino acid/amine precursors (0 – 100 µM for all 

amino acids and histamine, 0 – 1657 µM for ethanolamine) was prepared in HBSS (pH 

7.4) in a clean flask and spiked with 4 mg/L chlorine. Chlorination took place at room 

temperature for 3 min in the dark. Following the reaction time, chlorine residual was 

measured by the DPD/FAS method (section 4.2.3) and formation of mono-chloramine and 

di-chloramine was determined using the modified DPD/FAS protocol described in section 

4.2.4. 
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4.2.3. Measurement of Chlorine Residual 

 

Chlorine residuals were determined using the standard DPD/FAS method for 

examination of chlorine in water and waste water (Eaton et al., 1995). Briefly, 5 ml of 

buffer solution (6% w/v Na2HPO4, 9.5% w/v KH2PO4, 0.4% EDTA, pH 6.5) was added to 

5 ml of N,N-diethyl-p-phenyl diamine (DPD) solution (0.55% w/v DPD, 0.1% w/v EDTA, 

0.5% v/v H2SO4). The sample (100 ml) was then added to the solution and mixed, upon 

which a pink colour indicates the presence of free chlorine. The solution was then titrated 

to a colourless end-point with ferrous ammonium sulphate (FAS) solution (0.22% w/v 

FAS, 0.05% v/v H2SO4). 

4.2.4. Measurement of Chloramines 

 

Organic N-chloramines were determined using a modified version of the DPD/FAS 

method (Eaton et al., 1995). Briefly, 5 ml of buffer solution was added to 5 ml of DPD 

solution. The sample (100 ml) was then added to the solution and mixed. If the solution 

turned pink, free chlorine was present and the solution was titrated to the colourless end-

point as described in the section above. If the solution remained colourless no free chlorine 

was present, upon which three drops of a 1.5% (w/v) potassium iodide solution was added. 

Potassium iodide acted to release chlorine bound as mono-chloramine turning the solution 

pink. The solution was then titrated back to the colourless end-point with FAS solution and 

the mono-chloramine residual concentration determined. The presence of di-chloramine 

was then determined by the addition of approximately 1 g solid potassium iodide following 

the mono-chloramine titration. This released chlorine bound as di-chloramine and turned 
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the solution pink if this chemical species was present. The solution was then titrated with 

FAS solution to determine di-chloramine residual concentration. 

4.3. Results 

4.3.1. Optimal Chlorine Contact Time 

 

Optimisation studies showed that reaction of chlorine with amines took place 

rapidly within the first few minutes of exposure (Figure 4.2). No chlorine residual was 

detected at 3 min post chlorination. Therefore, 3 min chlorine contact time was used in all 

further experiments.  
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Figure 4.2. Amines and rate of chlorination.  

Picture shows representative data of chlorinated glycine (Cl-Gly), lysine (Cl-Lys), cystine 

(Cl-Cys) and ethanolamine (Cl-Eth). Values on X-axis are time (min) of the reaction. 

Values on Y-axis are chlorine residual measured by the DPD/FAS method. 
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4.3.2. Optimal Precursor Concentration 

 

Studies were carried out to determine the optimal concentration of amines required 

to produce mono-chloramine as the main product with minimal or no di-chloramine 

formation.  Each of the amines was chlorinated (using 4 mg/L chlorine) over a 20 – 100 

µM (or 165 – 1657 µM for ethanolamine) concentration range. 

 

Figure 4.3 shows chlorination products of leucine, isoleucine, phenylalanine, 

glycine, serine, arginine, histidine and Nε- acetyl lysine.  As seen, chlorine concentration 

decreased as amine concentration increased, and mono-chloramine was the only product 

formed. It was also found that the highest level of mono-chloramine was formed in the 

reaction containing 60 µM amines. There was no further increase of the mono-chloramine 

formation in the reaction containing > 60 µM amines. 

 

Figure 4.4 shows chlorination products of glutamic acid, alanylphenylalanine, 

cystine, ethanolamine, histamine, taurine, lysine and Nα-acetyl lysine. While mono-

chloramines are also the main product, di-chloramines at lower concentrations were also 

formed. It is noted that, except for the chlorination of ethanolamine, maximal mono-

chloramine production was observed in the reaction of chlorine with the amine 

concentration at and above 60 µM. For the chlorination of ethanolamine, maximum mono-

chloramine was seen at and above 828 µM. 
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Figure 4.3. Production of organic N-chloramines (I) 

Chlorination of leucine (A), isoleucine (B), phenylalanine (C), glycine (D), serine (E), 

arginine (F), histidine (G) and N-acetyl lysine (H) at pH 7.4. Amino acids prepared in 

HBSS, chlorinated with 4 mg/L chlorine, with 3 min contact time. Free chlorine, mono- 

and di-chloramines measured by DPD/FAS method. 
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Figure 4.4. Production of organic N-chloramines (II) 

Chlorination of glutamic acid (A), alanylphenylalanine (B), cystine (C), ethanolamine (D), 

histamine (E), taurine (F), lysine (G) and Nα-acetyl-lysine (H) at pH 7.4. Amino acids 

prepared in HBSS, chlorinated with 4 mg/L chlorine, with 3 min contact time. Free 

chlorine, mono- and di-chloramines measured by DPD/FAS method. 
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4.4. Discussion 

 

The formation of products from the reaction of chlorine with amino acids is known 

to be temperature, concentration and pH dependent (Deinzer et al., 1978). All experiments 

were conducted under temperature- and pH-controlled conditions. The reaction conditions 

such as chlorine contact time and optimal concentration of the amine precursors were 

optimised. Reaction of chlorine with all amino acids and amines was shown to occur very 

rapidly, similar to results described in the literature (Fukayama et al., 1986; Margerum et 

al., 1979; Morris et al., 1992). In addition, this study showed that at neutral pH, the amino 

acids and amines have similar reactivity with chlorine. This observation was also 

consistent with the results described in a previous study (Na and Olson, 2007). 

 

For chlorination of amines, when the ratio of Cl:N is kept low, it is suggested that 

virtually all free chlorine is converted to mono-chloramine [i.e. 1:1 (N:Cl) molar ratio] 

(Abia et al., 1998; Armesto et al., 1994; Armesto et al., 1993). Similarly, this study 

showed that mono-chloramines were predominant amongst all chlorinated products 

although low levels of di-chloramines were observed in some reactions (i.e. the 

chlorination of glutamic acid, alanylyphenylalanine, cystine, ethanolamine, histamine, 

taurine, lysine and Nα-acetyl lysine). Since the aim was to select the optimal conditions to 

produce the organic N-chloramines for toxicity and genotoxicity testing in mammalian cell 

systems without further purification, the reaction containing di-chloramines may need to be 

taken into account when interpreting the observed outcomes. 
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In conclusion, this chapter described production of organic N-chloramines from 

chlorination of amino acids and amine precursors at neutral conditions. Chlorine contact 

time, concentrations of chlorine and the precursors were determined. This study has 

demonstrated optimal conditions for the production of organic N-chloramines. These 

conditions were chosen for further used to produce the compounds for cytotoxicity and 

genotoxicity testing, which will be addressed in the following Chapters. 
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5. TOXICITY AND GENOTOXICITY OF ORGANIC N-CHLORAMINES 

5.1. Introduction 

 

As described in previous Chapters, organic N-chloramines are predicted to be 

potential health  risks (Bull et al., 2006), but experimental toxicity investigations have been 

very limited. Although several compounds have been reported to be mutagenic in bacteria 

(Nakamura et al., 1993; Süssmuth, 1982; Thomas et al., 1987), information on their 

genotoxicity particularly on mammalian cells is not available.  Furthermore, to investigate 

toxicity and genotoxicity of organic N-chloramines, selection of an appropriate 

concentration range is also important. Although the occurrence and fate of organic N-

chloramines in disinfected waters is not available, based on the presence of precursors in 

natural waters (Ram and Morris, 1980; Thurman, 1985) it is predicted that organic N-

chloramines in micromolar – millimolar concentration range could also be present in 

disinfected water (Bull et al., 2006). 

 

Because N-chloramines are reactive molecules, whose chlorine atom can transfer to 

other compounds, particularly in the culture medium (Antelo et al., 1997; Ferriol et al., 

1991; Peskin et al., 2004; Snyder and Margerum, 1982), a standard exposure protocol is 

not applicable for use in the toxicity and genotoxicity of the compounds.  Midwinter et al. 

(2006) reported that the non-cell permeable taurine chloramine in HBSS had no effects on 

cellular toxicity, but in complete medium the effects were clearly observed, which 

suggested that cytotoxic effects were a consequence of chlorine exchange with other 

amines in the medium to form more permeable chloramines. Therefore, to minimise this 



Chapter 5 – Toxicity and Genotoxicity of Organic N-Chloramines 

Somprasong Laingam, PhD Thesis 2009  91 

confounding factor, exposure to N-chloramines should be conducted in an amine-free 

medium.   

 

This Chapter describes an assessment of the cytotoxicity and genotoxicity of 

organic N-chloramines using freshly produced organic N-chloramines (µM concentration 

range). The chloramine candidates were generated using the reaction conditions described 

in Chapter 4 (i.e. chlorination of 60 µM of all amines, except 828 µM for ethanolamine, 

with 4 mg/L chlorine at pH 7.4 for 3 min at room temperature in the dark).  The 

cytotoxicity and genotoxicity screening protocol described in Chapter 3 was used, with 

some modification of the protocol to allow for short term exposure of the N-chloramines, 

and using an appropriate media as defined above. This modified treatment protocol was 

optimised and validated prior to use for the chloramine candidates and is also described in 

this Chapter. 
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5.2. Materials and Methods 

5.2.1. Chemicals  

 

Chlorine Solution 

 

Chlorine stock solution was prepared (as described in Chapter 4) by bubbling 

chlorine gas in 1 L Milli-Q water to reach an approximate concentration of 3,000 mg/L and 

left refrigerated to stabilise at 4ºC for 24 hr before use. Prior to each experiment, the 

chlorine stock solution was diluted 1/1000 in Milli-Q water and the chlorine concentration 

measured by the DPD/FAS method as described in Chapter 4. 

 

Organic N-chloramines  

  

Organic N-chloramines were freshly produced using conditions described in 

Chapter 4. Briefly, samples (60 µM amines or 828 µM ethanolamine) were prepared in 

sterile Hanks Balanced Salt Solution, HBSS (Sigma-Aldrich, MO, USA) and chlorinated 

with 4 mg/L chlorine. Residual chlorine was measured using the DPD/FAS and mono-

chloramines using the modified DPD/FAS methods (described in Chapter 4). All 

preparation steps were performed using aseptic technique. 
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5.2.2. Cell Culture and Seeding Preparation 

 

WIL2-NS cells were cultured and maintained as described in Chapter 3. One day 

prior to the experiment, cells were freshly passaged into a new flask and the culture 

continued for 24 hr. On the day of experiment, a cell count was performed using the TB 

exclusion assay (described in Chapter 3). Unless otherwise stated, the cells were washed 

once in HBSS and a 5.0 x 105 cells/ml suspension prepared in HBSS. One millilitre of the 

cell suspension was placed into each well of a 24-well tissue culture plate and cell recovery 

continued at 37C, 5% CO2 for 1 hr. 

5.2.3. Cell Treatment – Optimisation for Short Term Exposure 

5.2.3.1. Selection of Treatment Medium 

 

Since chlorine transfer can occur between the N-chloramines to other amino acids 

in the culture medium (Antelo et al., 1997; Ferriol et al., 1991; Peskin et al., 2004; Snyder 

and Margerum, 1982), the assay protocol described in Chapter 3 is not applicable for use in 

this study. Pilot studies were carried out to determine which treatment medium would be 

suitable for organic N-chloramine studies. Two treatment media (serum-free RPMI and 

HBSS) were investigated.  

 

It was hypothesised that chlorination of treatment medium would reduce free 

available chlorine, hence decreasing cytotoxicity. To select an appropriate medium for use 

in N-chloramines studies, WIL2-NS cells (5.0 x 105 cells/ml) were prepared in 1) HBSS 
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and 2) RPMI, of which, 100 µl was placed into each well of a 96-well tissue culture plate. 

The cell recovery continued at 37C, 5% CO2 for 1 hr. One hundred microlitres of chlorine 

solution (serially diluted in the appropriate medium, either HBSS or RPMI) was added into 

each well. The cells were gently mixed and exposure continued at 37C, 5% CO2 for 3 hr. 

Following the 3 hr exposure, cytotoxicity was determined using the MTS assay as 

described in Chapter 3. 

5.2.3.2. Comparison between Short Term Exposure vs. Continuous Exposure 

 

Experiments were also conducted to ensure that the short-term exposure protocol in 

HBSS medium would give genotoxicity results that are comparable to those obtained from 

the continuous exposure protocol as described in Chapter 3. To investigate this, MMS was 

used as a model genotoxicant. Two experimental protocols (short term and continuous) 

were run in parallel as described below.  

 

Short-term Exposure 

 

One millilitre of cell suspension (5.0 x 105 cells/ml prepared in HBSS) was placed 

in each well of a 24-well tissue culture plate and the cell recovery continued at 37C, 5% 

CO2 for 1 hr. Following the cell recovery, 1 ml of MMS (2X working stock i.e. 10 µg/ml, 

20 µg/ml, 30 µg/ml and 40 µg/ml prepared in HBSS) was added into each well. The cells 

were mixed and incubation continued at 37C, 5% CO2 for 3 hr. Cells were washed once in 

HBSS, resuspended in 2 ml complete medium and placed back in a new 24-well tissue 

culture plate. Cell culture continued at 37C, 5% CO2 for 21 hr. The cells were harvested 

and genotoxicity determined using the FCMN assay as described in Chapter 3. 
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Continuous Exposure 

 

One millilitre of cell suspension (5.0 x 105 cells/ml prepared in complete medium) 

was placed in each well of a 24-well tissue culture plate and the cell recovery continued at 

37C, 5% CO2 for 1 hr. Following the cell recovery, 1 ml of MMS (2X working stock i.e. 

10 µg/ml, 20 µg/ml, 30 µg/ml and 40 µg/ml also prepared in complete medium) was added 

into each well. The cells were mixed and incubation continued at 37C, 5% CO2 for 24 hr. 

The cells were harvested and genotoxicity determined using the FCMN assay as described 

in Chapter 3. 

5.2.4. Cell Treatment for Genoxicity Studies of N-chloramines 

 

Since organic N-chloramines are direct acting mutagens (Nakamura et al., 1993; 

Scully and Bempong, 1982; Süssmuth, 1982), a short-term exposure protocol without S9 

metabolic activation system was used for all experiments with organic N-chloramines in 

this current study.  Cell treatment was performed in a 24-well tissue culture plate.  A 

summary of the experimental set-up is shown in Figure 5.1. Briefly, 0.25, 0.50 and 1 ml of 

freshly produced organic N-chloramines was added directly into each appropriate well 

containing 1 ml of cell suspension. HBSS was then added into the first and second wells to 

give a final volume of 2 ml per well, thus giving the final organic N-chloramine dilutions 

of 1/8, 1/4 and 1/2, which were approximately equivalent to concentrations of 7.5 µM, 15 

µM and 30 µM for all N-chloramines except N-chloroethanolamine, which were 103.5 

µM, 207 µM and 414 µM, respectively. The cells were mixed and plates were incubated at 

37C, 5% CO2 for 3 hr.  Following the 3 hr treatment, cells from each well were transferred 

into a 1.5 ml eppendorf tube and washed once with HBSS. The cells were then 
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resuspended in 2 ml complete medium and placed back in a well of a new 24-well tissue 

culture plate. The cells were grown for 21 hr, 37C, 5% CO2 prior to harvest for 

cytotoxicity and genotoxicity measurements. 

 

 

 # 1 (1/8) 
 
1 ml Cell 
0.25 ml sample 
0.75 ml HBSS 
 

 # 1 (1/4) 
 
1 ml Cell 
0.50 ml sample 
0.50 ml HBSS 
 

 # 1 (1/2) 
 
1 ml Cell 
1 ml sample 
 
   

 Pos. control 
 
1 ml Cell 
1 ml sample 
 
 

 Pos. control 
 
1 ml Cell 
1 ml sample 
 
 

 # 2 (1/8) 
 
1 ml Cell 
0.25 ml sample 
0.75 ml HBSS 
 

 # 2 (1/4) 
 
1 ml Cell 
0.50 ml sample 
0.50 ml HBSS 
 

 # 2 (1/2) 
 
1 ml Cell 
1 ml sample 
 
       

 # 3 (1/8) 
 
1 ml Cell 
0.25 ml sample 
0.75 ml HBSS 
 

 # 3 (1/4) 
 
1 ml Cell 
0.50 ml sample 
0.50 ml HBSS 
 

 # 3 (1/2) 
 
1 ml Cell 
1 ml sample 
 
   

 Neg. control 
 
1 ml Cell 
1 ml sample 
 

 Neg. control 
 
1 ml Cell 
1 ml sample 
 

 # 4 (1/8) 
 
1 ml Cell 
0.25 ml sample 
0.75 ml HBSS 
 

 # 4 (1/4) 
 
1 ml Cell 
0.50 ml sample 
0.50 ml HBSS 
 

 # 4 (1/2) 
 
1 ml Cell 
1 ml sample 
 
       

 

Figure 5.1. Experimental plan of chemical treatment in a 24-well tissue culture plate.  

At least 4 test samples (3 dilutions: 1/8, 1/4 and 1/2) were tested in each run. Duplicates of 

positive control (20 µM MMS) and negative control (no-treatment control) were also 

included in each experiment.  
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5.2.5. Measurement of Cytotoxicity by MTS assay 

 

The MTS assay was used to determine cytotoxicity of the organic N-chloramines as 

described in Chapter 3.  Samples were assayed in triplicate. Cytotoxicity was expressed as 

a percentage reduction of MTS cell viability compared with the no treatment control. 

5.2.6. Measurement of MN Formation by Flow Cytometry  

 

Six hundred microlitres of the cells from each well was transferred into a 1.5 ml 

eppendorf tube. The cells were centrifuged at 100 g for 5 min and supernatant removed. 

FCM solution 1 (600 µl) was added into the tube, gently mixed and placed in the dark at 

room temperature for 1 hr. Following this time, 600 µl of FCM solution 2 was added 

directly into the tube, the incubation continued in the dark at room temperature for 30 min 

prior to the measurement of MN by flow cytometry as described in Chapter 3. 

5.2.7. Measurement of MN Formation by Microscopy 

 

The remaining cells in each well of the 24-well plate (approximately 800 µl) were 

used for preparation of slides for MN measurement by microscopy. The cells were 

collected in a 1.5 ml eppendorf tube, centrifuged at 100 g for 5 min and supernatant 

removed. The cell pellet was mixed in 5 µl FBS and thinly smeared onto 2 glass slides. The 

slides were air-dried, fixed in absolute methanol and stained with Dip-Quik. The stained 

slides were stored at room temperature in the dark until analysis. Microscopic counting of 

MN was conducted under a light microscope (1000X magnification). Approximately 1000 



Chapter 5 – Toxicity and Genotoxicity of Organic N-Chloramines 

Somprasong Laingam, PhD Thesis 2009  98 

cells were counted per slide. MN formation was expressed as a percentage of MN 

containing cells over the total cell counts. 

5.2.8. Statistical Analysis 

 

All statistical analyses and graphing were performed using GraphPad Prism version 

4.00 for Windows (GraphPad Software, San Diego California, USA). Unless otherwise 

stated, data plots represent mean ± SEM of 3 independent experiments. Nonparametric 

one-way ANOVA (Kruskal-Wallis Test) followed by Dunns post test was used to 

determine significant differences of treatments from negative controls. Non-parametric 

Spearman‟s coefficient (r) was used to assess the degree of correspondence of the 

micronucleus frequency results measured by flow cytometry and by microscopy. Student t-

test was used to compare a significant different between two experimental groups. 

Statistical significance was accepted at p < 0.05. 
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5.3. Results 

5.3.1. Short-term Exposure to N-chloramines 

5.3.1.1. Selection of Treatment Medium  

 

Figure 5.2 shows cytotoxic effect of chlorine when experiments were conducted in 

RPMI (amine-rich medium) or HBSS (amine-free medium). The EC50 was used to 

compare toxicity of chlorine in each medium. It was found that EC50 of chlorine in RPMI 

was 38.5 mg/L compared with 7.9 mg/L in HBSS. This suggested that a large amount of 

chlorine has been used for chlorination of various amine-compounds (amino acids) in 

RPMI, which could potentially cause misinterpretation when investigating genotoxicity of 

the candidate N-chloramines. In addition, it is noted that in HBSS medium, toxicity of 

chlorine was not observed at or below 0.4 mg/L chlorine.  

 

To further determine whether HBSS had an effect on cells, the viability of WIL2-

NS cells following 3 hr suspension in HBSS was compared with the cells in complete 

medium, using the TB exclusion assay. There was no difference in percentage viability of 

WIL2-NS cells in HBSS for 3 hr compared with the cells in complete medium (93.9 ± 

2.4% and 95.4 ± 1.3%, respectively), suggesting that HBSS can be used for 3 hr exposure 

protocol for genotoxicity studies of organic N-chloramines. 
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Figure 5.2. Comparison of cytotoxicity of chlorine in serum-free treatment media  

(HBSS vs. RPMI). RPMI contains various nutrients eg. amino acids (organic N-

compounds) while HBSS contains only basic salts without N-compound. Cytotoxicity was 

measured using MTS assay. EC50 of chlorine in HBSS is 7.9 mg/L and in RPMI is 38.5 

mg/L. Picture shows data of  mean ± SEM, n =3. 
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5.3.1.2. Comparison of Continuous vs. Short-term Exposure Treatment 

 

Evaluation of the short term exposure was performed by comparison of toxicity and 

genotoxicity responses of WIL2-NS cells following exposure to a genotoxicant (MMS). 

The results are shown in (Figure 5.3). Both treatment protocols gave a similar pattern in 

terms of reduction of viability (r = 1.000, p = 0.0165, Spearman correlation). Genotoxicity 

results obtained from the short-term treatment were also similar to those from the 24 hr 

continuous treatment (r = 1.000, p = 0.0167, Spearman correlation). 
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Figure 5.3. Comparative results between 24 hr and 3 hr exposure protocols.  

Data are mean ± SEM of 3 experiments. Cytotoxicity (left) is determined using MTS assay 

and expressed as a percentage reduction of viability compared with the no-treatment 

control. Genotoxicity (right) is measured by the FCMN assay. Asterisk (*) represent a 

statistically significant genotoxicity from the untreated control at p < 0.05 (Kruskal-Wallis 

with Dunns post test). 
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5.3.2. Cytotoxicity of Organic N-chloramines 

 

Cytotoxicity results of organic N-chloramines are summarised in Figure 5.4 and 

Table 5-1. Figure 5.4 shows concentration-dependent cytotoxic responses of MMS 

(positive control) and 5 organic N-chloramines. Statistically significant (One-way 

ANOVA, Kruskal-Wallis test) cytotoxic responses were observed in N-chloroglycine (p = 

0.0169), N-chloroethanolamine (p = 0.0249), N-chlorohistamine (p = 0.0188) and N-chloro 

lysine (p = 0.0116). Although some cytotoxicity was observed at 15 µM and 30 µM in N-

chloro- α-acetyllysine (Figure 5.4 G.), it was not shown to be statistically significant (p = 

0.0956). 

  

As shown in Table 5-1, cytotoxicity was not observed in N-chloroleucine (p = 

0.6389), N-chloroisoleucine (p = 0.8847), N-chlorophenylalanine (p = 0.9541), N-

chloroserine (p =0.6282), N-chloroarginine (p = 0.5511), N-chlorohistidine (p = 0.9368), 

N-chloro--acetyllysine (p = 0.9207), N-chloroglutamic acid (p = 0.7329), N-

chloroalanylphenylalanine (p = 0.9894), N-chlorocystine (p = 0.9896) and N-chlorotaurine 

(p = 0.9941).  

  

 Further experiments using unchlorinated samples were conducted to confirm that 

the cytotoxicity observed in N-chloroglycine, N-chloroethanolamine, N-chlorohistamine 

and N-chlorolysine were a consequence of the chloramines, not the parent amines. 

Following exposure, no cytotoxicity was observed in WIL2-NS cells treated with 30 µM of 

glycine, histamine, lysine and 414 µM ethanolamine (Table 5-2). 
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Figure 5.4. Cytotoxicity of organic N-chloramines.  

MMS is a positive control. Data are mean ± SEM of 3 independent experiments. Kruskal-

Wallis followed by Dunn‟s post test was used to determine statistically significant different 

of the test from the untreated control, p < 0.05 (*).   
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Table 5-1. Cytotoxicity of organic N-chloramines 
Sample Viability (%) p value  

Control (untreated) 100 ± 0.5   

Cl-Leucine 101 ± 1.2 0.6389 

Cl-Isoleucine 99 ± 1.6 0.8847 

Cl-Phenylalanine 101 ± 1.5 0.9541 

Cl-Serine 99 ± 2.0 0.6282 

Cl-Arginine 99 ± 2.3 0.5511 

Cl-Histidine 100 ± 1.5 0.9368 

Cl-N Acetyl Lysine 100 ± 1.8 0.9207 

Cl-Nα Acetyl Lysine 96 ± 2.5 0.0956 

Cl-Glutamic acid 100 ± 1.5 0.7329 

Cl-Alanylphenylalanine 100 ± 2.6 0.9894 

Cl-Cystine 101 ± 2.1 0.9896 

Cl-Taurine 100 ± 1.7 0.9941 

Data are percentages (Mean ± SEM, n =3) of viability of the maximum test concentration 

(30 µM). p values were obtained from statistical analyses using nonparametric One-way 

ANOVA (Kruskal-Wallis test). 

 

 

Table 5-2. Determination of cytotoxicity of the pre-chlorinated amines 
Sample % Viability (mean ± SEM) Significance (t-test) 

Control (untreated) 100 ± 0.5 - 

30 µM Glycine 98.9 ± 0.8 ns (p = 0.9306) 

414 µM Ethanolamine 98.7 ± 0.9 ns (p = 0.0940) 

30 µM Histamine 99.1 ± 0.9 ns (p = 0.2046) 

30 µM Lysine 99.3 ± 0.4 ns (p = 0.1312) 
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5.3.3. Genotoxicity of Organic N-chloramines 

 

Measurement of MN by flow cytometry (FCMN) showed a concentration-

dependent increase in MN formation with MMS (positive control) and 5 organic N-

chloramines as shown in Figure 5.5. Statistically significant (one-way ANOVA: Kruskal-

Wallis test) genotoxic responses were observed following treatment with MMS (p = 

0.0273), N-chloroglycine (p = 0.0241), N-chloroethanolamine (p = 0.0273), N-

chlorohistamine (p = 0.0379) and N-chlorolysine (p = 0.0241). Although a slight increase 

in MN was observed in the treatment with N-chloro-α-acetyllysine (Figure 5.5 F), this was 

not statistically significant (p = 0.2361).  

 

Measurement of MN by microscopy confirmed the results from the FCMN that a 

concentration-dependent increase in MN was observed in MMS and the organic N-

chloramines (Figure 5.5 A-E), except N-chloro-α-acetyllysine (Figure 5.5 F). Statistical 

analyses demonstrated a significant increase in MN in the treatment with MMS (p = 

0.0270), N-chloroglycine (p = 0.0273), N-chloroethanolamine (p = 0.0265), N-

chlorohistamine (p = 0.0211) and N-chlorolysine (p = 0.0249).  

 

Of the 16 compounds tested, 12 did not show a statistically significant increase in 

MN formation. The results of MN frequencies measured by flow cytometry and 

microscopy of the highest tested concentration including the statistical p values are 

summarised in Table 5-3.  
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Figure 5.5. Genotoxicity of organic N-chloramines  

by FCMN and microscopy based MN assay. MMS is a positive control. Data present are 

mean ± SEM of 3 independent experiments. Asterisk (*) indicates statistical significance (p 

< 0.05) of the “test” compared with the “no-treatment control”. NA = not analysed (highly 

cytotoxic concentration). 
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Table 5-3. Genotoxicity of organic N-chloramines 

Sample % MN (FCM)  p value  % MN (Micros.) p value  

Control (untreated) 2.1 ± 0.31 

 

0.9 ± 0.25   

Cl-Leucine 3.0 ± 0.61 0.5748 2.1 ± 0.95 0.2950 

Cl-Isoleucine 2.7 ± 0.68 0.7038 1.3 ± 0.46 0.5361 

Cl-Phenylalanine 3.4 ± 0.59 0.1524 2.3 ± 0.77 0.5677 

Cl-Serine 2.9 ± 0.64 0.4465 1.6 ± 0.91 0.5361 

Cl-Arginine 3.2 ± 0.40 0.3311 1.5 ± 0.67 0.5677 

Cl-Histidine 3.6 ± 0.65 0.0878 2.0 ± 0.71 0.4545 

Cl-N Acetyl Lysine 3.1 ± 0.58 0.1324 1.5 ± 0.69 0.6306 

Cl-Nα Acetyl Lysine 4.7 ± 1.60 0.2361 1.3 ± 0.23 0.5677 

Cl-Glutamic acid 3.2 ± 0.72 0.6612 1.0 ± 0.43 0.6737 

Cl-Alanylphenylalanine 3.5 ± 0.56 0.1845 1.4 ± 0.49 0.2950 

Cl-Cystine 3.5 ± 0.73 0.0924 1.0 ± 0.23 0.8140 

Cl-Taurine 3.5 ± 1.10 0.2081 1.6 ± 0.69 0.3838 

 

Data are % MN (mean ± SEM, n = 3) by flow cytometry, determined at the maximum test 

concentration (30 µM.). p values were obtained from statistical analyses using 

nonparametric one-way ANOVA (Kruskal-Wallis test). 
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To confirm that the genotoxicity observed in N--chloroglycine, N-

chloroethanolamine, N-chlorohistamine and N-chlorolysine were a consequence of the 

chloramines, not the parent amines, the FCMN assay was conducted using un-chlorinated 

samples. Following exposure, no genotoxicity was observed in WIL2-NS cells treated with 

30 µM of glycine, histamine, lysine and 414 µM ethanolamine. The results showed that 

none of these were genotoxic to the WIL2-Ns cells (Table 5-4). 

 

 

Table 5-4. Determination of genotoxicity of the pre-chlorinated amines 

Unchlorinated Sample % FCMN (mean ± SEM) Significance (t-test) 

Control (untreated) 2.1 ± 0.31 - 

30 µM Glycine 2.7 ± 0.68 ns (p = 0.1963) 

414 µM Ethanolamine 2.9 ± 0.51 ns (p = 0.1763) 

30 µM Histamine 2.5 ± 0.38 ns (p = 0.1890) 

30 µM Lysine 2.6 ± 0.41 ns (p =0.1713) 

ns = not statistically significant when compared with the untreated control 
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5.4. Discussion 

 

A modified version of a treatment protocol in buffer solution has been previously 

described in a mutagenicity study of N-chloramines (Maron and Ames, 1983). It was 

hypothesised that this assay principle could be applied for the mammalian genotoxicity 

assay too.  Hanks balanced salt solution (HBSS) has been used in mammalian cell based 

assays to maintain the pH and osmotic balance as well as to provide the cells with water 

and essential inorganic ions. Our study showed that HBSS is an appropriate medium for 

use in exposure treatment of organic N-chloramines. WIL2-NS cells could be maintained 

in HBSS for 3 hr without affecting the cell viability. As N-chloramines are small reactive 

molecules that could easily enter the cells, a 3 hr exposure time is considered suitable for 

the treatment protocol. Validation using MMS confirmed that the short-term exposure 

protocol was comparable to continuous exposure for 24 hr.  

 

Cytotoxicity and genotoxicity screening of the 16 organic N-chloramine candidates 

showed that 4 compounds (chlorinated products of glycine, lysine, ethanolamine and 

histamine) were both cytotoxic and genotoxic in WIL2-NS cells and the responses were 

concentration-dependent. The rank order of both cytotoxicity and genotoxicity effects 

(based on the estimated concentration tested and the observed outcomes) were N-

chlorohistamine > N-chloroglycine > N-chlorolysine > N-chloroethanolamine. The results 

reported here are consistent with previous studies using bacterial mutagenic assays 

(Nakamura et al., 1993; Süssmuth, 1982; Thomas et al., 1987).   
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When results are compared between chlorinated lysine, chlorinated-α-acetylate- and 

-acetylate-lysines, it was seen that significant effects occur only with chlorinated lysine. 

Low effects (but not statistically significant) occurred following chlorinated α-acetylated 

lysine and no effects in chlorinated -acetylated lysine. A significantly greater effect 

observed in the treatment of chlorinated lysine (N,N‟-dichlorolysine) compared with its 

acetylated derivatives that prevent chloramines forming at one of the other of the amino 

group was interesting (see further discussion in Chapter 8). It was possible that the greater 

effects observed may indicate toxicological significance of number of chlorine atom in a 

molecule of N-chloramine once it enter the cells.   

 

While chlorinated products of arginine, histidine, phenylalanine, and serine have 

previously been reported to be mutagens in bacteria (Nakamura et al., 1993), our study 

showed that they are not genotoxic in WIL2-NS cells. Aside from the difference in test 

systems between studies, it is also noted that Nakamura et al. (1993) used much higher 

concentrations of test compounds, millimolar range compared to the micromolar 

concentrations used in this study. 

 

Although previous optimisation work (Chapter 4) indicates that at the time of 

exposure mono-chloramines were the major chlorination products present, the contribution 

of other toxic products particularly after the chloramines enter cells cannot be excluded. Of 

the 4 genotoxic organic N-chloramines, 3 (chlorinated products of ethanolamine, histamine 

and lysine) contained low levels of di-chloramines (Chapter 4). These di-chloramines may 

play a part in the observed outcomes: a similar observation was also described by Thomas 

et al. (1987). They could also proceed through secondary reaction, producing other 

products such as aldehydes (Zgliczynski et al., 1971). However, since all organic N-

chloramines were freshly produced and immediately used in cell treatment, it was expected 
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that the secondary reactions may not occur prior to entering the cells. Question 

requiringanswer are whether these molecules once they enter cells directly attack DNA, 

transfer chlorine to other intracellular amines, protein or lipid whose products then 

eventually induce DNA damage: some of these have been investigated and described in the 

next Chapter. 

 

In conclusion, this study reports on cytotoxicity and genotoxicity of the candidate 

organic N-chloramines using mammalian cell based system. The cytotoxicity and 

genotoxicity assay protocol was firstly modified for suitability to use in organic N-

chloramine studies. Using the modified assay protocol, a series of organic N-chloramines 

of amino acids and simple primary amines were tested for cytotoxicity and genotoxicity. Of 

16 organic N-chloramines tested, it was found that 4 compounds (chlorinated glycine, 

lysine, ethanolamine and histamine) were both cytotoxic and genotoxic to WIL2-NS cells. 

These compounds may be potential health risks and may require further toxicological 

studies. Their possible modes of action on mammalian cells have been studied and will be 

described in the next Chapter. 
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6. ORGANIC N-CHLORAMINES AND THE ROLE OF OXIDATIVE 

STRESS IN GENOTOXICITY 

6.1. Introduction 

 

Following the screening of organic N-chloramine candidates through flow 

cytometry MN assay (Chapter 5), 4 compounds were identified to have genotoxic effects in 

WIL2-NS cells.  These compounds included N-chloroglycine, N, N‟- dichlorolysine, N-

chlorohistamine and N-chloroethanolamine.  In this chapter, experiments are carried out to 

further investigate the mechanisms that may be involved in genotoxicity of these N-

chloramines. Due to oxidative potential of chloramine molecules, it is hypothesised that 

following the cell entry oxidation between the compounds with cellular antioxidants may 

occur and induction of oxidative stress may be involved in the observed genotoxicity (as 

described in Chapter 5). 

 

Oxidative stress is a term used to denote the situation caused by an imbalance 

between levels of oxidants (i.e. reactive oxygen and nitrogen species)  and antioxidants in 

favour of the former, which can potentially lead to biological damage or injury (Sies, 

1997).  Oxidative stress can occur either in the cells as a result of cellular metabolism 

(Burcham, 1998) or from exposure to exogenous sources such as carcinogenic substances 

(Garza et al., 2008), redox-cycling drugs (Simunek et al., 2009) and ionizing radiation 

(Lenarczyk et al., 2009). The damage caused by oxidative stress is believed to contribute to 

a number of pathological implications such as aging (Minelli et al., 2009), carcinogenesis 

(Hayashi, 2008; Hebels et al., 2009; Liu et al., 2009), atherosclerosis (Higashi et al., 2009) 

and neurodegeneration (Mytilineou et al., 2002; Varadarajan et al., 2000). 
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Under oxidative stress conditions, excessive reactive oxygen or nitrogen species 

overwhelm the ability of cellular antioxidant defence system and attack cellular 

macromolecules such as lipid, protein and DNA. DNA damage caused by these free 

radicals can occur by either 1) a direct attack to DNA molecules leading to strand breaks or 

2) indirect effects i.e. via lipid peroxidation when a lipid peroxide product such as 

malondialdehyde (MDA) enters the nucleus forming MDA – DNA adducts (Munnia et al., 

2004), which can consequently result in DNA strand breaks (Plastaras et al., 2000). 

Oxidative stress is suggested to be a mechanism involved in genotoxicity of a number of 

chemicals and metals, for example, organic mixtures of airborne particles (Gabelova et al., 

2007), polychlorinated biphenyls (Glauert et al., 2008), cigarette smoke (Spencer et al., 

1995; Thorne et al., 2009), iron (Abalea et al., 1998), chromium (Shi and Dalal, 1989), 

cadmium (Koizumi and Li, 1992), arsenic (Scott et al., 1993) and nickel (Athar et al., 

1987).  

 

Investigation of cellular oxidative stress can be achieved using several methods 

including measurements of 1) low molecular weight antioxidants such as glutathione 

(Chiou and Tzeng, 2000) and ascorbic acid (Dhariwal et al., 1990), 2) proteins and 

enzymes such as superoxide dismutase (Hassoun and Ray, 2003; Marklund and Marklund, 

1974) and  3) peroxidation products such as MDA (Draper et al., 1993). Measurement of 

the cellular antioxidant glutathione (GSH), which is one of the most abundant soluble 

antioxidant molecules found in cells has been commonly used as a marker for oxidative 

stress (Mytilineou et al., 2002). GSH protects cells from injuries caused by oxidative stress. 

It has been shown that depletion of GSH can cause damage to mitochondria (Griffith and 

Meister, 1979; Jain et al., 1991), which can consequently lead to cell death (Mytilineou et 

al., 2002). Another commonly used method for determination of oxidative stress is 

measurement of MDA, a product of the reaction between free radicals and cellular lipid 
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(Ahmad et al., 2008; Greilberger et al., 2008; Mateos et al., 2004; Papalambros et al., 

2007; Wijnhoven et al., 2006).  Both depletion of cellular GSH and an increase in MDA 

formation were used as indicators for determination of cellular oxidative stress in this 

current study. 

 

Oxidative stress has been suggested as a possible genotoxic mechanism of several 

known DBPs. For example, a significant concentration-dependent GSH reduction was 

reported in mammalian cells following exposure to MX (Zeni et al., 2004), dichloroacetate, 

trichloroacetate (Austin et al., 1996; Hassoun and Ray, 2003) and hypochlorite solution 

(Hammerschmidt et al., 2002).  A significant increase in levels of MDA has also been 

reported in mouse liver cells following exposure to dichloroacetate and trichloroacetate 

(Austin et al., 1996) and in the HepG2 cell line after treatment with a mixture of DBPs 

produced from different sequential water treatments (Shi et al., 2009).  

 

For organic N-chloramines in relation to disinfection by-products, while the 

formation and their potential toxicological effects have been predicted by experts (Bull et 

al., 2006; Davies et al., 1993; Hawkins and Davies, 1999) (as shown in Figure 6.1), little is 

known about their genotoxicity and the mechanisms that may be involved. It is possible 

that upon cell entry, both N-centred and chlorine radicals (Figure 6.1) may be involved in 

induction of cellular oxidative stress, which consequently leads to genotoxic damage.  

 

In this Chapter, investigations are described into whether the four genotoxic N-

chloramines (N-chloroglycine, N,N‟-dichlorolysine, N-chlorohistamine and N-

chloroethanolamine) induce cellular oxidative stress. Known genotoxic concentrations 

(obtained from Chapter 5) were tested. Two methods were used to determine oxidative 

stress: measurement of cellular GSH using the enzymatic recycling method based on the 



Chapter 6 – Organic N-Chloramines and Roles of Oxidative Stress 

Somprasong Laingam, PhD Thesis 2009  115 

principle described by Tietze  (1969), and MDA levels using the quantitative TBARS 

Assay (Armstrong et al., 1998). 

 

 

 

 

 

Figure 6.1. Formation of organic N-chloramine and predicted radical formation. 

Picture modified from Bull et al. (2006). It is predicted that the first intermediate 

compound is produced in drinking water with subsequent reactions occurring in vivo. Both 

nitrogen-centred and chlorine radicals may play a role in cellular oxidative stress, which 

may lead to a cascade of cellular toxicity and genotoxicity. 
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6.2. Materials and Methods 

6.2.1. Chemicals and Materials 

 

The organic N-chloramines, N-chloroglycine, N,N‟-dichlorolysine, N-

chlorohistamine and N-chloroethanolamine, were prepared as described in Chapter 5. 

Ferrous sulphate was obtained from Ajax (Auburn, NSW Australia).  

6.2.2. Cell Culture and Seeding Preparation 

 

WIL2-NS cells were cultured and maintained as described in Chapter 3. A day prior 

to the experiment, cells were freshly passaged in several 75 cm2 tissue culture flasks and 

the culture continued for 24 hr. On the day of experiment, a cell count was performed using 

the TB exclusion assay (described in Chapter 3). The cells were pooled, washed in HBSS 

(Sigma-Aldrich, MO USA) and a 4.0 x 106 cell/ml suspension was prepared in HBSS. Cell 

recovery continued in the cell culture incubator (37C, 5% CO2) for 1 hr prior to exposure 

experiment. 

6.2.3. Glutathione Assay 

 

Glutathione (GSH) levels were determined using the Trevigen‟s HT Glutathione 

Assay Kit (TREVEGEN®, Gaithersburg, MD USA). The assay principle was based on the 

literature (Baker et al., 1990; Tietze, 1969), utilising the optimised enzymatic recycling 

method as detailed in Figure 6.2. The glutathione assay involved several steps: 1) chemical 
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exposure and 2) sample preparation followed by the measurement of glutathione levels 

using spectrophotometry. The assay procedure is detailed below. 

 

 

 

Figure 6.2. Reaction scheme for the Glutathione assay  

Picture adopted from HT Glutathione Assay Kit, Trevigen® Instruction manual. The 

measurement of GSH is based on the optimised enzymatic recycling method. Glutathione 

Reductase converts oxidised glutathione (GSSG) to reduced glutathione (GSH). The 

sulfhydril group of GSH reacts with 5, 5‟- dithiolbis-2-nitrobenzoic acid (DTNB, or 

Ellman‟s reagent) (Ellman, 1959) to produce a yellow coloured 5-thio-2-nitrobenzoic acid 

(TNB), which absorbs at 405 nm, and mixed disulfide (GSTNB), which is reduced by 

Glutathione Reductase to recycle the Glutathione and produce more TNB. The rate of TNB 

production is directly proportional to this recycling reaction, which is in turn directly 

proportional to the concentration of glutathione in the sample. 
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6.2.3.1. Chemical Exposure 

 

The chemical exposure procedure was performed in a 24-well tissue culture plate. 

Briefly, 1 ml of the 4.0 x 106 cells/ml cell suspension (described in section 6.2.2) was 

placed in each well of the tissue culture plate, followed by 1 ml of sample. The cells were 

mixed and exposure continued in the cell culture incubator (37C, 5% CO2) for 3 hr. Three 

dilutions (1/8, 1/4 and 1/2) of the freshly prepared stock of each sample were tested. Un-

treated control was included as required. Ferrous sulphate (FeSO4) was used as positive 

control. All exposure experiments were conducted 3 times (3 independent experiments). 

6.2.3.2. Sample Preparation and Measurement of Total Glutathione 

  

Following the 3 hr exposure, cells were collected in a conical tube and centrifuged 

at 300 g for 5 min. The cell pellet was resuspended in 500 µl cold 5% metaphosphoric acid 

(Sigma-Aldrich, MO USA), mixed thoroughly by repeated pipetting and placed on ice for 5 

min. The cells were sonicated on ice for 5 x 20 sec at 50 mW using a BRASON Digital 

Sonifier® sonicator (ASIS Scientific Pty Ltd, Australia). The lysate was kept on ice for 5 

min prior to transferring into a 1.5 ml eppendorf tube and centrifuged at 14000 g, 4C for 5 

min. The supernatant was then placed into a new 1.5 ml eppendorf tube and stored on ice 

for GSH measurement. 
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For the measurement of GSH, samples were diluted 10 fold in 1X assay buffer 

(freshly prepared from the 25X concentrate provided in the assay kit). The diluted sample 

(50 µl) or standards (0, 12.5, 25, 50 and 100 pmole, prepared by diluting the 4 µM GSSG 

standard in 1X assay buffer) was placed in each well of a microtitre plate, followed by 150 

µl freshly prepared reaction mix (kit provided) containing glutathione reductase. Samples 

were assayed in duplicates, standards in triplicates. Absorbance (405nm) of the reaction 

was immediately recorded using the microplate reader (Wallac VICTOR3 1420 Multilabel 

Counter, PerkinElmer™). Repeat measurements were recorded at 2 min intervals over 10 

min period.  

  

In order to quantify levels of glutathione, a standard curve was generated. The 

average of the triplicate absorbance readings for each standard (or average of duplicate 

absorbance readings for each experimental sample) was plotted against incubation time. 

The slope of the regression was determined from the linear portion of each curve. The 

background slopes were subtracted from the slope values of standards and samples. The 

glutathione standard curve was generated from plots of the net slopes versus pmoles of 

glutathione standards. Quantification of glutathione in the experimental sample was 

obtained by comparing the net slope values of samples with the standards. Results were 

expressed as pmole GSH/well. 
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6.2.4. Malondialdehyde Assay 

 

The lipid peroxidation product  (MDA) was measured using the OxiSelect™ 

TBARS Assay kit for MDA quantification, obtained from CELL BIOLABS, Inc. (San 

Diego, CA USA). The procedure was carried out following the manufacturer‟s instructions. 

The investigation of MDA levels was based on the reaction of MDA with thiobarbituric 

acid (TBA), producing the MDA-TBA adduct, which could be detected using fluorometry 

(Armstrong et al., 1998). The MDA assay involved 1) chemical exposure and 2) sample 

preparation followed by the measurement of MDA as detailed below. 

6.2.4.1. Chemical Exposure 

 

Three millilitres of the cell suspension prepared as described in section 6.2.2 was 

transferred into a small (25 cm2) tissue culture flask, followed by 3 ml of the organic N-

chloramine. The cells were mixed and incubated at 37C, 5% CO2 for 3 hr. For each 

sample, 3 dilutions (1/8, 1/4 and 1/2) of the freshly prepared stock were tested. Untreated 

control was included as required. Ferrous sulphate (FeSO4) was used as a positive control. 

The experiments were conducted 3 times (3 independent experiments). 

6.2.4.2. Sample Preparation and Measurement of MDA 

 

Following the 3 hr exposure, cells were collected in a conical tube, centrifuged at 

200 g for 5 min and supernatant removed. The cell pellet was resuspended in 100 µl HBSS 

and transferred into a 1.5 ml eppendorf tube. The cells were lysed by vigorously mixing in 
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100 µl SDS lysis solution and incubated at room temperature for 5 min. TBA reagent (250 

µl) was then added to each sample. The mixture was incubated at 95C for 1 hr, followed 

by cooling in an ice bath for 5 min. The cell lysate was then centrifuged at 3000 rpm for 15 

min (Eppendorf Centrifuge 5804). The supernatant (150 µl) was transferred into each well 

of a microtitre plate (in duplicate). Fluorescence of the MDA-TBA product (530 nm 

excitation and 580 nm emission) was measured using the microplate reader (Wallac 

VICTOR3 1420 Multilabel Counter, PerkinElmer™).  

 

In order to quantify MDA levels, the MDA standard was simultaneously prepared 

by serially diluting the MDA standard (Kit provided) in purified water, of which 150 µl 

was used for the measurement of MDA as described above. The standards were assayed in 

triplicate. The MDA standard curve was generated from plotting of values of fluorescence 

unit against the MDA concentration (Figure 6.6). The slope was determined using linear 

regression analysis and used for the calculation of MDA concentration in the test samples. 

6.2.5. Statistical Analysis 

 

GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego 

California, USA) was used for all statistical tests and graphing. Unless otherwise stated, 

data plots represent mean ± SEM of 3 independent experiments. Kruskal-Wallis followed 

by Dunns post test was used to determine significant differences of treatments from 

untreated control. Statistical significance was accepted at p < 0.05. 
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6.3. Results 

6.3.1. Glutathione Depletion 

6.3.1.1. Glutathione Standard Curve 

 

The glutathione standard curve was generated as described in materials and 

methods (section 6.2.4). Linearity of the standard curve is shown in Figure 6.3. Linear 

regression was analysed and slope as well as Y-intercept values were obtained. From the 

standard curve, the linear equation used for further calculation of total glutathione levels in 

the test sample is also determined (Y = 0.0014X + 0.0011). 
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Figure 6.3. Representative total glutathione standard curve.  

X-axis shows concentrations of standard in pmole/well. Y-axis shows values of rate of 

increase in the absorbance (405 nm) observed at 2 min intervals over 10 min period. Data 

are mean ± SD, n = 3. Linear regression, slope = 0.0014, Y intercept = 0.0011, r2 = 0.9998. 

 



Chapter 6 – Organic N-Chloramines and Roles of Oxidative Stress 

Somprasong Laingam, PhD Thesis 2009  124 

6.3.1.2. Reduction of Cellular Glutathione Levels Following FeSO4 Treatment 

 

The glutathione assay was set up using the optimised enzymatic recycling method 

as detailed in Figure 6.2. FeSO4 was used as a positive control to induce free radicals and 

results are shown in Figure 6.4. Following treatment with FeSO4 (10 µM – 100 µM), a 

significant concentration dependent reduction of cellular GSH was observed (p = 0.0047, 

Kruskal-Wallis Test). The concentration of FeSO4 that demonstrated a significant 

reduction in GSH levels compared with the untreated control was 100 µM (p < 0.05, 

Dunns post test). 

 

0 20 40 60 80 100 120

0

20

40

60

80

100

120

*

FeSO4 Conc. [M]

G
lu

ta
th

io
n

e
 [

p
m

o
le

 /
 w

e
ll
]

 

Figure 6.4. Effect of ferrous sulphate (FeSO4) on intracellular glutathione levels.  

Data are expressed as percentages of untreated control (mean ± SEM of 3 independent 

experiments). Significant differences from control are indicated as * (p < 0.05). 
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6.3.1.3. Effect of Organic N-chloramines on Cellular Glutathione Levels 

 

Figure 6.5 shows reduction of cellular glutathione following treatment with organic 

N-chloramines. Data were expressed as percentages of the untreated control (raw data 

values of GSH are shown in Appendix 2, A2-2). Significant concentration-dependent 

glutathione depletion (analysed by Kruskal-Wallis Test) was observed in the treatment with 

N-chloroglycine (p = 0.0213), N,N‟-dichlorolysine (p = 0.0153), N-chlorohistamine (p = 

0.0439) and N-chloroethanolamine (p < 0.0185). Following treatment with 30 µM of N-

chloroglycine, glutathione levels were reduced to 85 ± 3.9% (mean ± SEM, n = 3) of the 

control level (Figure 6.5A). Similar concentrations of N,N‟-dichlorolysine (Figure 6.5B) 

and N-chlorohistamine (Figure 6.5C) reduced GSH to a similar extent. For cells treated 

with N-chloroethanolamine (Figure 6.5D), a significant reduction of glutathione was seen 

at or above 414 µM. For example 207 µM and 414 µM reduced GSH to 94 ± 1.0% and 87 

± 1.8% of the untreated control, respectively. 
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Figure 6.5. Levels of intracellular glutathione after treatment with organic N-chloramines.  

Glutathione was expressed as percentages of the untreated control. Data represent values of 

mean ± SEM of 3 independent experiments. Significant differences from control (Kruskal-

Wallis Test, followed by Dunns post test) are indicated as * (p < 0.05). 
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6.3.2. Analysis of Lipid Peroxidation Products 

6.3.2.1. MDA Standard Curve 

 

The MDA standard curve was generated from fluorometric measurements of a 

dilution series of the MDA standard as described in materials and methods section 6.2.3. 

Linearity of the standard curve was observed in a 0 – 31.25 µM range (Figure 6.6). Linear 

regression was analysed, and slope and Y-intercept values were obtained. From the 

standard curve, the linear equation used for further calculation of MDA levels in the test 

sample is also determined (Y = 250.2X + 152.4). 
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Figure 6.6. Representative MDA standard curve.  

Fluorescence was measured using the microplate reader (excitation = 530 nm, emission = 

580 nm). Data are mean ± SD, n = 3. Linear regression, slope = 250.2, Y intercept = 152.4, 

r2 = 0.9978. 
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6.3.2.2. Effect of FeSO4 on MDA Production 

 

Ferrous sulphate (FeSO4) was also used as a positive control in the MDA assay. As 

shown in Figure 6.7, while the background MDA value of the untreated control was 6.7 ± 

1.3 µM (mean ± SEM, n = 3), a significant concentration dependent increase in MDA was 

observed in the treatments with 10 µM – 80 µM  FeSO4  (p = 0.0106, Kruskal-Wallis 

Test). The minimum concentration of FeSO4 that demonstrated a significantly increased 

MDA formation compared with the untreated control was 80 µM (p < 0.05, Dunns post 

test).  
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Figure 6.7. MDA induction in WIL2-NS cells following treatment with FeSO4.  

Data are mean ± SEM of 3 independent experiments (n = 3). Asterisk (*) shows significant 

difference (p < 0.05, Dunns post test) compared with the untreated control.  
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6.3.2.3. Effects of Organic N-chloramines on Lipid Peroxidation 

 

Following exposure to organic N-chloramines, cellular levels of MDA were 

measured. The results are shown in Figure 6.8. The background MDA levels in control 

cells (untreated) was 6.7 ± 1.6 µM (mean ± SEM, n =3). Within the range of 

concentrations tested, no significant increase in cellular MDA levels (analysed by Kruskal-

Wallis Test) was observed following treatment with N-chloroglycine (p = 0.8629), N,N‟-

dichlorolysine (p = 0.6446), N-chlorohistamine (p = 0.8617) or N-chloroethanolamine (p = 

0.6676). 
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Figure 6.8. MDA levels in WIL2-NS cells following N-chloamine exposure 

 to N-chloroglycine (A), N,N‟-dichlorolysine (B), N-chlorohistamine (C) and N-

chloroethanolamine (D). Data are mean ± SEM of 3 independent experiments (n = 3). 
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6.4. Discussion 

 

The oxidative capacity of chloramines has led to a hypothesis that cellular oxidation 

and oxidative stress may be involved in a mechanism of toxicity and genotoxicity of the 

four genotoxic organic N-chloramines described in previous Chapters. To investigate 

oxidative stress conditions, the GSH and the MDA assays were established using FeSO4 as 

the positive control. In WIL2-NS cells, treatment with FeSO4 demonstrated concentration-

dependent responses in both reduction of GSH and increased formation of MDA. Similar 

responses were reported in Jurkat T cells following exposure to FeSO4 as described by 

Erba et al. (2003).  

 

A small but significant reduction of cellular GSH (i.e. up to 15% of the untreated 

control) which was observed in cells following treatment with the four organic N-

chloramines suggested that these compounds reacted with cellular antioxidant. The 

reduction of GSH may be a consequence of an oxidation reaction of the thiol group in GSH 

molecules with the N-chloramines, producing glutathione sulphonamide (Carr et al., 2001; 

Pullar et al., 2001; Winterbourn and Brennan, 1997), and hence the GSH was less available 

to react with DTNB or Ellman‟s reagent (Ellman, 1959) in the GSH assay. A similar effect 

of other organic N-chloramines (i.e. chlorination products of taurine, glycine, Nα-

acetyllysine, lysine, serine, aspartic acid and phenylalanine) on reduction of GSH levels in 

vitro has been reported in the literature (Peskin and Winterbourn, 2001; Raftery, 2007; 

Robaszkiewicz et al., 2008).  
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This study has shown that while levels of cellular GSH decreased somewhat, 

changes in MDA levels were not observed in cells following treatment with the organic N-

chloramines. It was noted that even at maximal N-chloramine concentrations used in this 

study, only 8% – 15% reduction of cellular GSH compared with the untreated control (100 

± 0.43%) was seen ( i.e. 85 ± 3.9%, 92 ± 1.2%, 88 ± 1.4% and 87 ± 1.2% for the N-

chloroglycine, N,N‟-dichlorolysine, N-chlorohistamine and N-chloroethanolamine, 

respectively).  

 

When the effects of cells treated with FeSO4 were compared with the untreated 

control in both MDA and GSH assays, it was found that an increase in MDA formation 

was not observed until the cellular GSH was reduced to 87.8 ± 2.1% of the control (Figure 

6.4 and Figure 6.7, 10 µM FeSO4). This indicates that free radicals produced by the 

treatment of cells with these organic N-chloramines were scavenged prior to lipid 

peroxidation. Although studies have suggested that MDA can cause DNA damage via 

formation of MDA-DNA adducts (Burcham, 1998; Wang and Liehr, 1995), in this study, 

MDA levels remained unchanged in cells treated with the organic N-chloramines, 

suggesting that the genotoxicity observed was not the result of MDA-DNA adduct.  

 

In conclusion, this study investigated oxidative stress as a possible genotoxic 

mechanism of the four organic N-chloramines identified as genotoxins in Chapter 5. The 

results show a slight reduction of cellular GSH following treatment with the organic N-

chloramines but without formation of MDA, hence induction of cellular oxidative stress 

may not be a mechanism involved in genotoxicity of these compounds. To better 

understand the genotoxic mechanism of these organic N-chloramines, further studies are 

required. It is possible that N-centred radicals produced by the organic N-chloramines 

(Hawkins and Davies, 2002) could react with or add directly to DNA molecules, which 
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may result in base modification (Aruoma et al., 1989) or form bulky DNA adducts 

(Randerath et al., 1991). It is also possible that the N-chloramine could react with protein 

molecules (Davies et al., 1993), especially those involved in DNA repair systems (Pero et 

al., 1996), to cause the observed genotoxic events. In addition, since the MN observed in 

Chapter 5 could be either from clastogenic or aneugenic events (Fenech, 2000), apart from 

investigation of effects on DNA damage as discussed above, the loss of whole 

chromosomes due to exposure to the test compound could be possible. This also requires 

further investigation.  
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7. APPLICATION OF CELL BASED ASSAY FOR IDENTIFICATION OF 

PRECURSORS OF TOXIC DBPs IN AUSTRALIAN WATER 

7.1. Introduction 

 

While the previous Chapters have specifically investigated the cytotoxicity and 

genotoxicity of organic N-chloramines, the assays optimised for this work can also be 

applied to other areas of DBP research. One area is the identification of potential 

precursors of toxic DBPs in source water, which should aid in their removal prior to the 

disinfection process. 

 

With relatively low annual rainfall in Australia, very high levels of NOM are 

present in natural waters. NOM is a complex mixture of organic compounds and acts as a 

precursor to DBPs.  Hence high levels of DBPs have been reported in disinfected waters in 

Australia (Simpson and Hayes, 1998). Removal of NOM in the source water prior to the 

disinfection process has shown to be an effective approach in minimising DBP formation.  

To date, several methods such as coagulation (Szlachta and Adamski, 2008), adsorption 

(Bolto et al., 2002), advanced oxidation processes (Lim et al., 2007), filtration (de la Rubia 

et al., 2008; Rojas et al., 2008) or a combination of these methods (Zularisam et al., 2009) 

have been used for removal of NOM in water supplies. Although these methods are 

effective and widely used in water industries, total removal of NOM has not been 

accomplished to date.  As total removal of NOM is not possible, one alternative approach 

to this problem would be to try to target NOM that are known to be precursors for DBPs 

for their selective removal.  This would first require characterisation of the precursor 

NOM.   
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Molecular weight (MW) characterisation of NOM components has been discussed 

in the literature using a technique called high-performance size exclusion chromatography 

(HPSEC) (Amy et al., 1992; Becher et al., 1985; Logan and Wagenseller, 2000; Nissinen 

et al., 2001; Yoshioka et al., 2007). The separation of water components by HPSEC is 

based on hydrodynamic properties related to molecular size. Samples are injected into a 

column containing porous gel materials, where small molecules (low MW) can gain greater 

access to the internal pores than large molecules (high MW) and hence the largest 

molecules are eluted first in the column, while the smallest molecules are eluted last 

(Potschka, 1993). Using this technique, NOM can be separated into various fractions.   

 

In this Chapter MW fractions from a water sample from Western Australia with 

high NOM were analysed for potential cytotoxicity and genotoxicity responses. The 

samples were analysed both pre- and post-chlorination, to determine which fraction(s) 

contain precursors for toxic and/or genotoxic DBPs.  This work was carried out in 

collaboration with researchers at Curtin University, Western Australia, who performed the 

HPSEC separations.  
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7.2. Materials and Methods 

7.2.1. Water Sample and Preparation of MW Fractions 

 

This preparative work was conducted by researchers at Curtin University, Western 

Australia.  Information on water characteristics and the processes used for preparation of 

the MW fractions was provided as detailed below. 

 

A water sample (1000 L) was collected from a Western Australian highly coloured 

surface water (dissolved organic carbon, DOC, 26.2 mg/L) in September 2006. The sample 

was filtered through a 0.45 µm membrane and then subjected to reverse osmosis (RO) to 

concentrate the organic matter in the sample. The final volume of RO concentrate was 16 L 

and the DOC concentration in the concentrate was approximately 1200 mg/L. The recovery 

of DOC after RO treatment was 92%.  

 

A portion of this RO concentrate was then subjected to preparative HPSEC, 

following the method described by Peuravuori & Pihlaja (2004).  A BioSep-SEC-S 3000 

(300 x 21.2 mm i.d., Phenomenex) column was preceded by a BioSep SEC-S 3000 guard 

column (75 x 21.2 mm i.d., Phenomenex). The eluent comprised a 20 mM phosphate 

buffer with a flow rate of 4 ml/min and an injection volume of 1 ml.  The high pressure 

liquid chromatography (HPLC) system was an Agilent 1100 equipped with a dual-loop 

autosampler, a diode array detector collecting data at 254 nm, and an automated fraction 

collector capable of collecting an infinite volume of individual fractions to enable the 

system to run without interruption for an extended period of time.   
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Eight individual MW fractions were collected as shown in Figure 7.1. Elution 

volumes were used as selection criteria for each MW fraction, and the automated fraction 

collector was able to collect the same MW fraction eluting at this elution volume, 

combining the fraction with identical MW fractions collected in previous runs. In total, 979 

injections were conducted over a 3 month period. The total recovery of organic carbon 

from the preparative SEC step was 89%.  

 

The large volumes of each separated MW fraction, also containing the concentrated 

HPSEC phosphate mobile phase, were each concentrated to approximately 1 L by reduced 

pressure distillation and desalted by ultrafiltration using a 1000 Da nominal MW cut-off 

membrane. Each fraction was then diluted to 1 L with purified water, prior to use. 

Measurement of dissolved organic carbon was also conducted at Curtin University. Data 

(provided by Brad Allpike) are shown in Table 7-1. Aliquots of 20 ml of each fraction were 

placed in glass containers and shipped to the Australian Water Quality Centre (AWQC) 

onice. Upon the arrival, 10 ml of all samples were filtered (0.45 µM) and stored at 4ºC 

until further processed. 

7.2.2. Chlorination of MW Fractions 

7.2.2.1. Modified Colorimetric DPD Method 

 

The colorimetric DPD method described in the Standard Methods for the 

Examination of Water and Waste Water, published by the American Public Health 

Association (1998) was modified to allow measurement of small sample volumes. Briefly, 

15 µl PBS and 15 µl DPD solution was added into each well of a microtitre plate, followed 

by 300 µl of freshly prepared chlorine standard (0 – 4 mg/L) or sample. The plate was 
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immediately placed in the microplate reader (Wallac VICTOR3 1420 Multilabel Counter, 

PerkinElmer™), during which time the plate was shaken (medium speed) for 10 second (at 

room temperature in the dark) and absorbance was measured at 490 nm. The chlorine 

standard curve was generated from scatter plots between absorbance and chlorine 

concentrations. Linear regression was used to calculate levels of chlorine residual in the 

samples. Standards were assayed in triplicates. Samples were assayed in duplicate. 

7.2.2.2. Determination of Chlorine Dose for Chlorination of MW Fractions 

 

In order to find the appropriate chlorine dose for chlorination of MW fractions, 

several concentrations were tested. The predicted chlorine concentrations (shown in Table 

7-1) were calculated based on a suggestion by Assoc. Prof. Anna Heitz, Curtin University, 

Western Australia (personal communication). All chlorination experiments were conducted 

in 1.5 ml eppendorf tubes. Briefly, 1350 µl of each MW fraction was mixed with 150 µl 

10X HBSS (Appendix 1, A1-1) in a 1.5 ml eppendorf tube and spiked with various 

concentrations of chlorine solution as shown in Table 7-1. The reaction continued at room 

temperature in the dark (close lid) for 3 days. During which time, samples were taken at 1 

hr, 24 hr, 48 hr and 72 hr for measurements of chlorine residual using the modified 

colorimetric DPD method as described in section 7.2.2.1. The conditions that provided no 

chlorine residual after 24 hr chlorination were selected for use to produce DBPs for 

subsequent cell based assays. 



Chapter 7 – Application of the Cell-based Assay 

Somprasong Laingam, PhD Thesis 2009  140 

7.2.2.3. Chlorination of MW Fractions for Cytoxicity and Genotoxicity Assays 

  

To produce chlorinated DBPs for cytotoxicity and genotoxicity assays, reaction 

conditions obtained from 7.2.2.2 (also shown in highlighted figures in Table 7-1) were 

used. Briefly, 1350 µl of each MW fraction (1 - 8) was placed in a 1.5 ml eppendorf tube 

containing 150 µl 10X HBSS. Chlorine solution was then added into each tube to the final 

concentrations of 36.6, 134.8, 167.4, 103.1, 83.6, 45.6, 25.5 and 137.1 mg/L for fraction 1 

– 8, respectively. The solution were mixed by gently vortexing (10 sec) and reaction 

continued at room temperature in the dark for 24 hr. Prior to cell treatment, chlorine 

residual were measured using the modified colorimetric DPD method (as described in 

7.2.2.1). 

7.2.3. Cytotoxicity and Genotoxicity of Chlorinated MW Fractions 

7.2.3.1. Cell Culture and Seeding Preparation 

 

WIL2-NS cells were cultured and maintained as described in Chapter 3. A day prior 

to the experiment, cells were freshly passaged in a new flask and the culture continued for 

24 hr. On the day of experiment, cell count was performed using the TB exclusion assay 

(described in Chapter 3). The cells were washed once in HBSS and 5.0 x 105 cell 

suspension prepared in HBSS. One millilitre of the cell suspension was placed into each 

well of a 24-well tissue culture plate and cell recovery continued at 37C, 5% CO2 for 1 hr. 
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7.2.3.2. Cell Treatment 

 

A short-term exposure protocol as described in Chapter 5 was used in this current 

study. Briefly, 125 µl, 250 µl and 500 µl of sample (either pre-chlorinated or post-

chlorinated as described in 7.2.2.3) followed by 875 µl, 750 µl and 500 µl of HBSS was 

added into 1st, 2nd and 3rd well of a 24-well tissue culture plate containing the seeded 

cells (refer to section 7.2.3.1), giving the final dilution of 1/16 1/8 and 1/4, respectively. A 

similar experimental set up is shown in Chapter 5.  

 

Bromoacetic acid (BA) (CAS No. 79-08-3, Sigma-Aldrich MO, USA) was used as 

a positive control. Working stocks (2X) were prepared in HBSS (12.5 µM, 25 µM and 50 

µM) and 1 ml of each was added directly into 1st, 2nd and 3rd well of the seeded plate to 

give final concentrations of 6.25 µM, 12.5 µM and 25 µM, respectively. Untreated controls 

were included as required. The cells were mixed and plates were incubated at 37C, 5% 

CO2 for 3 hr.  Following the 3 hr treatment, cells from each well were transferred into a 1.5 

ml eppendorf tube and washed once with HBSS. The cells were then resuspended in 2 ml 

complete medium and placed back in a well of a new 24-well tissue culture plate. The cells 

were grown for 21 hr, 37C, 5% CO2 prior to harvest for cytotoxicity and genotoxicity 

measurements.  
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7.2.3.3. Cytotoxicity Measurement 

 

The MTS assay (as described in Chapter 3) was used to determine cytotoxicity of 

the samples.  Samples were assayed in triplicate. Cytotoxicity was expressed as a 

percentage reduction of MTS cell viability compared with the no treatment control. 

7.2.3.4. Measurement of MN Formation by Flow Cytometry 

 

Six hundred microlitres of the cells from each well was transferred into a 1.5 ml 

eppendorf tube. The cells were centrifuged at 100 g for 5 min and supernatant removed. 

FCM solution 1 (600 µl) was added into the tube, gently mixed and placed in the dark at 

room temperature for 1 hr. Following this time, 600 µl of FCM solution 2 was added 

directly into the tube, the incubation continued in the dark at room temperature for 30 min 

prior to the measurement of MN by flow cytometry as described in Chapter 3.  

7.2.3.5. Measurement of MN Formation by Microscopy 

 

The remaining cells in each well of the 24-well plate (approximately 800 µl) were 

used for preparation of slides for MN measurement by microscopy. The cells were 

collected in a 1.5 ml eppendorf tube, centrifuged at 100 g for 5 min and supernatant 

removed. The cell pellet was mixed in 5 µl FBS and thinly smeared onto 2 glass slides. The 

slides were air-dried, fixed in absolute methanol and stained with Dip-Quik. The stained 

slides were stored at room temperature in the dark until analysis. Microscopic counting of 

MN was conducted under a light microscope (1000X magnification). Approximately 1000 
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cells were counted per slide. MN formation was expressed as a percentage of MN 

containing cells over the total cell counts. 

7.2.4. Data Analysis 

 

All data analyses and graphing were performed using GraphPad Prism version 4.00 

for Windows (GraphPad Software, San Diego California, USA). Unless otherwise stated, 

data plots represent mean ± SD of 2 independent experiments.  
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7.3. Results 

7.3.1. Preparation of MW Fractions 

 

Figure 7.1 shows the chromatogram of the size-exclusion chromatography (SEC) to 

isolate individual fractions of a surface water sample based on their molecular weight 

component. SEC uses porous particles to separate molecules of different sizes. Molecules 

that are smaller than the pore size can enter the pores and therefore have a longer path and 

longer transit time than larger molecules that cannot enter the particles. Hence, the highest 

MW molecules were isolated in fraction 1 while the lowest MW molecules were isolated in 

fraction 8. 

 

Figure 7.1. SEC-UV chromatogram of highly coloured surface water 

after reverse osmosis concentration, showing fractions collected in subsequent preparative 

SEC. kDA = kilodalton. Picture provided by Assoc. Prof. Cynthia Joll, Curtin University, 

Western Australia. 

a1172507
Text Box
 
                                          NOTE:  
   This figure is included on page 144 of the print copy of 
     the thesis held in the University of Adelaide Library.
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7.3.2. Chlorination of MW Fractions 

7.3.2.1. Modified Colorimetric Microplate DPD Assay 

 

Chlorine standard curve was generated from plots of absorbance (490 nm) versus 

chlorine concentrations as shown in Figure 7.2.  The data were analysed by linear 

regression to obtain slope and Y-intercept values. From the standard curve, the linear 

equation used for further calculation of residual chlorine in the test sample is also 

determined (Y = 0.1410X + 0.0060). 
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Figure 7.2. Representative chlorine standard curve  

by the modified colorimetric DPD method (microplate). Linear regression was used to 

determine slope (0.1410) and Y-intercept (0.0060). Data are values of mean ± SEM, n = 3. 
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7.3.2.2. Determination of Chlorine Dose for Chlorination of MW Fractions 

 

Six chlorine dosages were used to chlorinate the MW fractions. The dosages were 

selected based on individual DOC concentration of each fraction as shown in Table 7-1. 

Following the chlorination, chlorine residuals were measured at 1 hr, 24 hr, 48 hr and 72 hr 

using the colorimetric DPD method. It was found that, for all reactions, no chlorine 

residuals were detected at 72 hr (data not shown). The highlighted figures in Table 7-1 

indicates the amount of chlorine consumed at 24 hr after chlorination. These chlorine doses 

were used for chlorination of MW fractions for cytotoxicity and genotoxicity assays. 

 

Table 7-1. MW Fractions, DOC and predicted chlorine doses 

MW 

Fraction 

DOC* 

(mg/L) 

Dose 1 

(mg/L) 

Dose 2 

(mg/L) 

Dose 3 

(mg/L) 

Dose 4 

(mg/L) 

Dose 5 

(mg/L) 

Dose 6 

(mg/L) 

        Fraction 1 23.2 30.5 33.3 36.6 40.7 45.8 52.3 

Fraction 2 84.5 112.3 122.6 134.8 149.8 168.5 192.6 

Fraction 3  122.0 139.5 152.2 167.4 186.0 209.2 239.1 

Fraction 4 66.7 79.6 86.8 95.5 106.1 119.3 136.4 

Fraction 5 54.6 69.7 76.0 83.6 92.9 104.6 119.5 

Fraction 6 32.7 34.2 37.3 41.1 45.6 51.4 58.7 

Fraction 7 17.9 23.4 25.5 28.1 31.2 35.1 40.1 

Fraction 8 60.4 80.0 87.3 96.0 106.7 120.0 137.1 

 
DOC* values provided by Brad Allpike (Curtin University, WA). Predicted chlorine doses were calculated 

based on recommendation of Assoc. Prof. Anna Heitz (Curtin University, WA). Figures highlighted are 

chlorine doses that produced no chlorine residual after 24 hr contact time. 
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7.3.3. Cytotoxicity and Genotoxicity of Pre-chlorinated MW Fractions 

 

Cytotoxicity screening of pre-chlorinated MW fractions was carried out.  While the 

positive control (BA) demonstrated a concentration-dependent cytotoxic response i.e. 

viability reduced to 52.5 ± 7.7% (mean ± SD, n = 2) of the untreated control (100.1 ± 

0.14%), the pre-chlorinated MW fractions No. 1 – 7 were not seen to be cytotoxic to 

WIL2-NS cells. Cell viabilities at the maximum concentration (dilution 1/4) of these MW 

fractions ranged from 97.5 ± 1.1% to 102.8 ± 1.9% (mean ± SD, n = 2), which were not 

different from the untreated control (100.1 ± 0.14%). It was noted that viability of the pre-

chlorinated fraction 8 (at all dilutions) were greater than the control i.e. 117.3 ± 12.1%, 

122.4 ± 13.7% and 122.6 ± 7.6% (mean ± SD, n = 2) for dilution 1/16, 1/8 and 1/4, 

respectively (Graph results are shown in Appendix 2, A2-3). 

 

Genotoxicity of each pre-chlorinated MW fraction was also investigated (data are 

also presented in Appendix 2, A2-4). It was found that while BA demonstrated an increase 

in MN formation measured by flow cytometry (9.7 ± 1.4%, mean ± SD, n = 2) compared 

with the control (2.4 ± 0.3%, mean ± SD, n = 2), there was no change in levels of MN in 

cells treated with pre-chlorinated MW fractions 1 – 7 i.e. the MN values of these samples 

ranged from 2.5 ± 0.6% to 3.1 ± 0.2%. MN results obtained by microscopy were found to 

be consistent with the FCMN method. For the pre-chlorinated fraction 8, FCMN scatter 

plot of the pre-chlorinated fraction 8 demonstrated a distinct population that was different 

from the control (picture is shown in Appendix 2, A2-5), which was identified as bacteria 

by microscopy (gram positive bacilli). Bacterial contamination was also found in the 

original sample. This may explain the increase in cell viability reported previously. Due to 
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bacterial contamination, genotoxicity of pre-chlorinated fraction 8 was not analysed and 

fraction 8 was not included in subsequent experiments. 

7.3.4. Cytotoxicity and Genotoxicity of Chlorinated MW Fractions 

7.3.4.1. Cytotoxicity of Chlorinated MW Fractions 

 

Cytotoxicity of chlorinated MW fractions is shown in Figure 7.3. Chlorinated 

fractions 2, 3 and 4 (Figure 7.3C-E) were observed to be cytotoxic with concentration 

dependent responses shown. No cytoxic response was seen following treatment with 

chlorinated fractions 1, 5, 6 or 7 (Figure 7.3B, F, G and H, respectively). At the highest 

concentration tested (dilution 1/4), the rank of cytotoxicity (expressed as percentages of 

control viability, mean ± SD, n = 2) was chlorinated fraction 4 (54.9 ± 13.6%), chlorinated 

fraction 3 (67.8 ± 4.1% and chlorinated fraction 5 (84.9 ± 7.7%), respectively. 
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Figure 7.3. Cytotoxicity of chlorinated MW fractions.  

Cytotoxicity is presented as a percentage reduction of MTS viability compared with the 

untreated control (Cont.). Values are mean ± SD of 2 independent experiments.   
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7.3.4.2. Genotoxicity of Chlorinated MW Fractions 

 

Figure 7.4 shows the genotoxicity results of chlorinated MW fractions measured by 

the FCMN and microscopy-based MN assays. A concentration-dependent genotoxic 

response was observed in cells treated with the positive control (BA) from both methods 

(Figure 7.4A). While a concentration-dependent increase in MN was clearly observed in 

chlorinated fractions 2, 3 and 4 (Figure 7.4C, D and E, respectively), only a slight increase 

in genotoxic response was seen in chlorinated fraction 5 (Figure 7.4F). Generally, the MN 

results obtained from both FCM and microscopy were consistent, except at the highest test 

concentration (dilution 1/4) of chlorinated fraction 2 and 3 (Figure 7.4C and D), where the 

FCMN results were  greater than the microscopy results (i.e. 58.7 ± 5.7% and 56.8 ± 7.1 % 

by FCMN compared with  9.1 ± 1.8% and 7.9 ± 1.9% by microscopy, respectively). 

Genotoxicity was not observed in chlorinated fractions 1, 6 and 7 (Figure 7.4B, G and H, 

respectively). 
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Figure 7.4. Genotoxicity of chlorinated MW fractions.  

MN frequencies were measured using flow cytometry (black) and confirmed by 

microscopy (white) methods. Dilution 1/4 of chlorinated fraction 3 (C) and fraction 4 (D) 

were highly cytotoxic (results shown as > 50% MN by FCM). Data are presented as mean 

± SD of 2 independent experiments. 
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7.4. Discussion 

 

This Chapter reports a preliminary study using an application of HPSEC followed 

by cytotoxicity and genotoxicity cell based assays to help identify potential precursors of 

hazardous DBPs. This work was conducted in collaboration with researchers at Curtin 

University, Western Australia.  

 

HPSEC is a technique used in NOM characterisation studies for evaluating various 

water treatment processes (Chow et al., 1999; Gjessing et al., 1998). In water treatment, 

HPSEC has been used in the characterisation of NOM both pre- and post treatment process 

to help optimise the treatment process (Vuorio et al., 1998). HPSEC was used to prepare 

MW fractions from a Western Australian water sample as described in the first part of this 

Chapter. Curtin Water Quality Research Centre (Western Australia) has facilities for 

preparative SEC system. The method has been automated by use of a large volume 

autosampler and a state-of-the-art fraction collector, which allows isolation of sufficient 

NOM in each MW fraction to conduct detailed characterisation studies. A total of 8 MW 

fractions were isolated from the water sample and sent to the AWQC for further toxicity 

studies. Unfortunately, fraction 8 was later found to be bacterial contaminated and hence it 

was excluded from the cytotoxicity and genotoxicity studies. 
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Several studies have shown that chlorination of large MW NOM molecules could 

result in the formation of many low MW DBPs (i.e. THMs, phenol, ketones) (Christman et 

al., 1980; Johnson et al., 1982), which indicated the existence of chlorine-containing 

species or intermediate molecules during the process (Glaze and Peyton, 1978). Therefore, 

in order to determine toxicity and genotoxicity of chlorinated products including these 

intermediate molecules (compounds with intermediate half life, including some organic N-

chloramines), the chlorination of MW fraction was performed using 24 hr chlorine contact 

time. It was expected that the effects observed would represent the outcomes of both stable 

DBPs and those with shorter half life. Comparative toxicity studies of the chlorinated MW 

products using 48 and 72 hr chlorine contact time should be included in future study to 

help understand the toxicity of these intermediate molecules. 

 

Several chlorinated MW fractions (especially medium to high MW) demonstrated 

cytotoxicity and genotoxicity in mammalian cells. No effects were seen pre-chlorination in 

all MW fractions. The results of genotoxicity of chlorinated products of intermediate MW 

fractions present in this Chapter was consistent with the mutagenicity study of products 

obtained from chlorination of intermediate MW fractions isolated from a Norwegian water 

sample (Becher et al., 1985). Although there are some variations such as contents in 

sources of water (i.e. DOC of the Australian water is 26.2 mg/L and the Norwegian water 

is 17.5 mg/L), method and the amount of chlorine doses used, a similarity in terms of 

mutagenicity and genotoxicity of these chlorinated intermediate MW fractions is 

interesting and may be worthwhile for further investigation. 
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Although the data presented in this study showed that high cytotoxicity and 

genotoxicity was observed, in respective order, in chlorinated F3, F2, F4 and F5, their 

toxicity potencies cannot be compared. At time of the study, apart from DOC information, 

other chemical compositions of each MW fraction was not available, and hence the 

maximal possible concentrations of chlorinated MW fractions were tested on the 

cytotoxicity and gentoxicity assays. For example, each MW fraction was chlorinated as 

“undiluted” sample and the chlorine dosages determined based on their DOC contents (i.e. 

17.9 mg/L – 122 mg/L concentration range). The highest MW fraction (i.e. F3) showed 

highest toxicity, but this does not mean it is the most potent toxicant compared with the 

others. To determine cytotoxic and genotoxic potencies between these chlorinated samples, 

a defined concentration of the test sample i.e. in molar range is required, which is not 

applicable in these unknown samples.  

 

At present, the compounds responsible for the genotoxicity of these chlorinated 

MW fractions are not known. Due to their health hazard potential, further studies are 

recommended in order to identify the components in these fractions to be able to help 

predict which precursors should be monitored or removed prior to disinfection process. 

The overall study should give a good indication for water authorities on how water 

treatment processes can be optimised for maximum removal of NOM, particularly the 

fractions that contain significant precursors of emerging DBPs. The application described 

in this study could be applied to use in other water sources including drinking water and/or 

recycled water. 
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Another outcome from this study was modification of the colorimetric DPD method 

to a microplate format in order to allow measurement of chlorine residual using a small 

sample volume. The standard colorimetric DPD method 4500-Cl-G (APHA, AWWA and 

WEF, 1998) described in Chapter 4 was adapted to a microplate set up to allow analysis of 

small sample volume. The modified colorimetric DPD method was used to screen chlorine 

residual of chlorinated MW fractions using 300 µl sample volume. In this microplate 

format, up to 96 samples (including chlorine standards) could be measured in a short time 

frame (5 – 10 min). 

 

In conclusion, this Chapter has demonstrated an alternative approach for 

prioritisation studies in terms of NOM removal by using an application of HPSEC and the 

validated cell based assay to help identify potential toxic DBP precursors. This study has 

shown that medium to high MW fractions in NOM contain toxic DBP precursors, which 

may lead to further studies on their chemical identification or on development of effective 

removal technology targeting these specific fractions. 
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8. SUMMARY AND GENERAL DISCUSSION 

 

The aims of the research presented in this thesis were 1) to establish and validate 

the FCMN assay for rapid genotoxicity screening of DBPs, 2) to modify the FCMN assay 

for use in genotoxicity screening of organic N-chloramines and 3) to assess the 

genotoxicity of organic N-chloramines at the concentrations that may be present in 

disinfected drinking water. This research addressed the significance of some organic N-

chloramines as potential health risks with genotoxic potencies identified at micromolar 

concentrations. Oxidative stress was hypothesised as a possible genotoxic mechanism of 

N-chloramines and was also investigated.  Furthermore, the optimised FCMN assay was 

used to screen genotoxicity of DBPs produced from chlorination of molecular weight 

(MW) fractions of an Australian water sample. In this final Chapter the results presented in 

this thesis will be summarised and discussed in more general terms in relation to 

genotoxicity of DBPs, organic N-chloramines and possible future research that may benefit 

Australian water industries. 

8.1. Establishment of the FCMN Assay 

  

The first aim of this research was to establish a procedure that was suitable for 

screening the genotoxicity of a large number of samples. From the literature review, we 

found that the micronucleus assay was very suitable for use in this study due to its broad 

ability in detection of both clastogenic and aneugenic effects of a test chemical (Fenech, 

2000). However, while the traditional MN assay is recommended as a genotoxicity testing 

tool (Fenech, 1997; Fenech, 2006; OECD, 2004), counting MN microscopically is  

impractical for use as a genotoxicity screening method. Therefore, the FCMN that has been 
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previously described in several studies (Avlasevich et al., 2006; Bryce et al., 2007; Nüsse 

and Marx, 1997; Roman et al., 1998; Sanchez et al., 2000; Schreiber et al., 1992) was 

adopted and validated for use to screen genotoxicity of organic N-chloramines. 

 

One disadvantage of the FCMN assay is that if apoptotic nuclei are present in a 

sample they can be registered as MN during the measurement, causing a false positive 

interpretation (Avlasevich et al., 2006; Nüsse and Marx, 1997). To minimise the 

interference from apoptotic nuclei, it was hypothesised that performing experiments in cell 

lines with an impaired apoptosis response may be a good alternative. Two cell lines 

(WIL2-NS and L5178Y) with mutated p53, a gene that plays a crucial role in the induction 

of apoptosis (Lowe et al., 1993), were studied in comparison.  

 

While both cell lines have mutated p53, our results showed that WIL2-NS cells had 

reduced apoptosis response (Chapter 3, section 3.3.4).  The impaired ability to undergo 

apoptosis in WIL2-NS cells presented in this thesis is consistent with the previous studies 

(Xia et al., 1994; Xia et al., 1995). On the othe hand, although having mutated p53, a 

markedly higher apoptosis response was seen in L5178Y cells. It is also noted that the 

function of p53 protein was not investigated in this study, and therefore it could be possible 

that mutation of p53 in L5178Y has less effect on function of P53 protein than that of 

WIL2-NS cells. In addition, although the mechanism of apoptosis is mediated through a 

p53-dependent pathway (Shen and White, 2001), apoptosis could also be induced via a 

p53-independent pathway (Narine et al., 2009; Wang et al., 2009). Further studies are 

required in order to understand these mechanisms, but it is beyond the scope of our study. 

 

It may be argued that genotoxicity assessment of a chemical should be conducted in 

cells with normal p53 function (Kirkland et al., 2007); however, in view of a rapid 
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screening test, the practicality and low background of the assay are of primary 

consideration and assays based on cells with mutated p53 have been widely used in the 

literature for genotoxicity assessment of chemicals. WIL2-NS cells have been widely used 

in the traditional in vitro micronucleus assay (Beetstra et al., 2005; Furuno-Fukushi et al., 

1996; Humpage et al., 2000; Thomas et al., 2003; Umegaki and Fenech, 2000; Wang et al., 

2007), but there is no report on this cell line for the FCMN application. Our study has 

shown that with limited ability to undergo apoptosis, WIL2-NS cell line is a suitable for the 

FCMN assay as a rapid genotoxicity screening of chemicals, which can be used as a 

frontline screening tool in a test battery for genotoxicity.  

 

 Another important issue that was considered when validating the FCMN assay for 

screening genotoxicity of N-chloramines was the use of organic N-free exposure medium. 

While initial validation of the FCMN assay with model genotoxicants was carried out in 

complete cell culture medium, it was realised that chlorine from N-chloro group of organic 

N-chloramines can transfer to other organic nitrogenous compounds in the exposure 

medium (i.e. amnio acids and protein), which could potentially confound the results by i.e. 

producing genotoxic events other than from the test chemical. This is critical when testing 

individual organic N-chloramines for genotoxic activity. This phenomenon has been shown 

previously, for example, by Peskin et al (2004) as discussed in Chapter 5. Therefore, the 

exposure protocol using N-free exposure medium (HBSS) was further optimised and we 

found this exposure protocol work well with WIL2-NS cells as shown in Chapter 5 (section 

5.3.1). Similar considerations were described in a genotoxicity study described by (Maron 

and Ames, 1983).  
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8.2. Genotoxicity of Organic N-chloramines 

 

A major focus of this work was to address potential toxicity and genotoxicity of 

organic N-chloramines that may be present in disinfected drinking water. Initially this 

study aimed to investigate cytotoxicity and genotoxicity of 21 organic N-chloramine 

candidates (as listed in Appendix 2, A2-1). These model compounds were selected based 

on their formation rates, stability, indications of predicted mutagenicity and the presence of 

set of diverse set of secondary functional groups that will affect formation and/or stability 

of the chloramines (Bull et al., 2006). However, only 16 could be produced in our 

laboratory and therefore used in this research. Five compounds (N-chloro-2-

methylbutylaldimine, N-chloroglycyladimine, N-chlorophenylacetaldimine, N-2(N' 

chloroimino)-propanoyl phenylalanine and N-chloro-α-acetylchloroarginine) requires more 

complex reaction conditions and purification, which was not feasible at time of this study, 

and hence they were not included in this thesis. 

   

In order to assess the genotoxicity risk of organic N-chloramines in relation to 

consumption of disinfected drinking water, selection of the test concentration was 

considered critical. The concentrations tested should, in part, reflect the real life situation 

of these compounds being present in drinking water. Unfortunately, to date there is no 

available information on the occurrence of organic N-chloramines in disinfected water. The 

concentrations of organic N-chloramines (in micromolar range) used in this study were 

selected based on the concentration of their amine precursors that could be present in 

natural water source (Nweke and Scully Jr, 1989; Ram and Morris, 1980; Thomas, 1997). 

A survey study on occurrence of these compounds will help understand the risks they may 

pose to humans and therefore should be included in future studies. 
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Our study has shown that of 16 organic N-chloramines, 4 compounds (N-

chloroglycine, N,N‟-dichlorolysine, N-chlorohistamine and chloroethanolamine) are both 

cytotoxic and genotoxic in the mammalian cells (WIL2-NS). Similarly, genotoxicity of 

these four organic N-chloramines have been reported in pervious studies using bacterial 

models (Nakamura et al., 1993; Thomas et al., 1987). 

 

At present, the health risks associated with these genotoxic N-chloramines in 

relation to consumption of drinking water is not known. However, histamine is a 

biomolecule produced (in vivo) by mast cells and secreted from the cells to surrounding 

tissues at inflammatory cites (Nilsson et al., 1999), and thus N-chlorohistamine could be 

formed at sites of inflammation when chlorine or chlorine donating molecules (i.e. 

chlorinated DBPs) are present (Pattison and Davies, 2006).  Further studies should be 

conducted in order to investigate toxicity effects of these inflammatory cells in the 

presence of chlorine or chlorinated disinfection by-products. 

 

Apart from mast cells, enterochromaffin-like (ECL) cells are another main storage 

site of histamine. These cells are found at the mucosal layer of stomach and digestive tract 

(Hakanson et al., 1986; Reite, 1969; Waldum et al., 1991). Since some organic N-

chloramines can be formed and survive in the extremely low pH condition of gastric 

content (Scully et al., 1985), it is possible that the N-chlorohistamine could also be formed 

in the stomach following ingestion of disinfected drinking water (containing HOCl, 

chlorinated DBPs). In order assess health risks of this compound, in vivo formation of N-

chlorohistamine following ingestion of chlorine or chlorinated DBPs may be worth 

investigating. 
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A molecule of lysine comprises 2 amino groups (attached to the α-carbon and the ε-

carbon). In peptides, lysines are often found buried with only the ε- NH2 exposed to the 

environment and this moeity is suggested to be highly susceptible to attack by chlorine 

during water disinfection (Handelman et al., 1998). To clarify this point, apart from the 

normal lysine molecule, 2 analogues of lysine in which either α-NH2 or ε-NH2 were 

blocked by an acetyl group (see chemical structure in Chapter 4) were included in this 

study. Our study showed that there was a clear preference of reactivity on the different 

amino side chains with chlorine, which is consistent with a study reported by Handelman et 

al. (1998) and Nightingale et al. (2000).  

 

It was also found that chlorination of α-acetylated lysine (chlorine attack at ε-NH2) 

demonstrated a small increase in cytotoxic and genotoxic effects (Chapter 5). This 

indicated that ε-NH2 of lysine is likely to form a toxic produce when in contact with 

chlorine. A significantly greater effect observed in the treatment of chlorinated lysine 

(N,N‟-dichlorolysine) compared with its acetylated derivatives was rather interesting. It 

was possible that the greater effects observed may indicate a toxicological significance of 

the number of chlorine atoms in a molecule of an N-chloramine once it enters the cells. 

Because lysine in natural water can be present as a complex molecule, including in 

peptides (in which ε-NH2 is the hot spot for chlorine attack) it is suggested that  

toxicity/genotoxicity of chlorinated lysine-containing peptides should be included in future 

studies. 

 

 A possible genotoxic mechanism of the 4 genotoxic N-chloramines (measurements 

of oxidative stress) was conducted as detailed in Chapter 6. As N-chloramines have 

oxidative capacity that, once they enter cells, can initiate secondary reactions with cellular 

antioxidants such as thiols (Carr et al., 2001; Peskin and Winterbourn, 2001; Peskin and 
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Winterbourn, 2003; Prutz, 1998; Thomas et al., 1986), it was hypothesised that a 

mechanism involved in genotoxicity of these compounds may be mediated through  

oxidative stress.   

 

Depletion of cellular glutathione and lipid peroxidation were used as indicators to 

determine the level of oxidative stress in WIL2-NS cells following exposure to the 

cytotoxic / genotoxic N-chloramines. This study has shown that a small reduction of GSH 

occurred at all treatment concentrations with the 4 genotoxic N-chloramines while lipid 

peroxidation was not observed. The slight reduction of GSH without lipid peroxidation 

indicated that although the N-chloramines could react with the cellular GSH, the oxidative 

potency did not overwhelm the cellular antioxidant, and hence genotoxicity of these 

compounds was unlikely to be mediated through oxidative stress.  

 

To date, the genotoxic mechanism of the N-chloramines is still not well understood. 

It has been suggested that following the entry of these compounds to the cell interior, some 

chemical modifications such as oxidation of thiols in protein molecules occurred, which 

may have a subsequent effect on modification of bases in DNA (Thomas et al., 1987). A 

small reduction of intracellular glutathione present in this study has confirmed that 

oxidation of cellular thiols took place following the cell entry (Carr et al., 2001; Peskin and 

Winterbourn, 2001; Peskin and Winterbourn, 2003; Prutz, 1998; Thomas et al., 1986).  

Although our study demonstrated that cellular oxidative stress was not evident, the 

oxidation of the cellular antioxidant suggested that reactions with other cellular 

macromolecules could have occurred, but was not measured in this study.   

 

Hawkins and Davies (2002) has shown that direct reaction of N-chloramines with 

plasmid DNA could damage the DNA backbone, which lead to both single- and double-
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strand breaks via N-chloramine-mediated reactions as well as radicals from the 

nucleobases. The study also suggested that the initial formation of nitrogen-centred radicals 

on nucleobases could lead to backbone strand cleavage via hydrogen atom abstraction from 

the sugar-phosphate backbone of the DNA strand. Hence, it was possible that upon cell 

entry although oxidation of cellular glutathione took place, the majority of organic N-

chloramine may rapidly enter the nucleus and react with nucleobases, resulting in strand 

breaks which consequently lead to MN formation as observed. To confirm this hypothesis, 

further investigations on organic N-chloramines and oxidative DNA damage, mediated 

through N-centred radical formation using techniques such as Electron Paramagnetic 

Resonance Spectroscopy (Hawkins and Davies, 1999; Hawkins and Davies, 2002) are 

required. 

 

Within the concentration range tested (micromolar), 12 organic N-chloramines did 

not show cytotoxic nor genotoxic effects in WIL2-NS cells (Chapter 5; Table 5-1 and 

Table 5-3). While compounds such as chlorinated products of arginine, histidine, 

phenylalanine and serine were reported to have mutagenic effects in the bacterial Ames 

Test (Nakamura et al., 1993), they did not show genotoxic effects in WIL2-NS cells in this 

study. This discrepancy may be due to two possibilities. Firstly,  the concentration of 

compounds used in our study (micromolar) is much lower that that used in previous study 

(millimolar) (Nakamura et al., 1993). Secondly, it is also possible that the different 

outcomes from our studies compared with the study conducted by Nakamura et al. (1993) 

may have been from the different assay sensitivity between micronucleuss assay and Ames 

test.  
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8.3. Significance of This Study to Water Research in Australia 

 

An application of the mammalian cell-based assay validated in this research was 

used to help identify which MW fraction(s) should be focussed for future studies in relation 

to identification of individual compound(s) that have potential in forming toxic DBPs, for 

future removal of these precursors prior to chlorination or monitoring of the toxic DBPs 

after the disinfection process. The methods described in Chapter 7 can be applied to use in 

water collected from different part of Australia, including South Australia. 

 

Another objective of this research was to understand the relationship between 

amine precursors found in each of the MW fractions produced by the Curtin University 

team and the genotoxic organic N-chloramines identified following chlorination of the 

MW water fractions (Chapter 7). Unfortunately, at the time of this study, chemical analysis 

of the amine content of these MW fractions had not been done. It is hypothesised that the 

genotoxic MW fractions (reported in Chapter 7) may contain organic N-chloramines 

produced from anime precursors in the concentrates. Further studies are required to help 

identify whether organic N-chloramines play a role in the genotoxicity of these MW 

fractions isolated from Australian water. 
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8.4. Conclusion  

 

This thesis described optimisation and validation of the mammalian cell based 

FCMN assay, and its use for assessment of the genotoxicity of 16 organic N-chloramine 

candidates. This study reported that within the lower micromolar concentration range, 4 

organic N-chloramines were genotoxic to  mammalian cells (WIL2-NS). A slight reduction 

of cellular GSH without lipid peroxidation observed in the cells treated with these four N-

chloramines has indicated that oxidative stress was unlikely to be a mechanism involved in 

their genotoxicity. These findings therefore suggest that formation of N-centred radicals 

that react preferentially with DNA bases may be a better hypothesis to investigate further. 

To understand what mechanisms are involved, further studies including direct reaction to 

DNA molecules to form DNA adducts are required. A main outcome of this research is the 

successful establishment of a mammalian cell based FCMN assay for use as a rapid 

genotoxicity screening test of water samples. The established assay could also be used to 

screen potential genotoxicants in various types of water samples, which will provide a 

great benefit for water industries in Australia. 
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8.5. Future Research Direction 

 

Previously, concerns in relation to potential health effects of organic N-chloramines 

have been raised by investigation of their roles in production of a variety of chronic 

diseases including some human cancers following their in vivo formation as a consequence 

of inflammatory processes (Daumer et al., 2000; Halliwell et al., 1987; Pero et al., 1995). 

However, to date, there have not been any reports on their toxicology if consumed in 

drinking water. Our studies have shown that some organic N-chloramines can cause 

genotoxic damage in human cells even when exposure occurred at relatively low 

concentrations (micromolar), indicating the risk that these compounds may pose to 

humans. It is strongly recommended that in vivo studies should be undertaken in order to 

characterise the toxicological risks of these compounds. To this end, Dr Bull recently 

included unpublished results from this study on N-chloramines in a submission to the US 

National Toxicology Program recommending subchronic, chronic and carcinogenicity 

studies be carried out on N, N-dichlorolysine and N-chlorohistamine (R. J. Bull, personal 

communication). 

 

Since the formation of organic N-chloramines could take place in both chlorinated 

and chloraminated drinking waters, further studies including their occurrence, fate of 

compounds in distribution systems, potential exposure and health risk assessments 

associated with these compounds should be of priority. A key question is whether these 

molecules are 1) those that occur in disinfected water or 2) those that might be formed after 

ingestion of water containing residual amounts of free chlorine, chloramines or other 

chlorinated compounds so that chlorine transfer can occur when in contact with biological 

amines. This area of study also needs to be investigated further. 
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An application of the cell based assay for described in this thesis (Chapter 7) may 

be applied to use for determination of toxicity of pre- and post-chlorination of MW 

fractions isolated from various water sources. In addition, this research has shown that 

several medium to high MW fractions have been shown to be precursors to toxic DBPs. At 

this point of time, identification of individual DBPs in these complex mixtures is not 

available. It could be possible that several N-chloramines may be present amongst these 

chlorinated products. Further toxicity identification of the DBPs in these fractions may 

indicate if organic N-chloramines were involved in the cytotoxicity and genotoxicity 

observed.  
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Appendix 1: Media, Buffers and Solutions 
 

A1-1. Cell Culture and Treatmen Media 

 

RPMI Basic  

 RPMI 1640 (Sigma-Aldrich # R6504) 10.4 g 

 NaHCO3 (Sigma-Aldrich # S5761)  2.0 g 

 HEPES (Sigma-Aldrich # H4034)  3.8 g 

 Sterile Milli-Q water    950 ml 

 Dissolve all ingredients in 1 L Schott bottle, adjust to pH 7.4 ± 0.05,  

make to 1 L, filter (0.2 µM) and store at 4C. 

  

WIL2-NS Complete Medium 

 RPMI Basic     200 ml 

 Filtered (0.2 µM) FBS   20 ml 

 Penicillin G (Sigma-Aldrich # P7794) 0.06 mg/ml 

 Streptomycin (Sigma-Aldrich # S9137) 0.1 mg/ml 

  

L5178Y Complete Medium 

 DMEM (Sigma-Aldrich # D6429)  200 ml 

 Filtered (0.2 µM) 100X HEPES*  1 ml 

 10% Pluronic acid (GIBCO)   2 ml 

 Filtered (0.2 µM) FBS   20 ml 
 

*100X HEPES 

HEPES (Sigma-Aldrich # H4034)  2.38 g 

DMEM (Sigma-Aldrich # D6429)  10 ml 

Dissolve the ingredients in a 50 ml conical tube, filter (0.2µM) and store at - 20C. 
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10X PBS 

 NaCl (UNIVAR # A465)   80 g 

 KCl (Sigma-Aldrich # P5405)  2 g 

KH2PO4 (BDH)    2 g  

Na2HPO4 (Sigma-Aldrich # S5136)  11.5 g 

Sterile Milli-Q water    1 L 

Dissolve all ingredients in 1 L Schott bottle, adjust the pH to 7.4 ± 0.05, 

Autoclave at 121C for 15 min and store at room temperature up to 3 months. 

 

1X PBS 

 10X PBS     100 ml 

 Sterile Milli-Q water    900 ml 

Store at room temperature (200 ml per bottle). 

 

10X HBSS 

 KCl (Sigmal-Aldrich # P5405)  4 g 

 KH2PO4 (BDH)    0.6 g 

 NaHCO3 (UNIVAR # D3247)  3.5 g 

 NaCl (UNIVAR # A465)   80 g 

 Na2HPO4 (Sigma-Aldrich # S5136)  0.4788 g 

 D-glucose (Sigma-Aldrich # G5146)  10 g 

 Sterile Milli-Q water    1 L 

Dissolve all ingredients in 1 L Schott bottle, adjust the pH to 7.4 ± 0.05, 

filter (0.2 µM) and store at 4C. 

 

HBSS 

 10X HBSS     100 ml 

 Sterile Milli-Q water    900 ml 

 Store at 4C (200 ml per bottle). 



Appendicies 
 

Somprasong Laingam, PhD Thesis 2009  171 

A1-2. Flow Cytometry Solutions 

 

FCM Solution 1 

 NaCl (UNIVAR # A465)   0.584 g 

 Na-citrate (Sigma-Aldrich # S4641)  1 g 

 Nonidet P40 (Fluka # 74385)   300 µl 

 Sterile Milli-Q water    1 L 

Dissolve all ingredients in 1 L Schott bottle and store at room temperature for up to 

3 months. 

 

FCM Solution 2 

 Citric acid (Sigma-Aldrich # C0759)  7.5 mg 

 Sucrose (Sigma-Aldrich # S0389)  42.8 g 

 Sterile Milli-Q water    500 ml 

 Dissolve all ingredients in 1 L Schott bottle and store at 4C for up to 3 months. 

 

 

A1-3. Chlorination Reagents 

 

DPD (N,N-diethyl-p-phenyl diamine) 

 NH2-C6H4-N(C2H5)2. H2SO4   1.1 g 

 EDTA (disodium)    0.2 g 

 H2SO4 (conc.)     2 ml 

 Milli-Q water      1 L 

Dissolve all ingredients in 1 L bottle, store at room temperature (protected from 

light) 

 

FAS (Ferrous ammonium sulphate) 

 Fe(NH4)2(SO4)2. 6H2O   1.106 g 

 H2SO4 (conc.)     0.25 ml 

 Milli-Q water     1 L 

Dissolve all ingredients in 1 L bottle, store at 4C (protected from light) and 

equilibrate at room temperature prior to use. 
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Buffer Solution pH 6.5 

 Na2HPO4     24 g 

 KH2PO4     46 g 

 Disodium EDTA    0.8 g 

 HgCl2      0.02 g 

 Milli-Q water     1 L 

Dissolve all ingredients in a 1 L bottle, store at room temperature (protected from 

light). 

 

KI Solution  

 KI      0.5 g 

 Milli-Q water     100 ml 

 Prepare the solution in a dark bottle and store at room temperature. 

 

 

A1-4. Glutathione Assay Reagens 

1X Assay Buffer 

 25X Assay Buffer (TREVIGEN®)  2 ml 

 Sterile Milli-Q water    48 ml 

 

Reaction Mix 

 Reaction Mix  (TREVIGEN®)  1 bottle 

 Sterile Milli-Q water    8 ml 

Reconstitute the reaction mix by gently mixing the content over a 15 min period. 

Immediately before use in the assay, vortex the vial of Glutathione Reductase 

(TREVIGEN®) and add 10 µl to the bottle of reaction mix.  

 

5% Metaphosphoric Acid 

 Metaphosphoric Acid (Aldrich #23,927-5) 5 g 

 Sterile Milli-Q water    100 ml 

Dissolve metaphosphoric in Milli-Q water and store at 4C. 

 



Appendicies 
 

Somprasong Laingam, PhD Thesis 2009  173 

2 M 4-Vinylpyridine 

 4-Vinylpyridine (Aldrich # V3204)  108 µl 

 Ethanol     392 µl 

Prepare the reagent in a fume hood and use immediately.  

 

 

A1-5. MDA Assay Reagens 

 

1X TBA Acid Dilutent 

 2X TBA acid diluents (OxiSelect™)  25 ml 

 Sterile Milli-Q water    25 ml 

 

TBA Reagents  

 Thiobarbituric acid (OxiSelect™)  130 mg 

 1X TBA acid diluents    25 ml 

Prepar the TBA reagent just before use by mixing vigorously until the powder has 

dissolved. Adjust the pH of the solution to pH 3.5 with sodium hydroxide solution. 

 

  

 

 



Appendicies 
 

Somprasong Laingam, PhD Thesis 2009  174 

Appendix 2: Additional Results 
 

(Not Presented in Thesis Chapters) 

 

A2-1. Organic N-chloramine candidates (RJ Bull, personal communication) 

 

Twenty-one organic N-chloramines were suggested for further genotoxicity investigation. 

Only 16 were used in this study. The results are presented in Chapter 4 and Chapter 5. 

 

NO. N-chloramine candidates  N-chloramines tested in this study 

1 N- chloroleucine N- chloroleucine 

2 N- chloroisoleucine N- chloroisoleucine 

3 N- chloroglycine N- chloroglycine 

4 N- chlorophenylalanine N- chlorophenylalanine 

5 N- chloroserine N- chloroserine 

6 N chlorohistidine N- chlorohistidine 

7 Taurine monochloramine Taurine monochloramine 

8 N, N'- dichlorolysine N, N'- dichlorolysine 

9 N- chloro-α-acetyllysine N- chloro-α-acetyllysine 

10 N- chloro-ε-acetyllysine N- Chloro-ε-acetyllysine 

11 N- chloroarginine N- chloroarginine 

12 N- chlorohistamine N- chlorohistamine 

13 N- chloroethanolamine N- chloroethanolamine 

14 N- chloroalanylphenylalanine N- chloroalanylphenylalanine 

15 N-chloroglutamate N- c hloroglutamate 

16 N, N'- dichlorocystine N, N'-  dichlorocystine 

17 N- chloro-2-methylbutylaldimine NA 

18 N- chloroglycyladimine NA 

19 N- chlorophenylacetaldimine NA 

20 N- 2(N' chloroimino)-propanoyl phenylalanine NA 

21 N- chloro-α-acetylchloroarginine NA 
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A2-2. Intracellular GSH levels of WIL2-NS cells following treatment with N-chloramines 

(Raw data taken from Chapter 6). 

 

Treatment Total GSH (pmole/well) 

 

Control (untreated) 286 ± 21 

20 µM FeSO4 193 ± 7.9 

40 µM FeSO4 70 ± 12.0 

  N-chloroglycine 

      7.5 µM 277 ± 23 

     15 µM 261 ± 22 

     30 µM 243 ± 24 

  N-chlorolysine 

      7.5 µM 280 ± 21 

     15 µM 273 ± 21 

     30 µM 262 ± 17 

  N-chlorohistamine 

      7.5 µM 271 ± 25 

     15 µM 264 ± 25 

     30 µM 253 ± 20 

  N-chloroethanolamine 

      104 µM 277 ± 20 

     209 µM 271 ± 22 

     418 µM 250 ± 21 

    

       Data represent values of mean ± SEM, n = 3. 
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A2-3. Cytotoxicity of pre-chlorinated MW fractions  

(Additional results from Chapter 7) 
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Cytotoxicity is presented as a percentage reduction of MTS viability over the untreated 

control (Cont.). Data are mean ± SD of 2 independent experiments.   
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A2-4. Genotoxicity of Pre-chlorinated MW fractions  

(Additional results from Chapter 7) 

 

Sample % MN (FCM) % MN (Microscopy) 

Control (untreated) 2.4 ± 0.3 1.0 ± 0.2 

BA 6.2 µM 2.9 ± 0.3 1.0 ± 0.2 

BA 12.5 µM 3.8 ± 0.7 1.7 ± 0.2 

BA 25 µM 9.7 ± 1.4 6.2 ± 0.4 

Fraction 1 2.8 ± 1.0 1.0 ± 0.2 

Fraction 2 2.5 ± 0.6 1.0 ± 0.2 

Fraction 3 3.0 ± 0.9 0.8 ± 0.3 

Fraction 4 3.1 ± 0.2 0.9 ± 0.2 

Fraction 5 2.8 ± 0.3 0.9 ± 0.3 

Fraction 6 2.5 ± 0.3 0.8 ± 0.3 

Fraction 7 2.7 ± 0.4 0.9 ± 0.4 

Fraction 8 77.0 ± 3.9* 1.1 ± 0.3** 

BA = Bromoacetic acid. Data are mean ± SD of 2 independent experiments. 

Fraction 8 showed high levels of debris in FCMN (*) and bacterial contamination in 

microscopy (**). 
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A2-5. FCMN Scatter Plots of Pre-chlorinated MW Fraction 8  

(additional results from Chapter 7) 

 

 

 

 

Flow cytometry profile (scatter plots: SSC vs. FL2-H) of control (A) vs. pre-chlorinated 

fraction 8 (B). R1 and R2 are MN and N regions. R3 contains population of unknown 

origin. Investigation of this pre-chlorinated sample indicated bacterial contamination. 
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