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EXECUTIVE SUMMARY 

BACKGROUND 
The work focused on nanotechnology-based solutions for drinking water in which electrospun nanofibres 
were used either for removal or detection of contaminants in water. The project was inspired by the need to 
contribute towards addressing the current global challenge to ensure the availability of clean drinking water. 
Potential impact areas for nanotechnology in water applications are divided into three categories, namely 
treatment and remediation, sensing and detection, and pollution prevention. Therefore, the project was part 
of a global drive towards nanotechnology-based strategies for addressing water challenges. 
 
RATIONALE 
To develop low cost and highly efficient electrospun nanofibre-based devices and/or systems for water 
purification as well as instant and continuous monitoring of water quality suitable for resource poor 
communities.  
 
AIMS AND OBJECTIVES  
The aim of the project was to develop nanomaterial-based contaminant removal or detection systems for 
water applications relying on a versatile nanofabrication technique. 
 
Electrospinning is a versatile technique that finds application in the area of nanotechnology as it allows the 
fabrication of nanofibres from a wide range of materials with controlled functionalities and morphology. The 
fact that electrospinning is a simple and low cost technique in addition to the large surface area to volume 
ratio of nanofibres, makes electrospun nanofibres the optimal material for use as a low cost platform for the 
development of contaminant removal or detection systems for water purification and/or quality control. 
 
The objectives for the project were as follows:   

1. To develop electrospun nanofibre-based sorbents for uptake of metals in water; 
2. To develop electrospun nanofibres with antimicrobial properties for control of pathogens in water; 
3. To develop electrospun nanofibre-based optical detection probes for the detection of heavy metals 

and organic contaminants in water; and 
4. To develop enzyme/substrate immobilised electrospun nanofibres for removal and monitoring of 

contaminants in water. 
 
METHODOLOGY 
Nanofibres were fabricated using the electrospinning facilities in the Chemistry Department at Rhodes 
University. The experimental approach consisted of two stages; firstly, evaluating the recognition principle 
(compounds or metallic nanoparticles) responsible for selectivity in solution phase before incorporating them 
in or on a nanofibre platform. The methodologies of the major tasks conducted in the development of 
nanofibre-based platforms are summarised below; 
 
• 2-amino-4,6-dihydroxylpyrimidine functionalized polyvinylmethylketone nanofibres were employed as a 

sorbent for the selective uptake of arsenate from water. 
• Nylon 6 nanofibres functionalized either with 2-substituted N-alkylimidazole derivatives or silver 

complexes containing N-alkylimidazole-2-methanol ligands were employed as antibacterials against 
gram-positive (Staphylococcus aureus and Bacillus subtilis subsp. spizizenii), gram-negative 
(Escherichia coli) bacteria and fungi (Candida albicans).   

• Glutathione capped silver/copper alloy nanoparticles embedded in nylon 6 nanofibres were employed 
for the colorimetric detection of nickel(II) ions. 

• Pyridylazo-2-naphthol functionalized polyacrylic acid nanofibres were employed as a florescence 
quencher for the detection of nickel(II) ions. 

• 2-(2′-Pyridyl)imidazole functionalised poly(vinylbenzyl chloride) nanofibres were employed for the 
colorimetric detection of iron(II) ions. 

• Gold nanoparticles embedded in either nylon 6 or polystyrene nanofibres were employed for the 
colorimetric detection of 17β-estradiol in water.  

• Acetylcholinesterase immobilised blend of nylon 6/chitosan nanofibres was employed for the detection 
of carbofuran in water.   
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• A glyphosate detection system in the solution phase was scaled down by reducing the volume of 
reagents for complexation. 

 
RESULTS AND DISCUSSION 
The most important results and their implications towards the development of nanofibre-based strategies for 
contaminant removal or detection are summarised;  
 
Development of electrospun nanofibre-based sorbents for uptake of metals 
The selective uptake of arsenate species from aqueous solution by 2-amino-4,6-dihydroxylpyrimidine 
functionalized polyvinylmethylketone nanofibres was found to be highly pH dependent. The material 
displayed rapid sorption capacity between 98 and 100% within 20 min at the pH range of 3-5. In the 
presence of a 100-fold molar excess of chloride, nitrate and nitrite anions, the removal of arsenate by 2-
amino-4,6-dihydroxylpyrimidine functionalized polyvinylmethylketone nanofibres was not affected by the 
competing anions. The interaction between arsenate and the electrospun nanofibres is suspected to be via 
hydrogen bonding of the anion with the hydroxyl groups on the primidine ring.     
 
Development of electrospun nanofibres with antibacterial properties 
The antimicrobial activity of the 2-substituted N-alkylimidazole was tested against a Gram-negative 
(Escherichia coli), Gram-positive (Staphylococcus aureus and Bacillus subtilis subsp. spizizenii) bacteria and 
fungi (Candida albicans) using the disk diffusion method. Escherichia coli proved to be the most resistant of 
the bacterial strains. All the compounds tested were not active against Candida albicans. N-decylimidazole-
2-carboxylic acid proved to have excellent activity across the entire range of tested bacterial strains. Several 
compounds, including N-decylimidazole-2-carboxylic acid and the commercial imidazole-based anti-biotic 
metronidazole, were identified for the incorporation into nanofibres. The 2-substituted vinylimidazoles were 
also immobilized onto the surface of electrospun fibres using UV initiated graft polymerization. The imidazole 
derivatives that were screened performed better than metronidazole across the entire range of tested 
bacterial strains. Silver complexes containing N-alkylimidazole-2-methanol ligands with shorter alkyl chain 
length were predominantly active against Escherichia coli. The complexes containing ligands with longer 
alkyl chain length displayed predominant activity against Bacillus subtilis subsp. spizizenii.  
 
The electrospun nanofibres incorporated with 2-substituted N-alkylimidazoles showed excellent antimicrobial 
activity against Gram-positive bacterial strains (Staphylococcus aureus and Bacillus subtilis subsp. spizizenii) 
and the latter was more susceptible. However, the antimicrobial activity against Escherichia coli was poor. 
Electrospun nanofibres incorporated with silver(I) complexes showed a broad spectrum antimicrobial activity. 
The antimicrobial activity against Escherichia coli and Candida albicans was solely attributed to the silver(I) 
ions. For Staphylococcus aureus and Bacillus subtilis subsp. spizizenii, the antimicrobial activity was 
attributed to both the silver(I) ions and the 2-hydroxymethyl-N-alkylimidazoles. The electrospun nanofibres 
on which 2-substituted vinylimidazoles were grafted onto the surface displayed excellent percentage growth 
reduction against Staphylococcus aureus. The grafted nanofibres also exhibited lower cytotoxic effects 
against Chang liver cell lines.    
 
Development of electrospun nanofibre-based optical detection probes 
In the first approach, 1-pyridylazo-2-napthol functionalised poly(acrylic acid) nanofibres were employed as a 
fluorescent probe for selective detection of Ni2+ ions. A decrease in fluorescence intensity of the fluorophore 
was observed and it was attributed to a photoinduced electron transfer mechanism. Selective complexation 
of the ligand with Ni2+ ions played a major role in inducing selectivity of the fluorophore towards Ni2+ ions. 
 
The second approach involved the synthesis of glutathione-stabilized silver/copper alloy nanoparticles in 
nylon 6 nanofibres with subsequent colorimetric detection of Ni2+ ions. The silver/copper alloy nanoparticles 
were dark green in colour due to their intense surface plasmon absorption band. In the presence of Ni2+, the 
green silver/copper alloy nanoparticles were discoloured. However, there was a negligible colour change in 
the presence of other transition, alkali and alkali earth metal ions. The selectivity towards Ni2+ ions was 
attributed to the preferential complex formation of the capping agent glutathione with the Ni2+ ions. 
 
In the third approach, 2-(2′-pyridyl)imidazole functionalised poly(vinylbenzylchloride) fibres were employed 
for the colorimetric detection of Fe2+ ions. A change in colour from colourless to red-orange was easily 
observed by the naked eye in the presence of Fe2+. However, alkali metal and alkaline earth metal cations 
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did not induce such a change. The response time upon exposure to Fe2+ was instantaneous. This 
observation was attributed to the formation of a spin-paired six-coordinate iron(II) complex in the presence of 
2-(2’-pyridyl)imidazole. Systems of this nature tend to form an orange-red complex. 
 
The fourth approach involved the incorporation of gold nanoparticles into electrospun nylon 6 and 
polystyrene polymer nanofibres for the colorimetric detection of 17β-estradiol. It was observed that when 
nylon 6 was employed as the supporting matrix, the colour changes were not very distinct at the different 
concentrations of analyte. On the contrary, when polystyrene was employed as the supporting matrix, distinct 
colour changes were observed at different analyte concentrations. In the presence of 17β-estradiol colour 
changes observed were white to pink at higher concentrations and white to blue at medium concentrations. 
The probe was further evaluated for selectivity where cholesterol was employed as the competing analyte. At 
the same conditions, the probe showed a very deep pink colour within a few min of adding 17β-estradiol 
while cholesterol resulted in a faint pink colour after 5 h. The selectivity was attributed to the difference in 
polarity of the analytes as it had a direct influence on mass transfer. 
        
Development of enzyme/substrate immobilised nanofibres 
The first task involved the scaling down of the conventional glyphosate detection under predetermined 
optimal conditions. The system was successfully scaled down to a total assay volume of 1 mL.  Experiments 
utilizing micellar media containing hexadecyl trimethylammonium bromide (CTAB), sodium dodecyl sulphate 
(SDS), Triton X and Tween 20 were carried out in an attempt to improve on system sensitivity. Despite the 
fact that Triton X and Tween 20 provided no improvement in detection, other surfactants improved detection. 
The detection system showed specificity for glyphosate, when tested on its structural analogues, namely, 
glycine and aminomethylphosphonic acid (AMPA, a primary metabolite of glyphosate). 
 
The second task involved the immobilisation of acetylcholinesterase onto a blend of electrospun nylon 
6/chitosan nanofibres and the detection of carbofuran. Immobilisation of acetylcholinesterase onto 
nanofibres was achieved with glutaraldehyde crosslinking. Relative to free acetylcholinesterase, the 
immobilised enzyme showed considerable storage stability retaining ~50% of its activity when stored for 49 
days at 4°C. Immobilised acetylcholinesterase also retained > 20% of its initial activity after nine consecutive 
reuse cycles. When exposed to fixed concentrations of carbofuran immobilised acetylcholinesterase showed 
similar inhibition characteristics to that of the free enzyme. 
 
CONCLUSIONS 
The research detailed in this report has enhanced the understanding of the use of electrospun nanofibres as 
a platform for water purification and contaminant detection strategies. All four objectives set out at the 
initiation of the project were achieved with great success as all the respective electrospun nanofibre-based 
devices and/or systems showed positive results. 
 
RECOMMENDATIONS FOR FUTURE RESEARCH 
The experimental design at this stage of the work was biased towards proof of using electrospun nanofibre-
based platforms for detection and removal of contaminants in water. Therefore, the next stage of the work 
will focus on developing prototypes as a step towards scaling up and/or commercial use of electrospun 
nanofibre-based systems or devices for water applications. 
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1 INTRODUCTION 

Clean drinking water is a resource that is rapidly depleting and it is estimated that 1.2 billion people do not 
have access to safe drinking water worldwide. In addition, millions of people die from various waterborne 
diseases, including almost 5000 children a day. These numbers are increasing as the world population 
keeps growing (Montgomery and Elimelech, 2007). Therefore, providing access to clean water is a priority 
worldwide. In South Africa, an estimated 5.7 million people lack access to basic water services and about 
17 - 18 million lack basic sanitation services (Kasrils, 2003). Most of these people are the marginalised poor; 
and these figures are likely to increase due to industrial expansion, rising population, and impacts of climate 
change. Access to safe drinking water free of disease causing bacteria and viruses is a basic human right 
and essential to maintaining healthy people. It also impacts on economic growth and development especially 
in developing countries such as South Africa. 
 
In principle, water is a renewable resource as a result of the water cycle, that is, it simply gets shuffled 
around through the processes of evaporation, condensation and precipitation. Therefore, the global 
challenges of water are classified into three as; 
 

1. The demand for water is increasing at a rapid pace such that it has been predicted that it could 
exceed water supply in just two decades.  

2. Water is not always distributed to where it is needed in an efficient manner (see Fig.1.1). Canada, for 
example, has ample supplies of clean water; but the Middle East and North Africa are constantly in 
need. Re-routing large volumes of water from regions with an excess of water to regions of water 
scarcity is possible but difficult, and requires large scale changes in infrastructure. 

3. Pollution of water is increasing due to the expansion of various agricultural and industrial processes 
that introduce pathogens, pesticides and heavy metals into water sources. Various contaminant 
inputs effectively lower the supply of fresh water as natural water cycles are not fast enough to 
efficiently clean the contaminated water. 

 

 
Figure 1.1: World map showing areas of physical and economic water scarcity (UNEP/GRID-Arendal, 2008) 

 
Currently, many countries rely on centralized water treatment plants for providing safe drinking water. 
However, it is difficult to provide clean water where such infrastructure is not available due to financial 
limitations as is the case with most developing countries. What is critically needed is to develop small to 
medium scale methods for purifying water in a cost effective way. Instead of cleaning water in a centralized 
location and distributing it, the more practical option is to clean water right where it is needed. Consequently, 
nanotechnology makes it possible to purify water on a much smaller scale. The water sector could apply 
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nanotechnology to develop more cost effective and high performance water treatment systems as well as 
instant and continuous ways to monitor water quality (FDFA, 2006). 
 
Some innovative products are now emerging to remedy the situation in developing countries, and these are 
highly relevant to the needs of South Africa (see Table.1.1). 
 
Table 1.1: Nanobased products relevant to developing countries seeking to improve water supplies 
(Abraham, 2006, Brown, 2006, Institute, 2006, Nanowerk, 2007, Yavuz et al., 2006) 

Product How it works Importance Developer 
Nanosponge for 
rainwater 
harvesting 

A combination of polymers 
and glass nanoparticles that 
can be printed onto surfaces 
like fabrics to soak up water 

Rainwater harvesting is increasingly 
important to countries like China, 
Nepal and Thailand. The nanosponge 
is much more efficient than traditional 
catching nets. 

Massachusetts Institute of 
Technology, United 
States 

Nanorust to 
remove arsenic 

Magnetic nanoparticles of iron 
oxide suspended in water 
bind arsenic, which is then 
removed with a magnet 

India, Bangladesh and other 
developing countries suffer thousands 
of cases of arsenic poisoning each 
year, linked to poisoned wells. 

Rice University, United 
States 

Desalination 
membrane 

A combination of polymers 
and nanoparticles that draws 
in water ions and repels 
dissolved salts 

Already on the market, this membrane 
enables desalination with lower energy 
costs than reverse osmosis 

University of California, 
Los Angeles and 
NanoH2O 

Nanofiltration 
membrane 

Membrane made up of 
polymers with a pore size 
ranging from 0.1 to 10 nm  

Field tested to treat drinking water in 
China and desalinate water in Iran, 
using this membrane requires less 
energy than reverse osmosis 

Saehan Industries, Korea 

Nanomesh 
waterstick 

A straw-like filtration device 
that uses carbon nanotubes 
placed on a flexible, porous 
material 

The waterstick cleans as you drink. 
Doctors in Africa are using a prototype 
and the final product will be made 
available at an affordable cost in 
developing countries 

Seldon Laboratories, 
United States 

World filter Filter using a nanofibre layer, 
made up of polymers, resins, 
ceramic and other materials 
that removes contaminants 

Designed specifically for household or 
community level use in developing 
countries. The filters are effective, 
easy to use and require no 
maintenance 

KX Industries, United 
States 

Pesticide Filter using nanosilver to 
adsorb and then degrade 
three pesticides commonly 
found in Indian water supplies 

Pesticides are often found in 
developing country water supplies. 
This pesticide filter could provide a 
typical Indian household with 6000 L of 
clean water over one year 

Indian Institute of 
Technology in Chennai, 
India and Eureka Forbes 
Limited, India 

 
 
Current efforts have already resulted in new water purification devices that are smaller in scale and cheaper 
to operate than traditional centralized treatment plants. Nanotechnology thus holds great promise to tackle 
the global water challenge. Therefore, the research direction that should be taken could focus on the search 
for new materials with respect to chemical composition as well as alternative material fabrication techniques 
at the nanoscale. From our research team’s perspective, a plausible approach would be to use electrospun 
nanofibres as alternative materials for water applications. This is based on the fact that through 
electrospinning, the benefits of nanoparticles could be derived in nanofibrous form at the same time 
addressing some (if not all) of their limitations. Further, as a result of their fibrous and continuous nature, 
electrospun nanofibres may expand possibilities for device fabrication. Therefore, the report presents our 
efforts towards taking advantage of the properties of electrospun nanofibres for the benefit of ensuring a 
supply of safe drinking water. 
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2 LITERATURE REVIEW 

Electrospinning is a term used to describe a fibre forming process by which repulsive electrostatic forces are 
employed to draw a solution or melt of optimal viscoelasticity into nanofibres (Teo and Ramakrishna, 2006). 
Spinning in this context is a textile term that derives from the early use of spinning wheels to form yarns from 
natural fibre staples like cotton and is commonly used to identify fibre forming processes for synthetic fibres 
as well (Doshi and Reneker, 1995, Zeleny, 1914). 
 
The process of electrospinning was discovered by Lord Rayleigh (Rayleigh, 1882), patented by Cooley and 
Morton (Cooley, 1902, Morton, 1902), studied in more detail by Zeleny in 1914 (Zeleny, 1914), and further 
developments towards commercialization of the process were reported by Formals in 1934 (Formhals, 
1934). However, a large industrial use was not seen until the advent of nanotechnology around 1990. Since 
then, electrospinning has found increasing use as studies have shown that a large variety of materials can 
be electrospun (Reneker and Chun, 1996).  
 

2.1 Basic electrospinning set-up 

In its simplest incarnation, the process of electrospinning is relatively easy to implement. The set-up is made 
up of three basic components (see Figure 2.1);  

1) a high voltage power supply 
2) a way to deliver a viscoelastic solution; and, 
3) a means of collecting the fibres  

 

 
Figure 2.1: Basic components of an electrospinning set-up (Teo and Ramakrishna, 2006)  

 
Modifications of electrospinning designs to achieve the desired nanofibre assemblies are centred on these 
three components (Teo and Ramakrishna, 2006). In addition, there are many factors which affect the 
electrospinning process and the resultant fibre properties, including polymer materials (e.g. polymer 
structure, molecular weight, solubility), solvent (e.g. boiling point, dielectric properties), solution properties 
(e.g. viscosity, concentration, conductivity, surface tension), operating conditions (e.g. applied voltage, 
collecting distance, flow rate) and ambient environment (e.g. temperature, gas environment, humidity). 
 

2.2 Mechanism of electrospinning 

On application of a voltage that exceeds the critical point (typically above 5 kV); the induced electric field 
causes the repulsive interactions between like charges in the viscoelastic solution and the attractive forces 
with the oppositely charged collector to exert tensile forces. This leads to elongation of the pendant drop at 
the needle tip. As the electric field strength is increased further, a point will be reached at which the 
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With the increase in the number of electrospinning companies (see Table 2.1) over the last decade, 
electrospinning is expected to progressively move from a laboratory bench process to an industrial scale 
process. On the basis of the electrospinning companies, it may be said that in the near future, large scale 
production of electrospun nanofibres will be possible thus paving way for industrial scale production of 
nanofibre-based devices for water treatment or detection of contaminants. 
 
Table 2.1: Some electrospinning companies established in the last decade (Chigome and Torto, 2011) 

Company name Country 
Applied Sciences, Inc. (ASI) United States of America 
Elmarco Czech Republic 
eSpin Technologies, Inc. United States of America 
Fibertex Nonwovens Denmark 
Finetex Technology United States of America 
IME Technologies Netherlands 
NanoFMG Turkey 
Neotherix United Kingdom 
Nicast Israel 
SNS Nanofiber Technology, LLC United States of America 
Zeus United States of America 
Electrospinz nanofibre engineering New Zealand 
Fluence Japan 
KES Kato Tech, Co., Ltd. Japan 
Mechanics Electronics Computer Corporation Japan 
NanoNC Korea 
Yflow Technology Spain 
The Electrospinning Company United Kingdom 
PolyNanotech Germany 
Fanavaran Nano-Meghyas Tehran 
ANSTCO Turkey 
Fiber Materials Electrospinning Laboratory Russia 
 

2.4 Range of materials that can be electrospun 

The primary requirement for fibre formation through electrospinning is the viscoelasticity of the spinning 
solution. Solutions based on high molecular weight polymers possess the requisite viscoelasticity due to their 
long chains, hence making them the most popular electrospun material (Frenot and Chronakis, 2003). 
However, there is a wide range of pre and post electrospinning modification processes that have made it 
possible to broaden the range of materials that can be electrospun (Ramakrishna et al., 2006, Greiner and 
Wendorff, 2007).  
 
Generally, materials are classified into five groups according to their chemical composition; metals, 
semiconductors, polymers, ceramics and composites (Smith, 2003). This means that it should be possible 
through electrospinning to fabricate all the materials from the five classes into nanofibrous form (Frenot and 
Chronakis, 2003, Ramakrishna et al., 2006, Greiner and Wendorff, 2007). Therefore, as long as a melt or 
solution can be formed, the material composition cannot limit the applicability of electrospun nanofibres for 
water purification or detection of water contaminants. Numerous examples exist of the pre and post 
electrospinning modification strategies that have made it possible to broaden the application areas of 
electrospun fibres (Chigome and Torto, 2012, Chigome and Torto, 2011, Ramakrishna et al., 2006). 
However, a few examples will be mentioned related to functionalisation strategies that can afford fibres with; 
(a) Colorimetric properties either by immobilising dyes or metallic nanoparticles, (b) Analyte selectivity either 
by intermolecular forces or molecular recognition, (c) Antimicrobial properties by immobilising biocides 
(organic molecules, metal complexes and metallic nanoparticles) and lastly (d) Specific detection properties 
by immobilising enzymes. 
 
A simple fabrication approach of materials that combine two properties; a large specific surface area and a 
reversible visual colour change, is the basis of our research team’s perspective towards the development of 
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3 DEVELOPMENT OF ELECTROSPUN NANOFIBRES FOR UPTAKE OF 
ARSENATE FROM AQUEOUS MEDIUM 

3.1 Introduction 

The objective of the study was to fabricate 2-amino-4,6-dihydroxylpyrimidine electrospun nanofibre-based 
solid phase extraction sorbent for the selective uptake of arsenate from wastewater. 
 
Arsenic is a worldwide pollutant in ground and surface waters with serious health effects upon long term 
intake of even low concentrations through portable water consumption (Berg et al., 2006). Arsenic 
contamination in drinking water has become a major concern in many regions around the world, and has 
affected more than 100 million people worldwide (Quaff and Ashhar, 2005). Recently, the acceptable level of 
arsenic in drinking water was limited to 10 µg/L according to the U.S. Environmental Protection Agency and 
World Health Organization, but many developing countries still comply with a limit of 50 µg/L  (Zhang et al., 
2009). 
 
Some water treatment technologies including coagulation, co-precipitation with ferric sulphate, precipitation 
as the sulphide using sodium sulphide or hydrogen sulphide, ion-exchange, adsorption, reverse osmosis, 
and electrodialysis are available for removing arsenic from water, but still suffer from a post treatment 
challenge regarding the alkaline sludge produced after the treatment (Hering et al., 1997, Singh and Pant, 
2004, Salame et al., 2011). The sludge, which contains a mixture of gypsum, heavy-metal hydroxides and 
carbonate in addition to a large amount of water, leak back arsenic to the environment after exposure to 
water and air. Adsorption is one of the commonly used mechanisms for the removal of arsenic from water, 
especially for individual homes and small community systems in low income regions because the system is 
simple to operate and is cost effective (Dixit and Hering, 2003).  
 

Many sorbents including mixed metal oxides, resins, activated alumina and modified materials were reported 
to be effective for arsenic removal (Ofomaja et al., 2005, Lin and Wu, 2001). Although activated alumina has 
been the most often used sorbent for arsenic removal, its disadvantages include relatively low sorption 
capacity which leads to leakage and the need for pH adjustment due to low working pH range (Armienta and 
Segovia, 2008, Pokrovski et al., 2002). Recently, more effective Fe(lll) bearing material such as goethite, 
ferrihydrite, granular ferric hydroxide (GFO), iron oxide coated activated carbon and Fe(lll) loaded cellulose 
have been developed for arsenic and consequent selectivity of adsorption process (Mohan and Pittman, 
2007, Driehaus et al., 1995, Meng et al., 2001, Da and Masotti, 2010, Huang et al., 2011, Sun et al., 2011). 
Fibrous sorbents can be used directly and are easily separated from aqueous solution after adsorption due 
to their long size (Kuenstl et al., 2009). 
 
Some researchers have prepared modified fibres to remove toxic anions, such as humic acid, fluoride and 
phosphate (Pokrovski et al., 2002, Kuenstl et al., 2009) but few studies have been conducted to remove 
arsenate from wastewater (Endo et al., 2012, Ren et al., 2009, Toda et al., 2005). Sorbents prepared from 
electrospun nanofibres have come to the forefront of analyte uptake due to their characteristics such as 
specific surface area, porosity, flexibility to surface functionalisation and ability to conform to a wide variety of 
physical and chemical conditions. The large surface area offers the nanofibres enhanced sorption capacity 
(Wu and Clark, 2008, Chigome et al., 2011). The concentrations of arsenic in water samples are very low, 
therefore sensitive analytical methods are required in order to achieve accurate and reliable results.  Thus, 
an uptake of arsenate was quantified using inductively coupled plasma optical emission spectrometer (ICP–
OES) US-EPA (2001).  

3.2 Experimental 

Reagents and materials 
The sodium salts of nitrate and nitrite, arsenic(lll) oxide (all of purity more than 99%), 
2-amino-4,6-dihydroxylpyrimidine and polyvinylmethylketone were purchased from Sigma Aldrich (St. Louis, 
USA and South Africa). N,N–Dimethylformamide, diethylether and tetrahydrofuran were purchased from 
Merck Chemicals (Wadeville, South Africa). All other chemicals were of analytical grade and were used 
without any further purification. Standard solutions were freshly prepared using ultrapure water generated 
from milliQ system (Massachusetts, USA). All glassware were washed, rinsed and soaked overnight in 
concentrated HNO3 and then before use. 
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Instrumentation 
Infrared spectra of the product as well as the polyvinylmethylketone and 2-amino-4,6-hydroxylpyrimidine 
were recorded on a Perkin-Elmer 100 FT-IR spectrophotometer (Massachusetts, USA). The morphology of 
the nanofibres was studied by a Tescan (TS5 136ML) field emission scanning Electron Microscope (Brno, 
Czech Republic) operating at an accelerated voltage of 20 kV after gold sputter coating. The diameters of the 
fibres were evaluated through the distance transform approach using Scandium Software (Ziabari et al., 
2009). The concentrations of the anions in solution were measured using a Thermo Electron (iCAP 6000 
series) inductively coupled plasma–optical emission spectrometer (ICP OES). Emission line of 193.76 nm for 
As was selected based on the EPA method of determining arsenic (V) (Ma et al., 1992). The pH of the 
solution was determined using Jenway (3510) pH meter (Essex, UK). 
 
Synthesis of 2-amino-4,6-dihydroxylpyrimidine functionalised polyvinylmethylketone (APPMK) 
2-Amino-4,6-dihydroxylpyrimidine was prepared by dissolving 0.330 g (0.0026 mmol) in 15 mL of aqueous 
0.02 N NaOH solutions and was refluxed for 2 h at 70°C after complete dissolution. 0.035 g (0.0026 mmol) of 
the polyvinylmethylketone was dissolved in 10 mL of DMSO in a beaker and was added to the solution drop 
wise with continuous stirring for 12 h. On cooling, the solution was slowly poured while stirred vigorously into 
ethanol to precipitate the polymer, which was filtered under vacuum suction, washed extensively with diethyl 
ether and dried in a desiccator for 24 h. 
 
Fabrication of 2-amino-4,6-dihydroxylpyrimidine functionalised polyvinylmethylketone nanofibres 
(APPMKNFs) 
The electrospun nanofibres (20%) w/v were prepared by dissolving 2.0 g of the functionalized polymer in 
10 mL of DMF:THF (3:7 v/v). The solution was stirred overnight to obtain a homogeneous solution. The 
polymer solution was loaded into a 10 mL syringe which was mounted onto a programmable syringe pump 
(New Era, NE- 1000). The solution was pumped at a flow rate of 0.50 mL/h through a stainless steel needle 
of 0.584 mm internal diameter. The applied voltage at the tip and the collector was maintained at +15 kV and 
-5 kV respectively. 

 
Adsorption/desorption studies 
To vials containing 20 mL aliquots of standard solutions, 10 mg of the functionalized nanofibre (sorbent) was 
added and stirred for 2 h. The concentration of the arsenate anion left in the solution was determined using 
ICP–OES after filtering the sorbent. 10 mg of the sorbent dose was used for the uptake of anion. They were 
placed in 20 mL aliquots of standard solutions and stirred for 2 h. The sorbent was then filtered off, washed 
with ultrapure water and was dried on the filter using vacuum suction (Chigome et al., 2011). To investigate 
the pH range of arsenate in the solution, adsorption studies were carried out in a standard solution of 
(50 µg/L) arsenic (V) within the pH range of 3 – 12. The extent to which arsenate anion was enriched was 
determined using ICP–OES. The effect of contact time on the uptake of arsenate anion was also investigated 
in (10 µg/L) of arsenate solution in batch experiments. The pH of the solution was adjusted with 0.1 M NaOH 
or 0.1 M HCl. 
 
The desorption studies were carried out in 0.1 M NaOH and 0.1 M NaCl solutions, in  batch experiments, in 
order to find a suitable solvent system for desorption of arsenate recovery from APPMKNFs. The effect of 
this was due to the stripping ability of OH- at the higher concentration and effective in eluting adsorbed 
arsenate (Schwarzenbach and Schellenberg, 1965). 
 
Desorbability (%) was calculated by the following equation: 
(%)	ݕݐ݈ܾܾ݅݅ܽݎ݋ݏ݁ܦ  = 	 ஼ೌ஼೑ 	× 100  (1) 

 
Ca = Quantity of desorbed to the elution 
Cf = Amount of ion adsorbed on the adsorbent 
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3.3 Results and Discussion 

Synthesis and characterization 
The Schiff base ligand, 2–amino–4,6-dihydroxylpyrimidine, was synthesized with polyvinylmethylketone 
through a condensation reaction (Scheme 3.1).  

 
Scheme 3.1: Synthesis of aminodihydroxylpyrimidine functionalized polyvinylmethylketone polymer 

The FT-IR spectra for the functionalized polymer and the two starting materials (polyvinylmethylketone and 
2–amino-4,6-dihydroxylpyrimidine) are shown in Figure 3.1. The bands at 3139 cm-1 and 1696 cm-1 were 
assigned respectively to the amino functional group on the ligand and the carbonyl on the polymer. The peak 
at 1613 cm-1 was assigned to the stretching vibration of the imine functional group of the Schiff base. 

 
Figure 3.1: The FTIR spectra of polyvinylmethylketone.0, 2-amino 4,6-dihydroxylpyrimidine and APPMKNFs  
 
The diameter of the 20% fibres fell in the range 127 to 200 nm. The specific surface area of the sorbent 
defines its efficiency for adsorption. However, the determination of fibre BET surface area via carbon dioxide 
gas adsorption analysis revealed that the sorbent had a good surface area of 57 ± 2 m2/g. 
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material. At the higher pH, the observed decrease could be attributed to the loss of hydrogen on the sorbent 
material as the pH was increased since the pKa of the hydroxyl groups is around 10-11 (Pagnanelli et al., 
2000)  thus decreasing the attraction of the anion to the sorbent due to partial ionization of hydroxyl groups. 
Subsequent studies were, therefore, carried out in the pH range of 3-5. 

 
Figure 3.4: The effect of pH on arsenate removal onto APPMKNFs 

Adsorption isotherms 
The adsorption capacity values were calculated using the Langmuir isotherm [Eq. (2) and Freundlich 
equation [Eq. (3)]. 
 େୣொ௘ = ஼௘ொ௠ 	+	 ଵ(௄௔ொ௠)  Langmuir Isotherm  (2) 

 logܳ௘	 = logܭ௙ + ଵ୬ log  ௘  Freundlich Isotherm  (3)ܥ

 
where Ce [mg/L] and Qe [mg/g] are arsenate concentration and adsorption equilibrium, Qm [mg/g] and Ka 
[L/mg] are the theoretical maximum adsorption capacity and Langmuir equilibrium constant related to the 
theoretical maximum adsorption capacity. Kf and n are the Freundlich constants which are indicators of 
adsorption capacity and adsorption intensity. 
 
The adsorption data best fitted the Langmuir isotherm compared to the Freundlich isotherm (see Figure 3.5). 
Langmuir equation is used to describe a monolayer adsorption without adsorbate interaction (Scott and 
O'Reilly, 1991). The correlation coefficient for the Langmuir model was (R2 = 0.9968) which was higher than 
that of Freundlich model (R2 = 0.8313), showing that the adsorption in the experiment better fit the Langmuir 
model. 
 

Table 3.1: Parameters of Langmuir adsorption equation and Freundlich isotherm equation for adsorption 
experimental data 

Isotherm Parameters Values 
Langmuir Qm (mg/g) 

Ka (mg/L) 
R2 

145.1  
1.05 
0.9968 

Freundlich KF 
n 
R2 

0.563 
2.686 
0.8313 
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Adsorption kinetics 
The adsorption kinetics play an important role in the efficiency of arsenate removal from solution (Eblin et al., 
2006). Figure 3.5 shows that more than 98% of arsenate in the spiked water sample was removed within 
20 min of contact time. 

 
Figure 3.5: Optimization of the time needed to extract maximum arsenate at a pH of 3 

 
Interference studies 
The effect of co-existing anions on the removal of arsenate unto APPMKNFs was studied in spiked solutions. 
Wastewater normally contains coexisting ions which could potentially interfere in the adsorption of arsenate.  
Thus, the competitive sorption of the coexisting anions including; nitrite, bicarbonate, nitrate and chloride 
were evaluated in the test solution of arsenate containing 10 µg/L and 50 µg/L of the co-existing anions. 
There was no significant difference for the adsorption of arsenate in the presence of the co-existing anions. 
In light of these observations, we can say that the APPMKNFs are well suited for arsenate removal in the 
presence of the co-existing anion because 98.1 – 99.7% of arsenate was recovered from the solution 
(Table 3.2). 
 
Table 3.2 Effect of co-existing anions on the removal of arsenate (n = 3) 

Anions added Concentration of anions µg/L Concentration of arsenate µg/L Recovery (%) 
Chloride 50, 60 50 99.39, 99.78 
Nitrate 50, 60 50 99.69, 98.87 
Bicarbonate 50, 60 50 99.09, 98.54 
Nitrite 50, 60 50 99.79, 98.19 

 
Reusability studies 
The adsorbed arsenate was quantitatively recovered by desorption with 0.1 M NaOH and results are shown 
below in Figure 3.6.  
 
Figure 3.6 shows that the arsenate sorption capacity of the sorbent material was slightly decreased after the 
fifth cycle and this shows that the sorbent material was good and could be reused several times without loss 
of binding ability for arsenate. 
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Figure 3.6: The reusability cycles of APPMKNFs 

 
Application of APPMKNFs on environmental water sample  
Millipore water and wastewater samples were spiked with arsenic(III) oxide. The measurements were 
performed three times and the results for the spiked samples are summarized in Table 3.2. It may be 
concluded from the results presented that APPMKNFs could be effectively used for the specific removal of 
arsenate from wastewater. 
 
Table 3.3: Analysis of arsenate in Millipore water and wastewater samples (n = 3) 

Spiked samples Quantity spiked (µg/L) of arsenate % EE using ICP-OES Analysis
Millipore Water 50 99.9
Millipore Water 50 98.3

 

3.4 Conclusions 

The uptake of arsenate using 2–amino-4,6-dihydroxylpyrimidine functionalized polyvinylmethylketone 
nanofibres was investigated in batch experiments. The maximum adsorption of arsenate was above 98% 
within the pH range of 2 to 7, and the kinetics of uptake were relatively fast (within 20 min). The sorbent 
material worked well in the uptake of arsenate in the presence of co-existing anions. Adsorbed arsenate was 
eluted with 0.1 M sodium hydroxide solution from the sorbent material and this sorbent can be used five 
times with a slight decrease in performance after the fifth cycle. Therefore, the sorbent material was good 
and could be reused several times without loss of binding of arsenate. 

 

3.5 Recommendations 

Work is currently in progress to establish the column mode for adsorption as a step towards developing pilot 
scale flow through systems that rely on electrospun nanofibres as the sorbent bed. 
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4 PREPARATION AND ANTIMICROBIAL ACTIVITY STUDIES OF 
2-SUBSTITUTED N-ALKYLIMIDAZOLES 

4.1 Introduction  

The objective of the study was to synthesize 2-substituted N-alkylimidazole derivatives and study the effect 
of the pKa of the 2-substituent [aldehyde (-CHO), alcohol (-CH2OH), carboxylic acid (-CO2H)] on the 
antimicrobial activity against Escherichia coli, Staphylococcus aureus, Bacillus subtilis subsp. spizizenii and 
Candida albicans. 
 
Microorganisms occur all around the environment such as in the air, water, skin and food. Due to the 
adverse health effects of the pathogenic microorganisms, their treatment and control is very important. Some 
known pathogenic microorganisms include Escherichia coli, Staphylococcus aureus, Bacillus subtilis subsp. 
spizizenii and Candida albicans, to name a few. Escherichia coli, a Gram-negative bacterium, can cause 
diarrhoeal disease and usually affects mostly children and adults (Ali et al., 2012). Its infectious dose is 
relatively low (10 microorganisms) compared to other bacterial causes of gastro-enteritis. Staphylococcus 
aureus, a Gram-positive bacterium mainly found on the skin surface and mucous membranes of humans and 
animals, can cause skin sepsis and wound infections (Muñoz-Bonilla and Fernández-García, 2012). Bacillus 
subtilis subsp. spizizenii, another Gram-positive bacterium found in the environment, causes infections such 
as meningitis. It can also exacerbate previous infections by producing tissue-damaging toxins or metabolites 
that interfere with treatment. Candida albicans, a yeast found in the warm regions of the human skin, causes 
Candidiasis which is the most common type of yeast infection as well as infections of tissues of the oral 
cavity, skin and diaper rash and nailbed infections (Pitarch et al., 2001). 
 
The use of imidazole compounds is well established in the field of medicinal chemistry, finding applications 
as anticancer (Congiu et al., 2008), antibacterial (Khabnadideh et al., 2003), antifungal (Goker et al., 1991), 
antiparasitic (Samant and Sukhthankar, 2011) and antidiabetic (Crane et al., 2006) drugs, to name a few. 
The discovery of azole antibacterial and antifungal agents began with benzimidazole in 1944 (Woolley, 
1944). Since then several reports have noted the antifungal activity of imidazoles (Woolley, 1944, Antolini et 
al., 1999, Khan et al., 2006), the action of which is suspected to be due to interference with ergosterol 
synthesis and membrane damage (Sheehan et al., 1999). Azoles inhibit lanosterol demethylase, a 
cytochrome P-450 dependent enzyme which is responsible for the synthesis of ergosterol. Ergosterol is a 
major sterol of the cytoplasmic membrane and is responsible for a variety of cellular functions. It is 
responsible for the fluidity and integrity of the cytoplasmic membrane, as well as the proper functioning of 
chitin synthetase. Chitin synthetase is in turn responsible for cell growth and division (Sheehan et al., 1999, 
White et al., 1998). The mechanism of antibacterial action of azoles is believed to be through the inhibition of 
enoyl acyl carrier protein reductase (FabI), a novel antibacterial target (Rostom et al., 2009). 
 
Further development and modification of antimicrobial agents remains crucial, since rapid mutation and 
subsequent drug resistance of new microbial strains continues (Sharma et al., 2009). Derivatizing the 
imidazole group with long alkyl chains has been demonstrated to dramatically improve the antibacterial 
activity of simple imidazoles. A few substituents at the 2-position of N-alkylimidazole derivatives such as the 
methyl group and the ether moiety have also been investigated for their effect on the antimicrobial activity 
(Khabnadideh et al., 2003, Samant and Sukhthankar, 2011). 

4.2 Experimental 

Reagents and Instrumentation 
Alkylbromides, n-butyllithium (2.5 M in hexane), imidazole (99.5%) and acetone (laboratory reagent, >99.5%) 
were obtained from Sigma Aldrich. Hydrogen peroxide (30%), sodium borohydride, silver nitrate, hydrochloric 
acid (32%), potassium carbonate, sodium sulphate (anhydrous) and potassium hydroxide, diethylether, 
dimethylformamide and chloroform were obtained from Merck Chemicals (SA) and were used as received. E. 
coli (AATC 8793), S. aureus (AATC 6538), B. subtilis, subsp. Spizizenii (AATC 6633) and C. albicans (AATC 
2091) were obtained from Microbiologics. Meuller-Hinton, Nutrient (agar/broth) and Potato dextrose agar 
(Merck), metronidazole discs (50 μg) and blank discs (6.5 mm) were sourced from Davies Diagnostics. 
Metronidazole (for preparing 100 μg discs) was purchased from Changzhou Longcheng Medicine Raw 
Material Co., Ltd., Changzhou City, Jiangsu, China, and ketoconazole was purchased from Oman Chemicals 
and Pharmaceuticals, Al Buraimi, Sultanate of Oman.  



21 

The NMR spectra were recorded on a Bruker Avance 400 NMR spectrometer. Infrared spectra were 
obtained with a Perkin Elmer Spectrum 400 FT-IR spectrometer. Microanalysis was carried using a Vario 
Elementar Microtube ELIII. The minimum inhibitory concentrations were measured using LEDETECT96 
microplate reader, equipped with CAPTURE96 software. For the cytotoxicity experiments, absorbance was 
measured using a Biotek Powerwave XS Spectrophotometer and the results were analysed using Graphpad 
Prism 5 software. 
 
Synthesis of N-alkyimidazole-2-substituted derivatives 
N-alkylimidazole-2-carboxaldehyde and N-alkylimidazole-2-methanol derivatives were prepared as 
previously reported (see synthesis Scheme 4.1) (Oberhausen et al., 1989, Kruse et al., 1990, Roe, 1963). 
Several new N-alkylimidazole-2-carboxylic acids were prepared from the corresponding N-alkylimidazole-2-
carboxaldehydes by hydrogen peroxide facilitated oxidation in aqueous conditions. The reaction required no 
heating and water was the only by-product of oxidation, making it an environmentally friendly option. The 
only purification necessary was the removal of residual water in vacuo, at room temperature. This afforded 
the N-alkylimidazole-2-carboxylic acid derivatives in quantitative yields. 

 
Scheme 4.1: Synthesis of N-alkylimidazole-2-substituted derivatives, 2-substituent = methanol, 
carboxaldehyde, carboxylic acid. R = benzyl, methyl, ethyl, propyl, butyl, heptyl, octyl, decyl. a. KOH, R-X 
and acetone. b. Butyllithium, DMF and diethylether. c. H2O2 

 
Antimicrobial activity 
The antimicrobial activity of the compounds was tested against a Gram-negative (E. coli), Gram- positive (S. 
aureus and B. subtilis subsp. spizizenii) bacteria and fungi (C. albicans) using the disk diffusion method.  
Blank disks (6.5 mm) were impregnated with 20 μL of a methanolic solution containing the various 
compounds such that 50 μg and 100 μg of the pure compound remained on the disk. The disks were left 
overnight at room temperature to allow the methanol to evaporate, and then placed onto Mueller-Hinton agar 
plates streaked with the various bacteria. The plates were incubated (bacteria at 37°C, fungi at 30°C) for 18 
h (fungi for 48 h) after which the zone of clearance was measured and the minimum inhibitory concentrations 
were determined using the broth microdilution method. Single colonies were suspended in the Mueller-
Hinton or Nutrient broth and incubated until an appropriate optical density (OD600) at 600 nm, over a period of 
2-6 h. Ethanolic solutions of test compounds (2.5 mg/mL) were serially diluted in 96 well microplates using 
the broth. The bacterial suspension (5 μL) was added and the plates incubated at 37°C for 18 h. 
Metronidazole and Ketoconazole were used as positive controls for bacteria and fungi, respectively.  

4.3 Results and Discussion 

Poor antibacterial activity was observed for compounds with alkyl chain lengths of less than four carbons at 
the concentrations tested. Therefore, the results were not been included. However, compounds with longer 
alkyl chain lengths, N-alkylimidazole-2-aldehyde (W1e-g), N-alkylimidazole-2-methanol (W2e-g) and 
N-alkylimidazole-2-carboxylic acid (W3e-g) derivatives showed excellent concentration dependant 
antibacterial activity against the Gram-positive bacteria. The activity was also highly dependent on the length 
of the alkyl chain, a trait previously observed (Khabnadideh et al., 2003, Khan et al., 2006). At both 
concentrations (50 and 100 μg), the compounds showed excellent activity against Gram-positive B. subtilis 
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subsp. spizizenii, with the exception of W3e which showed little activity (Table 4.1). Substitution of the alkyl 
chain with a benzyl group (W1h, W2h, W3h) eliminated antibacterial activity completely.  
 
Generally, imidazole compounds are more active against gram-positive bacteria (Antolini et al., 1999), as 
was the case in this study. The Gram-negative bacteria, E. coli proved to be the most resistant of all the 
bacteria tested. The resistance of E. coli has been attributed to it having an outer cell membrane which 
regulates the contents that enter or leave the cell (Denyer, 1995). 
 
Table 4.1: Zones of clearance and MICs of N-alkylimidazoles using 50 and 100 µg of compounds 

Compound E. coli S. aureus 
B. subtilis subsp. 

spizizenii 
C. albicans 

 R No. 50 100 MIC* 50 100 MIC* 50 100 MIC* 50 100 MIC*

Aldehydes 
Heptyl W1e - + >2.5 + ++ 0.04 +++ +++ 0.02 - - nd 
Octyl W1f - + >2.5 ++ ++ 0.01 +++ +++ 0.005 - - nd 
Decyl W1g - + >2.5 ++ ++ 0.005 +++ +++ 0.005 + + nd 

Alcohols 
Heptyl W2e - + 0.15 ++ ++ 0.08 ++ +++ 0.02 - - nd 
Octyl W2f - + 0.04 + ++ 0.08 +++ +++ 0.01 - - nd 
Decyl W2g - + 0.02 ++ ++ 0.01 +++ +++ 0.005 - - nd 

Carboxylic 
acids 

Heptyl W3e + + 0.30 + + 0.30 + + 0.02 - - nd 
Octyl W3f + + 0.15 ++ +++ 0.02 +++ +++ 0.005 - - nd 
Decyl W3g + + 0.04 +++ +++ 0.01 +++ +++ 0.005 + + nd 

Metronidazole - + 0.65 - + 0.30 - ++ 0.30    
Ketoconazole          +++ +++ nd 
- no clearance; + < 9 mm; ++ < 15 mm; +++ > 15 mm 
*MIC units are in mg/mL 
 
Only compound W3g showed a slight activity at 50 μg, while the rest showed slight activity at 100 μg 
concentration. C. albicans was also highly resistant towards the compounds tested, with only compounds 
W1g and W3g showing a slight activity at 100 μg concentration. A similar trend as was observed for the disk 
diffusion method was observed for broth microdilution method as well. Very low concentrations were required 
for the inhibition of the growth of Gram-positive B. subtilis subsp. spizizenii.  

4.4 Conclusions 

It was clear, from these results that simple modification of the starting imidazole unit could have significant 
implications for both activity and specificity, and this was a huge advantage considering the ever increasing 
emergence of resistant strains. Poor antibacterial activity was observed for compounds with alkyl chain 
lengths of less than four carbons. In fact, N-decylimidazole-2-carboxylic acids proved to have excellent 
activity across the entire range of tested bacterial strains. However, all the compounds tested had poor 
antifungal properties. 

4.5 Recommendations 

It is always desirable that antimicrobial agents possess activity over a broad spectrum of pathogenic 
microorganisms. The 2-substituted N-alkylimidazoles prepared in the study demonstrated antimicrobial 
activity predominantly towards gram positive bacteria. Since chlorine is also known to have antimicrobial 
activity, investigating the effect of introducing a chloride group at the 2-position of N-alkylimidazoles could 
result in compounds with enhanced potency. The study could focus on the 2-substituted N-alkylimidazoles 
containing shorter alkyl chains since they demonstrated poor antimicrobial activity across the spectrum of 
microorganisms investigated.  
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5 PREPARATION AND ANTIMICROBIAL ACTIVITY STUDIES OF SILVER(I) 
COMPLEXES CONTAINING 2-HYDOXYMETHY-N-ALKYLIMIDAZOLES 

5.1 Introduction 

The objective of the study was to synthesize silver(I) complexes containing antimicrobially active 
2-hydroxymethyl-N-alkylimidazole ligands and to investigate their antimicrobial activity against Escherichia 
coli, Staphylococcus aureus, Bacillus subtilis subsp. spizizenii and Candida albicans. 
 
Silver and its salts have been used as antimicrobial agents for many centuries (Klasen, 2000, Lansdown, 
2002). Silver has the most superior properties among all metals with antimicrobial activity because of its 
higher toxicity to microorganisms and lower toxicity to mammalian cells (Li et al., 2010b, Radheshkumar and 
Münstedt, 2006). Ionic silver is reportedly the active species while metallic silver is inert (Lok et al., 2007). 
The ancient Phoenicians used silver-coated containers to store water so as to prevent spoiling. The storage 
of water in silver-coated containers is supposed to have aided in the prevention of contamination by 
microorganisms. It was also reported that aqueous silver nitrate was used as an eye drop to newly born 
babies for the prevention of Neisseria gonorrhoeae transmission from infected mothers (Silvestry-Rodriguez 
et al., 2007, Klueh et al., 2000). There are several reported mechanisms by which silver acts on the 
microorganisms (Guggenbichler et al., 1999). For example one mechanism has been described to involve 
the reversible binding of silver to the nucleotide bases of the bacterial DNA. The reversible binding of silver 
to the bacterial DNA results in the denaturation by displacement of hydrogen bonds between adjacent 
purines and pyrimidines. Davis and Etris (Davies and Etris, 1997) proposed that the destruction of bacteria 
occurs through silver-catalyzed oxidation of sulphydryl (S-H) moieties on the surface of the membrane. 
Atomic oxygen in the aqueous medium oxidizes Ag(0) to Ag(I) which readily reacts with adjacent S-H groups 
by replacing the hydrogens. Consequent coupling of these adjacent S-groups results in the formation of S–S 
bond, thereby blocking respiration and electron transfer. 
 
Silver sulfadiazine was the first silver complex to be used as an antimicrobial agent (Carr et al., 1973, Rai et 
al., 2009). It is currently clinically administered for the treatment of burn wounds. Due to the emergence of 
resistant microorganisms, new broad spectrum antimicrobial agents are necessary. Consequently, many 
silver complexes have been investigated for their antimicrobial activity (Kazachenko et al., 2000, 
Abu-Youssef et al., 2007). Interestingly, silver complexes containing imidazole ligands have exhibited 
remarkable broad spectrum antimicrobial activity (Nomiya et al., 1997, Rowan et al., 2006). However, the 
antimicrobial activity of the silver complexes containing imidazole ligands is often entirely due to the Ag(I) 
metal ion, since these metal-free imidazole ligands possess no activity. For example, Rowan and his 
co-workers (Rowan et al., 2006) reported a series of imidazole derivatives which displayed no antimicrobial 
activity when not in a coordination sphere while their corresponding silver complexes displayed better 
activity. It is desirable, therefore, to synthesize silver complexes containing antimicrobially active imidazole 
ligands. It is also worth noting that the purpose for the preparation of silver sulfadiazine was to combine an 
antimicrobially active sulphonamide (sulfadiazine) with the Ag(I) metal centre. The presence of 
antimicrobially active silver(I) and imidazole ligands in a complex should result in enhanced activity. 

5.2 Experimental 

Synthesis of silver(I) complexes containing 2-hydroxymethyl-N-alkylimidazoles 
To a solution of AgNO3 (1 mol equivalent) in ethanol (15 mL) was added 2-hydroxymethyl-N-alkylimidazole 
(2 mol equivalents). The reaction mixture was stirred at room temperature for 24 h. The reaction mixture was 
filtered, ethyl acetate (15 mL) was added to the mother liquor and the solvent evaporated slowly at 
atmospheric pressure to obtain a pure product in good yield (Scheme 5.1). 
 
Antimicrobial activity 
The antimicrobial activity experiments for the Ag(I) complexes were carried out in the similar manner as 
described for the 2-substituted N-alkylimidazoles (Section 4). 
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Scheme 5.1: Synthesis scheme of silver(I) complexes containing 2-hydromethyl-N-alkylimidazole ligands 

5.3 Results and Discussion 

The antimicrobial activity of the silver(I) complexes was investigated against E. coli, S. aureus, B. subtilis 
subsp. spizizenii and C. albicans. A summary of the results for the in vitro antimicrobial activity experiments 
is presented in Table 5.1. The Ag(I) complexes containing 2-hydroxymethyl-N-alkylimidazole ligands display 
antimicrobial activity against a broad spectrum of microorganisms (Table 5.1). The antimicrobial activity 
against E. coli and C. albicans is due entirely to Ag(I) for all the complexes tested. As shown in Table 4.1, the 
metal-free 2-hydroxymethyl-N-alkylimidazoles exhibited poor activity against E. coli and C. albicans (Kleyi et 
al., 2012). In addition, it was also shown that only metal-free ligands with long alkyl chain length display 
excellent activity against S. aureus and B. Spizizenii (Kleyi et al., 2012). It was, therefore, anticipated that the 
Ag(I) complexes containing these ligands (Ag-W2e - Ag-W2g) would display better activity than AgNO3 
(Table 5.1) because the antimicrobial activity of these complexes is imparted by both Ag(I) and the ligands. 
There have been reports showing that the Ag(I) complexes performed better as antifungal than as 
antibacterial agents (McCann et al., 2003, Ruan et al., 2009). Other reports showed that the Ag(I) complexes 
possess antimicrobial activity predominantly against Gram-negative than Gram-positive bacteria 
(Kazachenko et al., 2000) or vice versa (Nemati Kharat et al., 2011). In the study, it was observed that the 
predominance of activity towards a particular microorganism was dependent on the alkyl chain length of the 
ligand. For complexes containing ligands with shorter alkyl chain length (Ag-W2a - Ag-W2d), the activity is in 
the order E. coli (MIC = 0.02 mg/mL), B. subtilis subsp. spizizenii (MIC = 0.04 mg/mL), S. aureus and C. 
albicans (MIC = 0.08 mg/mL). For complexes containing longer alkyl chain length (Ag-W2e - Ag-W2g), the 
activity order is B. subtilis subsp., spizizenii (MIC = 0.005 mg/mL), E. coli (MIC = 0.01 mg/mL), S. aureus 
(MIC = 0.02 mg/mL) and C. albicans (MIC = 0.04 mg/mL). 
 
Table 5.1: Zones of clearance (50 or 100 µg of compound) and MICs for the silver(I) complexes containing 
2-hydroxymethyl-N-alkylimidazoles (Ag-W2a-Ag-W2h) 

Complex R E. coli S. aureus B. spizizenii C. albicans 
Diam 
(mm) 

MIC 
(mg/mL)

Diam 
(mm) 

MIC 
(mg/mL)

Diam 
(mm) 

MIC 
(mg/mL) 

Diam 
(mm) 

MIC 
(mg/mL)

Ag-W2a Methyl 13 0.02 12 0.08 11 0.04 11 0.08 
Ag-W2b Ethyl 12.3 0.02 12 0.08 11.3 0.04 11.3 0.08 
Ag-W2c Propyl 10 0.02 11 0.08 10.5 0.04 10.7 0.08 
Ag-W2d Butyl 10.2 0.02 11.5 0.08 11.3 0.04 11.5 0.08 
Ag-W2e Heptyl 12 0.01 12.2 0.04 17.3 0.02 12 0.04 
Ag-W2f Octyl 13.7 0.005 19.7 0.02 18 0.005 12.3 0.04 
Ag-W2g Decyl 12 0.01 18 0.02 16.3 0.005 12.7 0.04 
Ag-W2h Benzyl 11 0.04 12 0.08 11 0.08 10.3 0.04 
AgNO3 12.7 0.01 12 0.02 11 0.01 14 0.02 

5.4 Conclusions 

Silver(I) complexes containing 2-hydroxymethyl-N-alkylimidazole ligands were successfully synthesized and 
characterized using elemental analysis and IR spectroscopy. X-ray crystal structures of complexes Ag-W2b 
and Ag-W2h were also obtained. The Ag(I) complexes displayed a broad spectrum antimicrobial activity. 
The complexes containing ligands with shorter alkyl chain length displayed predominant activity against 
E. coli, while those containing longer chains had predominant activity against B. subtilis subsp. spizizenii. 
The antimicrobial activity of the complexes against E. coli and C. albicans was entirely due to Ag(I) ions 
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since the metal-free ligands possess poor activity. The antimicrobial activity of the complexes containing 
ligands with longer alkyl chain length was due to both Ag(I) and the ligands. 

5.5 Recommendations 

The Ag(I) complexes demonstrated a broad spectrum antimicrobial activity, however, the activity was entirely 
due to the silver(I) ion for E. coli and C. albicans. Silver(I) complexes containing N-alkylimidazoles with a CI 
group at the 2-position could be investigated for dual antimicrobial effect against pathogenic microorganisms. 
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6 INCORPORATION OF 2-SUBSTITUTED N-ALKYLIMIDAZOLES AND SILVER(I) 
COMPLEXES CONTAINING 2-HYDROXYMETHYL-N-ALKYLIMIDAZOLES 
INTO ELECTROSPUN NYLON 6 NANOFIBRES 

6.1 Introduction  

The objective of this study was to use electrospun nylon 6 nanofibres as solid supports to host selected 
2-substituted N-alkylimidazoles and Ag(I) complexes containing 2-hydroxymethyl-N-alkylimidazoles and to 
investigate the antimicrobial activity of these nanofibre composites. 
 
Electrospun nanofibres have highly interesting properties such as high surface to area ratio and the ease of 
surface modification. Research has always been focussing on exploitation of these nanofibre properties to 
achieve specific outcomes in many fields, including filtration, catalysis, tissue engineering and drug delivery 
systems. 
 
The use of electrospun nanofibres as solid supports to host bio-active molecules has received much 
attention especially in drug delivery systems (Kriegel et al., 2008, Yoo et al., 2009). It is believed that 
because of their porous structure, electrospun nanofibres are able to release drugs at the targeted site and 
in a controlled manner although the mechanism is not yet well understood (Zamani et al., 2010). 
Antimicrobial electrospun nanofibres fabricated from natural and synthetic polymers were reported 
previously. For example, electrospun polyethylene oxide (PEO): chitosan nanofibre filters were fabricated 
and investigated for their heavy metal binding, antimicrobial and physical filtration efficiencies (Desai et al., 
2009). Electrospun nylon 6 nanofibres incorporated with three structurally different N-halamines were 
fabricated and their antimicrobial activity evaluated. It was observed that the electrospun nylon 6 nanofibre 
composites inhibited the growth of E. Coli and S. aureus within a contact time of 40 min (Tan and Obendorf, 
2007). 

6.2 Experimental 

Reagents and Instrumentation 
Nylon 6 (Mw = 11200 Da) was obtained from Sigma Aldrich. Formic acid (85%) and acetic acid (95%) were 
purchased from Merck. The flow rate of the polymer solution was controlled using a NE 300 digital pump 
(New Era Pump Systems, Inc. USA). The bacteria colonies were enumerated using an aCOLade colony 
counter (Synbiosis). Surface characterization of grafted electrospun nylon 6 nanofibres was performed using 
Environmental Scanning Electron Microscopy (ESEM-EDAX) Quanta 200 operating at an accelerated 
voltage of 20 kV. 
 
Electrospinning of nylon 6 nanofibres incorporated with 2-substituted N-alkylimidazoles and Ag(I) 
complexes containing 2-hydroxymethyl-N-alkylimidazoles 
The polymer solution for electrospinning was prepared by dissolving nylon 6 (1.6 g, 16% (w/v)) and the 
compound (0.08 g, 5% (w/w)) in 10 mL of HCOOH/CH3COOH mixture (1:1). The optimized electrospinning 
conditions were as follows; flow rate (0.75 mL/h), applied voltage (+22.5 kV, -5 kV), tip-to-collector distance 
(8 cm), at ambient conditions. The flow rate of the solution was controlled using a digital pump. Figure 6.1 
illustrates the electrospinning set-up for the fabrication of electrospun nylon 6 nanofibre composites. 
 
Grafting of vinylimidazole derivatives onto electrospun nylon 6 nanofibres 
Electrospun nanofibre mats (cut into 5 cm × 5 cm squares) were immersed into test tubes containing 
vinylimidazoles (1 g) and benzophenone (0.015 g) in a H2O/CH3OH mixture (80/20). The test tubes were 
purged with N2 gas and placed in the oven preheated to 70°C. The test tubes were allowed to equilibrate at 
70°C prior to UV irradiation of the solutions using a 400W mercury vapour lamp. At the end of the 
experiment, the grafted nanofibres were Soxhlet extracted with methanol overnight and then dried at 60°C. 
The percentage grafting was calculated using Eqn.4 
(%)	݃݊݅ݐ݂ܽݎܩ  = ஻ି஺஺ × 100 (4) 

 
Where A is the mass of electrospun nylon 6 nanofibres before and B after grafting. 
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Figure 6.1: Electrospinning setup for fabrication of nylon 6 composite nanofibres 

 
Antimicrobial activity 
Antimicrobial activity of electrospun nylon 6 nanofibres was investigated using a modified version of 
American Association of Textile Chemists and Colorists (AATCC) Test Method 100-2004 (Tan and Obendorf, 
2007). E. coli and S. aureus were used as model challenge microorganisms. A diluted bacterial suspension 
with about 1×108 CFU/mL concentration was used, and (500 μL) of this suspension was loaded onto the 
electrospun nylon 6 nanofibre swatches (d = ~4.8 cm) surface in the presence of a nonionic wetting agent 
(Triton X-100). The inoculum on the surface was then carefully covered with another identical nylon 6 
nanofibre in a sterilised glass jar. After incubation for 24 h contact time, 0.02 N sodium thiosulphate was 
added in excess to quench the biological growth. The mixture was then vortexed vigorously for 2 min. An 
aliquot of the solution was serially diluted, and dilutions were plated onto nutrient agar plates. The same 
procedure was applied to electrospun nylon 6 nanofibres with no additives as a negative control. Viable 
bacterial colonies on the agar plates were counted after incubation at 37°C for 48 h. The reduction rate in the 
number of bacteria was calculated: 
 ܴ	(%) = 	 ஻ି஺஻ 		100	ݔ	 (5)	
 
where R is the reduction rate, A is the number of bacteria recovered from the inoculated electrospun nylon 6 
nanofibres over 24 h of contact time, and B is the number of bacteria recovered from the inoculated 
electrospun nylon 6 nanofibres at zero contact time. 
 
Dynamic shake flask test method (ASTM E2149-10) 
The antimicrobial activity of electrospun nylon 6 nanofibres grafted with vinylimidazole derivatives was 
evaluated using the dynamic shake flask test method (American Society for Testing and Materials (ASTM) 
E2149) (ASTM, 2010). A working suspension was prepared by diluting with a sterile 3 mM phosphate buffer 
(pH 7.2±0.1), a 24 h culture to an optical density of 0.28 at 475 nm (1.5-30 × 108 CFU/mL). Further 
appropriate dilution using a sterile phosphate buffer gave a final concentration 1.5-30 × 108 CFU/mL. 
Electrospun nylon 6 nanofibre composites (0.2-0.3 g) were placed into flasks containing 20 mL of the 
working solution. The flasks were incubated with continuous shaking at 37°C for 1 h. After serial dilutions 
using the phosphate buffer, the bacterial suspensions (0.1 mL) were plated in nutrient agar. The inoculated 
plates were incubated at 37°C for 24 h and surviving bacterial cells counted using a colony counter. The 
percentage reduction of the microorganisms after contact with the test specimen (nanofibre composites) was 
compared to the number of bacterial cells surviving after contact with the control. Equation 5 was used to 
calculate the percentage reduction of microbial growth. 

6.3 Results and Discussion 

Nylon 6 nanofibres incorporated with 2-hydroxymethyl-N-alkylimidazoles 
The electrospun nanofibres composites were fabricated by electrospinning a solution containing nylon 6 
(16% (w/v)) and the compound (5% (w/w)) in a HCHO/CH3COOH mixture. The morphology of the 
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electrospun polymer composites was characterised using scanning electron microscopy (SEM). The SEM 
micrographs (Figure 6.2) showed smooth, beadless nanofibres with uniform diameters were obtained. 
Furthermore, the diameters of the electrospun nanofibres were so small such that it was difficult to measure. 
The electrospun nanofibre composites were also characterized using ATR-FTIR to ascertain the presence of 
the compounds within the electrospun nanofibres. The two bands observed in the region 1000-1200 cm-1 
and one band in the region between 650-800 cm-1 coincided with those observed in 2-hydroxymethyl-
N-octylimidazole (W3f) and were present in nylon 6 nanofibres. These bands were a confirmation that the 
compound had been incorporated in the nanofibres (Figure 6.3). 
 

 
Figure 6.2: SE micrographs of electrospun nylon 6 nanofibre incorporated with W3f 

 
Figure 6.3: ATR-FTIR spectra of (A): nylon 6 nanofibres, (B): 2-hydroxymethyl-N-octylimidazole (W3f) and 
(C): nanofibre composite 

 
Antimicrobial activity of electrospun nylon 6 nanofibres incorporated with 

2-hydroxymethyl-N-alkylimidazoles 

The antimicrobial activity of electrospun nylon 6 nanofibres incorporated with selected 2-hydroxymethyl-N-
alkylimidazoles was investigated using the disk diffusion and AATCC Test 100 methods. The disk diffusion 
method showed that the 2-substituted N-alkylimidazoles maintained the antimicrobial properties even when 
incorporated into polymer nanofibres as solid support. It was also observed that the antimicrobial activity was 
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still predominantly against Gram-positive bacteria (S. aureus and B. subtilis subsp., spizizenii) with the latter 
being the most susceptible (Table 6.1). 
 
The American Association of Textile Chemists and Colorists (AATCC) Test Method 100 was also used to 
investigate the antimicrobial activity of the electrospun nylon 6 nanofibres incorporated with 2-substituted 
N-alkylimidazoles. The nanofibre composites were first cut into swatches (d = ~4.8 cm) and these swatches 
were used for conducting the experiments. The results showed that the percentage reduction of bacterial 
growth against S. aureus ranged between 73.2-99.8% for the 2-substituted N-alkylimidazoles. 
 
Table 6.1: Diameters of zones of clearance for the electrospun nylon 6 nanofibre containing 2-substituted 
N-alkylimidazoles 

Compound in 
nanofibres 

E. coli S. aureus B. subtilis subsp. 
spizizenii 

C. albicans 

Diameter (mm) Diameter (mm) Diameter (mm) Diameter (mm) 
W1f 7.2 (±0.3) 12.7 (±0.3) 29.7 (±0.6) 7.0 (±1.0) 
W1g 7.0 (±0.1) 11.8 (±1.0) 22.7 (±0.6) 7.2 (±0.2) 
W2f 8.3 (±0.6) 12.8 (±1.2) 22.0 (±1.7) 7.0 (±0.2) 
W2g 7.7 (±0.6) 12.2 (±1.0) 24.0 (±1.7) 7.1 (±0.1) 
W3f 7.3 (±0.6) 16.7 (±0.6) 23.3 (±2.3) 7.1 (±0.1) 
W3g 8.0 (±0.1) 15.7 (±0.8) 28.7 (±0.6) 7.2 (±0.1) 

 
Once more the electrospun nylon 6 nanofibres incorporated with N-alkylimidazoles containing carboxylic acid 
substituents at the 2-position showed the best percentage reduction of all compounds used. Figure 6.4 
illustrates the reduction of bacterial growth due to nylon 6 nanofibre composites in comparison to pristine 
nylon 6 nanofibres. 
 

 
Figure 6.4: Bacterial growth after 24 h contact time with antimicrobial nanofibres (a) nylon 6 nanofibres; 
(b) nanofibre incorporated with W1g; (c) nanofibres incorporated with W2g and (d) nanofibres incorporated 
with W3g 

Nylon 6 nanofibres incorporated with Ag(I) complexes containing 2-hydroxymethyl-N-alkylimidazoles 
Electrospun nylon 6 nanofibres incorporated with Ag(I) complexes containing 2-hydroxymethyl-N-
alkylimidazole were fabricated using the same optimized conditions as described for the electrospun nylon 6 
nanofibres, except for slight changes in applied voltages. The morphology of the nanofibres was 
characterized using scanning electron microscopy (Figure 6.5) while the presence of the Ag(I) complexes 
after electrospinning was confirmed using ATR-FTIR spectroscopy (Figure 6.6).  
 
The SE micrograph revealed that the nanofibres obtained had uniform and very thin diameters. As expected, 
it was very difficult to identify bands belonging to the compounds used for fabrication of the antimicrobial 
nylon 6 nanofibres. This challenge was attributed to the quantity (5% w/w) of the compounds that was 
incorporated into the nanofibres. Nonetheless, a low intensity band was observed in the region 
1000 - 1200 cm-1 which corresponded to a band from the spectrum of the compound used (Figure 6.6). 
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were used for conducting the experiments (Figure 6.7). The results showed that the percentage reduction of 
bacterial growth against E. coli and S. aureus was significantly low. The low percentage reduction of 
bacterial growth for the nanofibre composites was attributed to poor contact of the bacteria with the Ag(I) 
complexes. The effect could probably be due to lack of moisture on the nanofibres resulting to low diffusibility 
of the Ag(I) complexes. It has been reported previously that moisture is necessary for the release of Ag(I) 
ions from the electrospun nanofibres (Melaiye et al., 2005). Even the presence of a surfactant (Triton X100) 
seemed not to have assisted probably due to lack of solubility of the Ag(I) complexes in it. 
 

 
Figure 6.7: Bacterial growth after 0 and 24 h contact times with antimicrobial nanofibres. (a) nanofibres 
incorporated with Ag-W2f (contact time = 0 h); (b) nanofibre incorporated with Ag-W2f (contact time = 24 h); 
(c) nanofibres incorporated with Ag-W2g (contact time = 24 h) 

6.4 Antimicrobial activity evaluation of grafted nanofibres 

The antimicrobial activity of the grafted electrospun nylon 6 nanofibres was evaluated using the dynamic 
shake flask test method (ASTM E2149-10). In Chapter 4, it was demonstrated that the free 2-substituted 
N-alkylimidazoles were predominantly active against Gram-positive bacterial strains (S. aureus and 
B. subtilis, subsp. spizizenii). The antimicrobial activity of was evaluated against S. aureus because it was 
the easier of the two strains to work with. Table 6.3 presents the data of the percentage reduction of the 
growth of S. aureus after treatment with grafted electrospun nanofibres. 
 
Table 6.3: Percentage reduction data for grafted electrospun nylon 6 nanofibres 

Material tested Reduction (%) 
Poly(nylon6-g-1-Vim) 99.94 
Poly(nylon6-g-1-VImCH2OH) 99.95 
Poly(nylon6-g-1-VImCOOH) 99.98 
Poly(nylon6-g-4(5)-VIm) 99.95 
From the results that were obtained, it was observed that all the grafted electrospun nanofibres 
demonstrated excellent antimicrobial activity. The percentage reduction of the growth of S. aureus in water 
was in the range 99.55-99.98%. However, it was surprising to see that the electrospun nylon 6 nanofibres 
that were grafted with 1-VImCH2OH displayed the lowest percentage reduction. The discrepancy could be 
attributed to some experimental errors. Consequently, the displayed reduction in growth of S. aureus by 
electrospun nylon 6 nanofibres grafted with 1-Vim and 4(5)-Vim was not surprising. For instance, the 
antimicrobial activity of N-vinylimidazole grafted polymers was reported by other researchers (Caner et al., 
2007,Chung et al., 2012, Sabaa et al., 2010). 

6.5 Cytotoxicity studies  

The cytotoxicity effects of free 2-substituted N-alkylimidazoles, electrospun nylon 6 nanofibres incorporated 
with 2-substituted N-alkylimidazoles and electrospun nylon 6 nanofibres grafted with 2-substituted 
vinylimidazoles were evaluated on the Chang liver cells. The IC50 values were obtained from dose response 
curves (percentage inhibition versus log concentration). 
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Table 6.4: IC50 values for the tested compounds and nanofibres 

Test compound or material Concentration (µg/mL) 
N-Decylimidazole-2-carboxaldehyde (W1g) 13.80 
Complex Ag-W2g 10.91 
Poly(nylon6-g-1-VIm) 25.12* 
Poly(nylon6-g-1-VImCH2OH) 26.81* 
Poly(nylon6-g-4(5)-VIm) 23.48* 
Nylon 6 33.20* 
(*) represents the mass of nanofibres per mL of cell culture medium 
 
The cytotoxicity effect of a compound is indicated by the IC50 values, the concentration required to inhibit the 
growth of cells by 50%. A smaller IC50 value indicates that the test compound has a stronger affinity for the 
cell receptors and thus possesses more cytotoxicity (Thomas, 2007). N-Decylimidazole-2-carboxaldehyde 
(W1g) and the silver(I) complex (Ag-W2g) exhibited the lowest IC50 values (Table 6.4) indicating that they 
could have more cytotoxic effects to human cells. The grafted electrospun nylon 6 nanofibres 
[poly(nylon6-g-1-VIm), poly(nylon6-g-1-VImCH2OH) and poly(nylon6-g-4(5)-VIm) exhibited higher IC50 
values which indicated that they could be less toxic than the free imidazoles and silver(I) complexes. 
Electrospun nylon 6 nanofibres displayed the least IC50 values which implied the lowest cytotoxic effect. 
 
The cytotoxicity results implied that application of biocides incorporated electrospun nanofibres in drinking 
water treatment could have side effects to human health because of leaching. On the other hand, grafted 
electrospun nanofibres would have less adverse effects to human health. Thus, immobilization of biocides for 
antimicrobial applications in drinking water should be the method of choice for the functionalisation of 
nanofibres. Another added advantage is the possibility of reusability of the electrospun nanofibres. However, 
experiments to evaluate the reusability of grafted electrospun nylon 6 nanofibres could not be conducted due 
to time limitations.  

6.6 Conclusions 

The electrospun nylon 6 nanofibres incorporated with 2-substituted N-alkylimidazoles were successfully 
fabricated and their antimicrobial activity also investigated. Results showed that the incorporation of these 
antimicrobially active compounds into electrospun nylon 6 nanofibres did not affect the antimicrobial activity. 
The electrospun nylon 6 nanofibre composites maintained the antimicrobial activity against Gram-positive 
bacteria (S. aureus and B. subtilis subsp., spizizenii) while the activity remained poor against Gram-negative 
bacteria (E. coli) and the fungus (C. albicans). The AATCC Test Method 100 showed that the antimicrobial 
activity of electrospun nylon 6 nanofibres incorporated with Ag(I) complexes containing 2-hydroxymethyl-N-
alkylimidazoles appeared to decrease because of the lack of moisture and subsequently the poor diffusibility 
of the Ag(I) complexes. However, the disk diffusion method showed that the nanofibres maintained the 
antimicrobial activity of the Ag(I) complexes because of the presence of moisture throughout the experiment. 
Grafted electrospun nylon 6 nanofibres showed excellent antimicrobial activity, as exhibited by a very high 
percentage reduction of bacterial growth. Cytotoxicity studies also showed that grafted electrospun nylon 6 
nanofibres had lower cytotoxic effects compared to the biocide-incorporated electrospun nanofibres.  

6.7 Recommendations 

Immobilization of biocides onto electrospun nanofibres brings about the prospects of reusability of the 
nanofibres since they remain intact for a very long period. Therefore, we recommend the evaluation of the 
reusability of the developed grafted electrospun nanofibres in water applications. The effect that the grafting 
process has on the morphology of the electrospun nanofibres could also be investigated. The investigation 
could be useful in deciding the mode of application (filtration or immersion) of the grafted nanofibres for 
drinking water. 
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7 A HIGHLY SELECTIVE AND SENSITIVE PYRIDYLAZO-2-NAPTHOL-POLY 
(ACRYLIC ACID) FUNCTIONALIZED ELECTROSPUN NANOFIBRE 
FLUORESCENCE “TURN-OFF” CHEMOSENSORY SYSTEM FOR NICKEL (II) 
IONS 

7.1 Introduction 

The objective of the study was to develop a 1-(2-pyridylazo)-2-naphthol (PAN) functionalized poly(acrylic 
acid) (PAA) nanofibre fluorescent probe for the determination of Ni2+ in water samples.   
 
In recent years a great deal of research has been devoted to the detection of metal ions in environmental or 
biological systems (Rurack, 2001). Nickel is an essential metal for supporting life, as loss of nickel 
homeostasis is harmful to prokaryotic and eukaryotic organisms alike (Sigel et al., 2007). Although the 
contributions of nickel homeostasis to mammalian health and diseases remain largely unexplored (Goodman 
et al., 2009), excess nickel accumulation can aberrantly affect respiratory and immune systems (Costa et al., 
2005, Nemec et al., 2009). Therefore, it is very important to detect nickel ions. Advances in both electronics 
and mechanics have yielded high-tech facilities that are widely available for the detection of nickel metal ions 
at low concentration level (0.1 ng/mL) (Kokkinos et al., 2008). For example, inductively coupled plasma-
optical emission spectrometry (ICPOES) (Bezerra et al., 2007, Takara et al., 2005), microwave-induced 
plasma (MIP) (Jankowski et al., 2005), electrothermal atomic absorption spectrometry (ETAAS) (Shiowatana 
et al., 2000, Stafilov, 2000, Zendelovska et al., 2001), flame atomic absorption spectrometry (FAAS) (Elci et 
al., 2003, Karatepe et al., 2003), spectrophotometry (Kiriyama and Kuroda, 1988, Li et al., 2007), 
voltammetry and inductively coupled plasma-mass spectrometry (ICP-MS) (Tonello et al., 2007). However, 
some of these techniques are complicated and not suitable for quick and on-line monitoring. To this regard, 
the fluorescence detection techniques remain the most favourable options due to their advantages over 
other techniques, which include ease of detection, sensitivity and instantaneous response (Cheng et al., 
2008, Chmielewska et al., 2006, Dodani et al., 2009, Fan and Jones, 2006, Ogawa et al., 2009, Wang et al., 
2010, Yao et al., 2009).  
 

In fluorescence techniques, suitable indicators which are sensitive to analyte concentrations and exhibit 
changes in fluorescence intensity are used as molecular recognition materials (Lee et al., 2000). Recently, 
derivatives of 8-hydroxyquinoline were used as sensitive and reliable tools to measure concentrations and 
fluctuations of cellular Mg2+ by comparing enhancement of the fluorescence with analyte concentrations 
(Farruggia et al., 2006). Also, boradiazaindacene as the fluorophore with 4-(bis(pyridin-2-ylmethyl)amino)-
benzaldehyde was employed for an intracellular emission fluorescent Cd2+ sensor based on the internal 
charge transfer (ICT) mechanism (Peng et al., 2007, Qi et al., 2006). Other examples involve a fluorescence 
response system with poly[(p-phenyleneethynylene)-alt-(thienyleneethynylene)]. It showed varying 
fluorescence “turn-on” behaviour in the presence of cations including Li+, Na+, K+, Mg2+, Ca2+, H+, Mn2+, Fe2+, 
Co2+, Ni2+, Zn2+, Cd2+ and Hg2+ (Fan and Jones, 2006). Most of these literature reports involve the use of 
fluorescent sensors in liquid rather than in solid state.  
 
Successively, exploration of well-defined fluorescence “turn-off” indicator with large Stoke shift, high quantum 
yield, strong absorbance, excellent photostability and non-toxicity will be of high interest to research. 
Fluorophores for heavy metals take advantage of the high affinity of oxygen and nitrogen donor atoms 
towards these ions according to the principles of hard or soft bases and acids (HSAB) by Pearson (Pearson, 
1963). An example of such an indicator with complexing preference for border line acid like Ni2+ is 
1-(2-pyridylazo)-2-naphthol (PAN), more so it is one of the most sensitive reagents among heterocyclic azo 
compounds for determining heavy metals (Gavrilenko and Saranchina, 2009). In order to confer some 
special properties, organic and inorganic polymers have been used as solid supports for the fluorescence 
indicator. It is known that the choice of solid supports and the immobilization of indicator into the supports 
have significant effects on the performance of the sensors in terms of selectivity, sensitivity, response time, 
and stability (Brook and Narayanaswamy, 1998, Xavier et al., 1998). Most importantly, it should afford 
electrospinnable material for transformation into nanofibre mat for solid phase measurement. 
 
Electrospinning of polymeric materials into well-defined fibre mat has received significant interest due to their 
potential for a variety of applications. Specifically, the technique has been found to be a unique and cost-
effective approach for fabricating large surface area membranes for a variety of sensor applications (Balaji et 
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al., 2006, Gao et al., 2007, He et al., 2009, Reneker and Chun, 1996, Shin and Jang, 2007, Wang et al., 
2002). Previously, Wang et al. had shown that the sensitivities of electrospun nanofibre to detect Fe3+ and 
Hg2+ are 2 to 3 orders of magnitude higher than those obtained from thin film sensors (Balaji et al., 2006). 
Since new methods are emerging to develop highly sensitive solid-state detectors of heavy and transition 
metal ions by fluorescence (Gao et al., 2006, Kledzik et al., 2007, Lee et al., 2008b, Ruedas-Rama and Hall, 
2008, Sarkar et al., 2009), it is expected that electrospun polymers featuring fluorescence indicators could 
exhibit amplified fluorescence “turn-off” effects when the complexing units bind to metal ions.  
 
The indicators are immobilized by physical or chemical procedures onto the polymeric materials (Brook and 
Narayanaswamy, 1998). The physical procedures used for immobilization include adsorption (Carraway et 
al., 1991, Demas et al., 1995, Xu et al., 1996b), dissolution (Klimant and Wolfbeis, 1995, Mills et al., 1997), 
entrapment in a porous network (Di et al., 1995, McDonagh et al., 1998), and ion exchange (Zhang and 
Seitz, 1984). These methods are simple but suffer from the limitation of insolubility of indicator in the 
polymeric support, which results in leaching-out of the indicator. The chemical procedure involves the 
formation of covalent bonds between the indicator and support materials. Sensors with covalently 
immobilized indicators have the advantage of not suffering from indicator leaching-out (Lobnik et al., 1998, 
Zhang et al., 1989).  
 
Therefore, considering the importance of detecting Ni2+ in the environment, this contribution focused on 
functionalisation of PAN into poly(acrylic acid) (PAA) by a simple esterification procedure (Scheme 7.1) to 
yield a fluorescence polymer PAN−PAA. The functionalized polymer was further electrospun into nanofibre 
mat to obtain the fluorescence “turn-off” chemosensory system as a highly selective and sensitive detector of 
Ni2+ in an aqueous solution.  
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Scheme 7.1: Synthetic pathway for the functionalisation of poly(acrylic acid) (PAN-PAA) with 
1-(2-pyridylazo)-2-naphthol  

7.2 Experimental  

Materials and reagents  
All experimental manipulations and data collections were performed at room temperature, unless otherwise 
stated. PAA (Mw = 50000 g/mol), PAN, 1,1’carbonyldiimidazole (CDI), 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) and all inorganic salts (NiCl2.6H2O, CoCl2.6H2O, CrCl3.6H2O, CuCl2.6H2O, FeSO4.7H2O, 
Cd(NO3)2.4H2O, Zn(NO3)2.H2O, Pb(NO3)2 and Al2(SO4)3.15H2O) were of analytical grade and used as 
obtained from Sigma Aldrich (St. Louis, USA). N,N-dimethylformamide (DMF) was purchased from Merck 
Chemicals (Wadesville, South Africa) and distilled over nitrogen at reduced pressure. Standard solutions 
were freshly prepared by dissolving known quantities of metal salts in deionised ultrapure water obtained 
from a Millipore system. 
 
Synthesis of fluorescence polymer (PAN−PAA)  
A solution of CDI, (0.34 g, 2.1 mmol) and a catalytic amount of DBU in 10 mL of DMF were added to a 
solution of PAA (1.5 g, 20.8 mmol) in 40 mL of DMF. After stirring the solution at 70°C until the evolution of 
carbon dioxide subsided (15 min), a solution of PAN (0.52 g, 2.08 mmol) in 15 mL DMF was added and the 
solution was stirred at 70°C for 18 h. The solution was slowly transferred with vigorous stirring into diethyl 
ether to precipitate the polymer. After filtration, the obtained solid was washed extensively with ether and 
acetone and dried in a vacuum oven for 24 h at 25°C. 
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Fabrication of fluorescence electrospun nanofibre  
A solution for electrospinning was prepared by dissolving 6.6 wt% PAN−PAA in 1:4 (v/v) water/ethanol 
solvent system and stirred overnight to obtain a homogenous solution. After loading the polymer solution into 
a 10 mL glass syringe, the syringe was mounted on a programmable syringe pump (New Era, NE-1000). The 
solution was pumped at a flow rate of 1 mL/h through a steel needle of 0.584 mm internal diameter. 
Nanofibres were collected on glass slides which were covered with masking tape and only the targeted area 
(0.5 x 2.5 cm) exposed for deposition to occur. This system was mounted on aluminium foil and collection 
was carried out in 8 min. The distance between the needle tip and the collector was 15 cm and the applied 
voltage at the needle tip was 8.75 kV. In order to improve the insolubility of the fibre mat in an aqueous 
medium, the electrospinning solution with cross-linker was prepared with the addition of β-cyclodextrin at 20 
wt% of the product.  After the deposition process, fibres were heat treated at 120°C for 20 min to cross-link 
the films.  
 
Characterization  
Infrared spectra were recorded on a Perkin-Elmer 100 FT-IR spectrophotometer. Electronic absorption 
spectra were recorded on a Perkin Elmer Lambda 25 UV/VIS spectrophotometer in a quartz cell (1 cm). 
Emission spectra were recorded on Varian Cary Eclipse spectrofluorometer in a 1 cm quartz cell. The 
spectrofluorometer was equipped with xenon discharge lamp (75 kV), Czerny-Turner monochromators and 
an R-928 photomultiplier tube with manual or automatic voltage that was controlled using the Cary-Eclipse 
software. All samples were illuminated at an excitation wavelength of 500 nm and the emission was scanned 
from 510 to 640 nm, while the detector voltage was maintained between 600 and 650 V. The morphology of 
the nanofibre mat was studied by the Tescan (TS5136ML) Scanning Electron Microscope (SEM) operating at 
an accelerated voltage of 20 kV after a gold sputter coating. The fluorescence images were taken with a 
DMLS fluorescence microscope. The excitation source was a high-voltage mercury lamp and light with a 
wavelength of around 470-570 nm was emitted with the help of an optical filter. The exposure time was the 
same for all images. 
 
Fluorescence measurements 
In order to perform fluorescence measurements, the glass slides containing sensor layers (Figure 7.1) were 
placed in a 1 cm quartz cuvette which was filled with various metal salt solutions. The cuvette was placed in 
the sample holder of the spectrofluorometer, and samples were illuminated at an excitation wavelength of 
500 nm and the emission was scanned from 510 to 640 nm, while the detector voltage was maintained 
between 600 and 650 V. 

 
Figure 7.1: Photograph of glass slides coated with fluorescent nanofibres 

 
Fluorescence quenching detection of Ni2+ by electrospun nanofibre  
In fluorescence data collection, the 5 mL aliquots of nickel ion stock solutions (ranged 0.1-1.0 μg/mL) were 
added into an optical cell containing a glass slide coated with the sensing nanofibre. Upon introducing series 
of the nickel ion solutions, fluorescence quenching of the sensing nanofibre was observed. The data, 
corresponding to the average of three determinations, were fitted by a standard least-squares treatment and 
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the Stern-Volmer equations were evaluated. The procedure for examining the influence of other metal ions 
on the fluorescence quenching of Ni2+ was essentially the same. For this instance, the sensing nanofibre was 
exposed to several metal cations at higher equivalence with or without a fixed concentration of nickel ion. A 
custom-made certified reference material for groundwater (SEP-3) purchased from Inorganic Ventures 
(Christiansburg, USA) was used to validate the analytical procedure. Repeatability of the method was 
evaluated by comparing the signals obtained from three determinations of the reference material. 

7.3 Results and Discussion 

Fabrication and characterization of fluorescence PAN−PAA nanofibres 
FTIR spectra shown in Figure 7.2 indicate a new ester bond formation (ʋ = 1737.07 cm-1) between the 
hydroxyl groups of PAN and carboxylate groups of PAA. The formation of the new covalent bonds between 
the indicator and support materials prevents the indicator from leaching-out and afforded electrospinnable 
material for transformation into nanofibre mat for direct solid phase measurement of nickel ion in water 
without further sample preparation. To obtain the optimal electrospinning conditions, several operational 
parameters were investigated including voltage, working distance and flow rate. Within the tested range 
(5 - 15 kV voltage, 10 - 20 cm working distance and 0.5 - 1.5 mL/ h flow rate), the optimal spinning 
parameters which gave bead-free nanofibres prepared from 6.6 wt% solution are 8.75 kV voltage, 15 cm 
working distance and 1 mL/h flow rate (Figure 7.3).  
 
The fibres obtained were very soluble in water and even heating the fibre mat at 120°C for 30 min did not 
affect solubility. Since their application was intended to be carried out in water samples, water solubility 
posed a challenge. Therefore there was need to render these fibres water insoluble. In this regard, we 
employed the use of a cross-linker with the aim to form a covalent bond. Cross-linking can be performed by 
chemical reactions that are initiated by heat, pressure, and change in pH or radiation. In this case, thermally 
cross-linkable β-cyclodextrin was chosen since it has free hydroxyl ends that are reactive and are capable of 
further esterification with the carboxylic acid groups on the product to form new ester bonds (Li and Hsieh, 
2005). The cross-linked PAN-PAA electrospun fibres retained their fibrous structure after a long immersion in 
water. 
 

 
Figure 7.2: FTIR spectra of new fluorescence polymer PAN−PAA, PAN and PAA 
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Figure 7.4: UV absorption (A) and fluorescence emission (B) spectra of PAN-PAA nanofibre 

 

 
Figure 7.5: Fluorescence emission spectra of PAN-PAA nanofibre as a function of Ni2+ concentration. The 
insert shows relative fluorescence intensities (I/Io) at 557 nm with Ni2+ concentration 
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Figure 7.7: Stern-Volmer plots of fluorescence PAN-PAA nanofibre as a function of Ni2+ concentration (errors 
calculated as 5% of the average values) 

 
The relationship between the emission at 557 nm and Ni2+ concentrations can be deduced from the Stern-
Volmer equation: 
 

I0/I = 1 + Ksv[Q] (6) 
 
Where, I0 is the fluorescence intensity with the absence of quencher (Ni2+), I is the intensity when the 
quencher is present, Ksv is the Stern-Volmer constant and [Q] is the concentration of quencher. The Ksv of 
the nanofibre, calculated from the slope of the plot was found to be 3.69 x 103 mL/μg indicative of enhanced 
sensitivity of the nanofibre probe that which can be attributed to the higher surface area of the electrospun 
fibre. The linear range of the method lies between 0.1-1.0 μg/mL Ni2+. 
 
Table 7.1 gives the quality control parameters regarding the detection of nickel metal ion in aqueous 
solution. Accuracy of the determinations, expressed as relative error between the certified and the observed 
values of the reference material were ≤ 0.1%. The precision of these measurements expressed as relative 
standard deviation for eight repeated measurements of 1.0 μg/mL Ni2+ was also satisfactory, being lower 
than 4%. The limit of detection, based on the definition by IUPAC (LOD = (3δ/S) (Irving H. M. N. H, 1981), 
was found to be 0.07 ng/mL. This LOD achieved with the PAN-PAA nanofibres was lower than 4.5  ng/mL 
achieved with fluorescence-based sensor from Escherichia coli nickel binding  protein labelled with N-[2-(1-
maleimidyl)ethyl]-7-(diethylamino)coumarin-3- carboxamide (Salins et al., 2002). In addition, the LOD was 
significantly lower than 0.04 μg/mL nickel concentrations above which it is toxic in drinking water as 
established by EPA (Fay Mike, 2005). 
 
Table 7.1: Analytical quality control 

I0/I Certified 
concentration 

(µg/mL) 

Concentration 
found 

 (µg/mL) 

Relative 
error 
(%) 

Relative 
standard 

deviation (%) 

LOD 
(ng/mL) 

LODa 
(ng/mL) 

LODb 
(ng/mL)

5.29 0.8980(0.007) 0.8986(0.004) +0.0668 3.9203 0.0710 0.1 4.5 
aSquare-Wave anodic stripping voltammetry bismuth-film electrode sensing method (Kokkinos et al., 2008).  
bFluorescence-based sensing system using nickel binding protein from Escherichia coli (Salins et al., 2002). 
 
The selective binding ability of PAN−PAA nanofibre was determined as shown in Figure 7.8. Given the 
quenching percentages of fluorescence intensity of PAN−PAA nanofibre, upon addition of 1.0 equivalent of 

R² = 0.9963
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various metal ions (Al3+, Cr3+, Fe2+, Co2+, Cu2+,  Zn2+, Cd2+ and Pb2+), PAN-PAA had a large chelation-
enhanced quenching (CHEQ) effect only with Ni2+  among the metal ions examined with percentage 
quenching near 100%. In contrast, addition of other metal ions (Al3+, Cu2+, Zn2+, Cd2+ and Pb2+) scarcely 
showed fluorescence quenching. However, Cr3+, Fe2+ and Co2+ ions showed weak quenching probably due 
to their paramagnetic nature. Above all, this phenomenon indicated a high selectivity of PAN-PAA in its 
fluorescence quenching response toward Ni2+ against other metal ions. 

 
Figure 7.8: Quenching percentage ([Io-I/Io] x 100%) of fluorescence intensity of PAN-PAA nanofibre upon 
addition of 1.0 equivalent metal ions 

 
The selectivity and tolerance of PAN-PAA for Ni2+ over other metal ions was examined by competition 
experiments. When 1 equivalent of Ni2+ in the presence of 10 equivalent of respective metal ions was 
introduced on the fibre, the emission spectra displayed a similar quenching at near 557 nm to that of Ni2+ 
only. The results indicated that the fluorescence quenching by Ni2+ was hardly affected by the co-existence 
of other metal ions. When analyte solutions containing mixtures of competing species are used, the 
consideration of sensitivity and selectivity becomes more important. This result afforded a solid sensor for 
selective detection of nickel ions in water without laborious sample handling steps. 
 
Another requirement for the solid detection sensors is its reusability. To investigate this ability, the nanofibre 
was used to complex Ni2+ through complex-stripping cycles. The stripping agent used was 0.1 M HCl. Figure 
7.9 shows a profile of the fluorescence response during five sequential cycles. The whole process included 
washing the fibre with HCl followed by modulating the pH value to the neutral using 0.1 M NaOH and the 
sensing of Ni2+. The nanofibre was found to be able to re-combine with Ni2+ for at least four times (I4/I1 = 
94.8%) and the decrease of the fluorescence intensity may be attributed to the effect of stripping agents on 
the sensing performance and little loss of the fibre during multiple regeneration experiments.  
 
The effect of the pH of the solution on the binding ability of PAN-PAA nanofibre with Ni2+ demonstrates that 
the functionalized polymer was disturbed by proton in the detection of metal ions. HCl was chosen as a 
simple stripping agent for the regeneration of nickel-free PAN-PAA nanofibre, because at pH below 5.0, the 
protonation of receptors’ nitrogen atoms of the PAN-PAA fibre decreases its electron donating abilities. 
However, at higher pH (>8.0) value, the precipitation of metal hydroxide which decomposes to the oxide is 
promoted. 
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Figure 7.9: Repeated switching of fluorescence emission of the PAN−PAA nanofibre against the number of 
Ni2+ solution/eluent cycles 

7.4 Conclusions 

A novel heterogeneous PAN-PAA nanofibre for selective detection of Ni2+ in water was developed 
successfully. The fabrication technique involved covalent functionalisation of PAN on PAA polymer followed 
by electrospinning to produce smooth and beadless fluorescence nanofibre. A Stern-Volmer bimolecular 
quenching relationship was found to hold when I0/I was used to determine analyte concentration. Importantly, 
the system showed high sensitivity in the range of concentration studied and also high selectivity in its 
fluorescence “turn-off” response toward Ni2+ against other metal ions. Further, a reversible process can be 
realized by breaking of indicator/quencher complexation and fluorescence “turn-on”, allowing reusability at 
least four cycles. The approach may serve as a foundation for the preparation of practical fluorescent 
detector for potential practical applications. Further work in this regard is in progress in our laboratory. We 
hope that this work will contribute to the development of the versatile technique of electrospinning for 
fabrication of fluorescence nanofibre with application in both environmental and biological systems. 

7.5 Recommendations 

The application of the fluorescent probe can be extended for determination of Ni2+ ions in other aqueous 
samples like in sewage water 
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8 COLORIMETRIC PROBE FOR NICKEL(II) IONS IN WATER BASED ON 
SILVER-COPPER ALLOY NANOPARTICLES 

8.1 Introduction 

The objective of the project was to develop and characterize a colorimetric probe for the detection of Ni2+ 
ions in water based on silver/copper alloy nanoparticles hosted in electrospun nanofibres.   
 
Nickel is an essential trace element for plants and animals where it participates in a variety of cellular 
processes. It plays important roles in various enzyme activities such as hydrogenases, superoxide 
dismutases, acetyl-coenzyme, carbon monoxide dehydrogenases, and in catalytic processes (Mulrooney 
and Hausinger, 2003). However, overexposure to nickel ion can cause acute pneumonitis, dermatitis, 
asthma, disorders of central nervous system and cancer of the nasal cavity and lungs (Kasprzak et al., 
2003). The International Agency for Research on Cancer (IARC) classified nickel compounds as group 1 
carcinogenic to humans in 1990 (Denkhaus and Salnikow, 2002). Therefore detection of Ni2+ ions in 
industrial, environmental, and food samples has become very important. 
 
Like many transition metals, determination of nickel by photometric methods is well established. Many 
sensitive instrumental methods, such as spectrofluorometry (Ressalan and Iyer, 2004), X-ray fluorescence 
spectrometry (Leyden et al., 1975), atomic absorption spectrometry (Chen and Teo, 2001) and 
chemiluminescence (Li et al., 2006), have widely been applied for the determination of nickel. While these 
techniques do an excellent job in accurately detecting low levels of transition metals, they require high cost 
analytical instruments or at least electricity. This renders these techniques insufficient for online and field 
monitoring or for resource-poor settings. Hence, there is a need to develop simple, reliable methods that are 
sensitive and selective as well as capable of use by technicians, preferably in the field. Recently, colorimetric 
sensing of metal ions has been shown to be a less labour-intensive alternative to techniques based on 
fluorescence (Nazeeruddin et al., 2006). It is well known that solid materials that change their colour upon 
recognition of macromolecules are widely accepted for fingerprinting and conducting pregnancy tests at 
home (Prabhakaran et al., 2007). The throughput of the testing was profoundly advanced by the elimination 
of instrumental requirements and organic solvents. This idea can be extended towards developing simple 
visual detection methods for trace environmental toxins such as heavy metal ions.  
 
Metal nanoparticles with well controlled size have recently been the focus of great interest because of the 
colour changes associated with their surface plasmon absorption. Their surface plasmon absorption is 
dependent on a number of parameters such as the size and shape of the particle, the adsorbed species and 
the distance between particles (Aslan et al., 2004). Among the metals, gold, silver and copper are known to 
display plasmon resonances in the visible spectrum (Kreibig and Vollmer, 1995). These nanoparticles have 
been used with great success for the detection of a range of analytes such as metal ions (Reynolds et al., 
2006). For colour signal generation, metal nanoparticles are particularly attractive; as they possess much 
higher extinction coefficients compared to organic dyes, allowing sensitive colorimetric detections with 
minimal material consumption (He et al., 2005, Rosi and Mirkin, 2005). Metal alloy nanoparticles, on the 
other hand, have mainly been studied because of their catalytic effects (Dutta et al., 2011, Li et al., 2010a). 
They have been reported to offer additional degrees of freedom for tuning their optical properties by altering 
atomic composition and atomic arrangement (Chowdhury et al., 2009). This motivated us to study alloy 
nanostructure platforms to diagnose the presence of Ni2+ ions in aqueous media.  
 
In order to confer some special properties, organic and inorganic polymers have been used as solid supports 
for nanoparticles. The choice of solid support and immobilization of the indicator onto the support have 
significant impact on the performance of the probes in terms of selectivity (Brook and Narayanaswamy, 
1998), sensitivity, response time and stability (Xavier et al., 1998). Furthermore, these polymers can afford 
electrospinnable material for transformation into nanofibre mat for solid phase measurement. Electrospinning 
of polymeric materials into well-defined fibre mat has received significant interest in the recent past. 
Specifically, the technique has been found to be a unique and cost-effective approach for fabricating large 
surface area mats for a variety of sensor applications (Balaji et al., 2006, Gao et al., 2007, He et al., 2009, 
Reneker and Chun, 1996, Shin and Jang, 2007, Wang et al., 2002).    
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Herein, we report the development and characterization of a simple, sensitive and selective colorimetric 
probe for the detection of Ni2+ ions in water based on silver/copper alloy nanoparticles hosted in electrospun 
nanofibres. 

8.2 Experimental 

Materials and reagents 
All chemicals used were of analytical grade. All solutions were prepared with double-distilled deionised water 
obtained from a Millipore system. Nylon 6 (Mw = 10 000), AgNO3 (ACS reagent ≥ 99%), NaBH4, glutathione 
and salts of different cations studied (CuSO4.5H2O, NiCl2.6H2O, CrCl3.6H2O, FeSO4.7H2O, MnSO4.H2O, 
CaCl2, NaCl, Pb(NO3)2 and CoCl2.6H2O) were obtained from Sigma Aldrich (St. Louis MO, USA). Formic 
acid (90%) and glacial acetic acid (100%) were purchased from Merck Chemicals (Wadeville, South Africa) 
and used as received. All glassware were cleaned with 3:1 HCl/HNO3 and rinsed with double-distilled 
deionised water before use. 
 
Instrumentation 
Surface plasmon absorption spectra were recorded on a Perkin Elmer Lambda 25 UV/VIS double beam 
spectrophotometer in a quartz cell (1 cm) at room temperature. Transmission electron micrograph (TEM) 
was recorded on a JEOL JEM 2100 LaB6 working in STEM and HAADF (High Angle Annular Dark Field 
Mode). The morphology of the nanofibre mat was studied by a JEOL JSM-7001F Field Emission Scanning 
Electron Microscope operating at 2 kV after gold sputter coating. 
 
In situ synthesis of glutathione-stabilized silver/copper alloy nanoparticles 
Nylon-6, silver nitrate, copper sulphate, NaBH4 and glutathione were used as electrospinnable polymer, 
silver precursor, copper precursor, reducing agent and stabilizer respectively. Nylon 6 pellets were dissolved 
in a mixture of acetic acid and formic acid in the ratio of 1:1 to make a solution with a concentration of 15 
wt/wt%. The mixture was stirred with a magnetic stirrer for 1 h until the lumps of the nylon 6 pellets were 
broken and well dispersed. 10.5% of AgNO3 and CuSO4 in the mole ratio of 1:1.96 were then added to the 
nylon 6 solution. The mixture was allowed to stir for further 1 h after which 1.5×10-3 moles of NaBH4 was 
added to this mixture. The colour of the solution changed to black (Scheme 8.1). After stirring for about 5 min 
22.8% of GSH was added. The percentage weight of the salts and the capping agent were calculated based 
on the weight of nylon 6. 
 

 

CuSO4.5H2O, AgNO3 

 
GSH, NaBH4 

   

Scheme 8.1: In-situ synthesis of Ag-Cu alloy NPs 

 
Fabrication of electrospun nanocomposite fibres  
The homogenous nanocomposite solution was loaded into a 10 mL plastic syringe. The syringe was then 
mounted on a programmable syringe pump (New Era, NE-1000). The solution was pumped at a flow rate of 
0.3 mL/h through a steel needle of 0.584 mm internal diameter. Nanofibres were collected on an aluminium 
foil collector with the distance between the needle tip and the collector of 12 cm and the applied voltage at 
the needle tip was 22.5 kV. The electrospun fibre mats were cut into uniform strips and without any further 
treatment these strips were placed in the various test solutions. 
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Performance testing of the probe 
Standard solutions of various metal salts were prepared by appropriate dilution of their stock solutions with 
double-distilled deionised water. Aliquots (5 mL) of the standard solutions were measured out in a sample 
vial and the strips of electrospun fibre mats were placed in these solutions. 

8.3 Results and Discussion 

Optical properties of synthesized Ag-Cu alloy nanoparticles 
UV-Vis spectroscopy is one of the widely used techniques for structural characterization of nanoparticles. 
The absorption spectrum (see Figure 8.1) of the black silver-copper alloy colloids prepared showed a surface 
plasmon absorption band with a maximum at 424 nm. If silver and copper ions are reduced simultaneously in 
the same solution, silver-copper alloy nanoparticles are formed. The alloy formation is concluded from the 
fact that the optical absorption spectrum shows only one plasmon band and this is in agreement with what 
has been reported in literature (Mulvaney, 1996, Papavassiliou, 1976, Torigoe et al., 1993). Two bands 
would be expected for the case of a mixture of  silver and copper nanoparticles. Also, the appearance of a 
narrow SPR absorption band at 424 nm confirms the narrow size distribution and the well dispersed state of 
the alloy nanoparticles. 

 
Figure 8.1: UV-Vis spectrum of Ag-Cu/Nylon 6 nanocomposite solution before electrospinning 

The appearance of a single absorption band indicates that the synthesized Ag-Cu bimetallic particles were in 
alloy form rather than being a mixture of individual metal nanoparticles, whereas the physical mixture of 
synthesized Ag and Cu nanoparticles showed two absorption bands corresponding to the individual metal 
nanoparticles (Figure 8.2 inset). Ag NPs alone in the polymeric solution had a strong surface plasmon 
resonance peak at 408 nm, while that of the Ag-Cu NPs was red-shifted to 424 nm and broadened which is 
agreement with what Mulvaney had reported (Mulvaney, 1996). In addition, the plasmon resonance 
absorption band of Ag NPs is stronger and sharper in comparison with Cu nanoparticles which was at 
551 nm, and occurs at longer wavelengths (Figure 8.2). The collective plasmon resonance absorption band 
of Ag-Cu alloy differs dramatically from that of Ag or Cu, and can easily be tuned in the UV-Vis region by 
changing the Cu/Ag mole ratio. The notable change in the absorption spectra can be primarily attributed to a 
change in the dielectric function when different metal atoms are mixed. Silver displays approximately free 
electron behaviour in the visible range, which gives rise to a sharp absorption band. Other metals, including 
Cu and Au, have less free-electrons, which gives rise to a broad absorption band (Chimentao et al., 2006). 

 

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

300 400 500 600 700 800 900

Ab
so

rb
an

ce

Wavelength (nm)



46 

 
Figure 8.2: Surface plasmon absorption for AgNPs only [A], Ag-Cu alloy NPs [B], and CuNPs only [C]. inset 
is for the physical mixture of Ag and Cu NPs 

 
Reducing agent 
The general chemical reduction reactions involve reducing agents that are reacted with a salt of the metal 
according to the following chemical equation: 
௡ା݁ܯ݉  + 		ܴ݊݁݀	 → 		଴݁ܯ݉ +  (7) ݔܱ݊	
 
A study of metal ion reduction by borohydride system shows that BH4

- ions functions not only as a reducing 
agent but also as a stabilizer that prevents the nanoparticles from aggregating (Van and Zukoski, 1998). 
Adsorption of borohydride onto the surface plays a key role in stabilizing growing nanoparticles by providing 
particle surface charge leading to electrostatic repulsion that keeps them from agglomerating (Scheme 8.2). 
There must therefore be enough borohydride in solution to stabilize the particles as the reaction proceeds. 
 

 
Scheme 8.2: Separation of nanoparticles by repulsive forces induced by adsorbed borohydride 

Later in the reaction however, it was observed that too much sodium borohydride increases the overall ionic 
strength and aggregation occurred. Therefore, the amount of NaBH4 needed must be optimized. The 
optimized mole ratio of the total salts to sodium borohydride was 1:2.8. Below and above this mole ratio 
there appeared more than one peak which were also very broad (Figure 8.3). The broad nature of these 
peaks could be attributed to large size distribution and probably aggregation caused by too much or less 
reducing agent. 
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Figure 8.3: UV-Vis spectra of Ag/Cu alloy nanoparticles with varying mole ratios of reducing agent 

 
Upon introduction of GSH, the rather loose shell of borohydride ions on the Ag/Cu NPs surfaces is easily 
displaced by other desired ligands with valuable functionalities (e.g. N and -SH groups). Molecules with 
electron-rich nitrogen or sulphur atoms are easily bound onto the surface of metal nanoparticles through the 
coordinating interactions between sulphur or nitrogen atoms with the electron-deficient surface of metal 
nanoparticles. In particular, the sulphur atom of GSH exhibits much stronger binding ability/affinity to NPs. A 
stabilizing agent relies on electrostatic repulsion force caused by either surface charge or steric stabilization, 
or both to prevent nanoparticles from aggregation. 
 
Characterization of GSH-Ag/Cu alloy nanoparticles nanofibres  
The morphology of the GSH-Ag-Cu alloy nanofibres was observed using a transmission electron microscope 
(TEM). As shown in Figure 8.4, glutathione stabilized Ag-Cu alloy nanoparticles having sizes between 3 and 
6 nm were well dispersed in the electrospun nanofibres. Glutathione was used as a stabilizing agent to 
prevent the nanoparticles from aggregation. For environmental applications, surface functionalisation of 
nanoparticles is essential to apply them for selective detection of a specific analyte. Therefore, apart from 
stabilizing nanoparticles formed, GSH also served as a ligand that can selectively bind Ni2+ ions in aqueous 
media. 

 
Figure 8.4: Transmission electron micrograph of Ag-Cu alloy nanoparticles in the electrospun nanofibres 
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Figure 8.6: Scanning electron micrograph of Ag-Cu alloy-nylon 6 nanocomposite fibres (a) before and (b) 
after treatment with nickel (II) ions 

To further confirm that the nanoparticles had actually been oxidized, some crystals of nickel chloride salt 
were dissolved in the polymeric mixture before electrospinning and there was a colour change from black to 
blue (Figure 8.7 inset). The blue colour indicated the presence of Cu2+ ions in the mixture while Ag+ ions 
were colourless. This oxidation was further confirmed by UV-Vis spectroscopy (Figure 8.7). It can be seen 
that the SPR absorbance has been significantly decreased by the presence of nickel in the nanocomposite 
solution and this indicates a considerable decrease in the concentration of Ag-Cu alloy NPs. 

 
Figure 8.7: UV-Vis spectra of Ag-Cu alloy nanocomposite solution incubated with Ni2+ ions and inset 
Photograph of the mixture 

In an attempt to gain insight into the effect of concentration of Ni2+ to the colour change of the 
nanocomposite fibre, a series of solutions of Ni2+ with different concentrations ranging from 0.058 μg/mL to 
5.8 mg/mL were prepared and the fibre immersed into these solutions. Colour changes were observed on 
the fibres in solutions having concentrations of 5.8 μg/mL within 30 min, at the rate at which was proportional 
to the concentration. Below 5.8 μg/mL, the fibres changed after an overnight stay in the nickel ion solutions 
down to a concentration of 0.058 μg/mL. 

a b
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Real sample analysis 
The proposed method was applied in the determination of the concentration of nickel(II) ions in a water 
sample; tap water from Prof Torto’s research lab at Rhodes University was used. For this purpose, the fibre 
strip was put in a vial containing 5 mL of tap water sample. No change in the colour of the fibre strip was 
observed thus showing that the concentration of Ni2+ in the sample is less than the limit of detection of the 
proposed method. The tap water was then spiked with 5.8 μg/mL Ni2+ solution and the fibre mats were 
discoloured. This result demonstrated the application of this probe for detection of Ni2+ ion in real water 
sample. 

8.4 Conclusions 

Nylon 6 nanofibres containing glutathione stabilized silver-copper alloy nanoparticles were prepared by 
electrospinning. The nanocomposite was characterized by UV-Vis SEM and TEM. Metal sensing ability of 
this probe was done and was found to be selective to Ni2+ ions. This approach relies on the simple oxidation 
of the formed nanoparticles in the presence of the analyte. The presence of Ni2+ reduces or rather eliminates 
the SPR band of the nanoparticles at 424 nm at room temperature. In contrast to other nanoparticle-based 
colorimetric assays, this system does not imply the use of complex nanoparticles modification (i.e., biological 
material). This method can be related to user-friendly and field-portable detection systems, and it is 
inexpensive, very simple, rapid, and a reliable alternative in comparison to other techniques. By 
functionalizing nanoparticles with ligands and other specific heavy-metals receptors, the possibility exist to 
further improve the sensitivity of the method achieving even efficient throughput screening tests for metal 
toxicity in general beside single metal detection.  

8.5 Recommendations 

X-ray diffraction characterization to ascertain the phases of the metal nanoparticles embedded in the fibre 
could be necessary. 
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9 ELECTROSPUN NANOFIBRE-BASED COLORIMETRIC PROBE FOR THE 
RAPID DETECTION OF IRON(II) IONS IN AQUEOUS MEDIA 

9.1 Introduction 

The objective of the study was to develop a 2-(2′-pyridyl)imidazole (PIMH) functionalized 
poly(vinylbenzylchloride) (PVBC) nanofibre-based colorimetric probe for the detection of Fe(II).  
 
Iron is an important element in environmental, industrial, medical and biological studies (Lieu et al., 2001). It 
is naturally present in a variety of rocks and soil in oxidation states 2 and 3 (Taylor and McLennan, 1985). 
Iron is necessary for DNA synthesis and in oxidative processes of living tissues; it exists at the active site of 
molecules responsible for oxygen transport and mitochondrial electron transfer. Iron also provides 
fundamental structures of many co-factors involved in enzyme activities (Bothwell, 1979, Cotton, 1976, 
Hoffbrand and Herbert, 1999, Zhang and Enns, 2009). It plays an essential role in photosynthesis and is a 
limiting growth nutrient for phytoplankton in some parts of the ocean (Martin and Fitzwater, 1988, Martin et 
al., 1990, Riley and Chester, 1971). For the human body and other high animals, Fe(II) is not only a key 
element in energy metabolism, but also crucial in the transport and storage of oxygen (Mortatti et al., 1982). 
However, iron deficiency causes anaemia which is one of the world’s most common nutritional deficiency 
diseases (Zeng and Jewsbury, 2000). Normally small concentrations of iron are essential in all mammals but 
excessive intake of iron has been reported to cause siderosis and damage to organs (Ellis et al., 1954), 
toxicity and even death (Corbett, 1995). Hence, the determination of iron in medicinal, environmental and 
industrial samples has been an important topic in environmental and biological analysis (Carneiro et al., 
2002, Qin et al., 1998, Safavi et al., 2002). All the findings cause great concern regarding public health, 
demanding accurate determination of this metal ion at trace and ultra-trace levels. 
 
Several methods have been reported for the determination of Fe(II) and these include; anodic stripping 
voltammetry (Gholivand et al., 2011), inverse voltammetry (Stozhko et al., 2005), chemiluminescence 
(Hansard and Landing, 2009), direct potentiometry (Mahmoud, 2001), high-performance liquid 
chromatography (Tavallali and Nike, 2011), fluorometric analysis (Garcia et al., 1983, Zhu et al., 2002), 
capillary electrophoresis (Xu et al., 1996a), and spectrophotometric detection (Alula et al., 2010, Gupta and 
Barhate, 2012). Though these methods offer good limits of detection and wide linear ranges, they are not the 
perfect strategy since they often require complicated sample preparation, advanced instruments and 
professional operation. Thus, it is highly desirable to design and synthesize novel Fe(II) colorimetric probes 
in which a signal can easily be visualized by the naked eye without resorting to any instrumentation. In order 
to provide colorimetric probes with good sensitivity, selectivity and most importantly stability, various support 
materials for their immobilization have been employed (Mohr and Wolfbeis, 1994).  
 
Polymers have been used as inert supports for ligands and indicator dyes to keep the molecules apart in 
order to allow for exposure to analytes and to maintain their optical properties (Dini et al., 2011). Besides 
providing a support, polymers can also be transformed into nanofibres by electrospinning.  
 
In order to improve the properties of electrospun nanofibres and extend their applications, researchers have 
paid attention to their modification. The primary goal of surface modification is to endow specific 
functionalities to the original polymer with well-defined characteristics. To achieve this, a number of methods 
have been used which include plasma treatment (Hoecker, 2002), wet chemical method (Nam et al., 1999), 
surface graft polymerization (Mori et al., 1994), and co-electrospinning of surface active agents and polymers 
(Sengonul et al., 2007). Surface modification of nanofibres after electrospinning gives a high degree of 
functionalities that are exposed on the surface for easy accessibility. 
 
In this work, we report the development of a colorimetric probe for detection of Fe(II). Poly(vinylbenzyl 
chloride) (PVBC) was synthesized by free radical polymerization of 4-vinylbenzylchloride (VBC) and 
electrospun into nanofibres. The probe was fabricated through post-functionalisation of the nanofibres with 
2-(2′-pyridyl)imidazole (PIMH) ligand by wet chemical method. This system is simple and takes advantage of 
the unique optical properties generated by PIMH-Fe(II) complex. To the best of our knowledge, development 
of a colorimetric probe for the detection of Fe(II) using 2-(2′-pyridyl)imidazole (PIMH) as a ligand has not 
been reported. 
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9.2 Experimental 

Materials 
All chemicals used were of analytical grade. Pyridine-2-aldehyde 99%, Glyoxal solution (40% weight in 
water) and 4-vinylbenzyl chloride (90%), Azoisobutyronitrile (AIBN) (recrystallized from THF just before use),	
certified  reference material (Iron, Ferrous 1072)	 metal salts; (CoCl2, MnSO4.H2O,AgNO3, NiSO4.7H2O, 
CrCl3.6H2O, Zn(NO3)2 and FeSO4.7H2O Cd(NO3)2.4H2O, Pb(NO2)2, CuSO4.5H2O) were used as obtained 
from Sigma Aldrich (St. Louis, MO USA). Ethanol, Diethyl ether, Ethyl acetate, N,N-Dimethylformamide 
(DMF), Tetrahydrofuran (THF), Potassium hydroxide (KOH) and Sodium hydroxide (NaOH), 25% ammonia 
solution were obtained from Merck Chemicals (Wadeville, South Africa), Sodium dihydrogen phosphate 
(NaH2PO4.2H2O), Potassium hydrogen phthalate (C8H5KO4) were obtained from Saarchem Analytic 
(Krugersdorp, South Africa). 
 
Instrumentation 
Infrared spectra were recorded on Perkin-Elmer 100 FT-IR spectrophotometer. 1H and 13C NMR spectra 
were collected on Bruker Avance 400 MHz spectrometer. Electronic absorption spectra were recorded on a 
Perkin Elmer Lambda 25 UV/VIS spectrophotometer in a quartz cell (1 cm). The morphology of the nanofibre 
mat was studied by the Tescan (TS5136ML) Scanning Electron Microscope (SEM) operating at an 
accelerated voltage of 20 kV after a gold sputter coating. Elemental analyses were performed with Vario 
Elementar Microtube ELIII (Hanau, Germany) after drying the samples. 
 
Synthesis of 2-(2’-pyridyl)imidazole (PIMH) 
2-(2’-pyridyl)imidazole was synthesized following a previously reported  literature procedure (Gerber et al., 
2006). Briefly, a solution of 10.70 g of pyridine-2-aldehyde (0.10 mol) in 10 mL of ethanol was mixed with 
20 mL of a 40% aqueous glyoxal solution at 0°C. Immediately, 30 mL of an ice-cold 20% aqueous ammonia 
solution was added, and the yellow-brown solution was stirred at 0°C for 30 min, and then allowed to stir 
overnight at room temperature (Scheme 9.1). The ethanol was then boiled off, and the residue was extracted 
several times with 50 mL aliquots of diethyl ether. The ether was evaporated using a rotary evaporator, and 
the yellow solid crystals were re-crystallized from ethyl acetate. These were filtered and dried under vacuum. 
 

 
Scheme 9.1: Synthesis of 2-(2′-pyridyl)imidazole (PIMH) ligand 

 
Preparation of standard solutions 
Iron(II) stock solution (0.1 M) was prepared by dissolving 2.78 g FeSO4.7H2O in 100 mL volumetric flask 
using 0.2 M of concentrated H2SO4 and deionised water. The other metal ion solutions were prepared from 
their sulphate, nitrate or chloride salts. Ag+, Cu2+, Zn2+, Cd2+, Pb2+, Fe3+, Co2+, Mn2+, Cr3+, Ni2+, Ca2+, Na+ and 
Mg2+ salts were dissolved to prepare stock solutions with concentrations of 1.0×10-3 M, the synthetic ligand 
was dissolved in the mixed solution of EtOH: H2O (ܸ/ܸ = 10: 90) to give the stock solution (1 mg/mL). The 
prepared stock solution of the metal ions and ligand were directly used in the spectroscopic measurement. 

 
Preparation of calibration curve 
A series of Fe(II) standard solution having concentrations from 0 to 3.5 μg/mL were prepared. In each case, 
an appropriate volume of the stock solution of iron(II) standard was mixed with 4.0 mL of the buffer (pH 6.0) 
followed by the addition of 2 mL of PIMH solution. The pH of the mixtures was brought to 6.0 by using either 
NaH2PO4 or NaOH solutions and the volume was adjusted to 20.0 mL with Millipore water.  
 
Interference evaluation 
Evaluation of chemical interferences was conducted by repeating Fe(II) analysis in the presence of each of 
the interfering species at different concentration levels, and comparing the results with a measurement of a 
blank solution containing iron with no interfering substance. The interferences were studied by analysing 
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samples after adding between 2-25 μg/mL of each interfering ion into a fixed concentration (2.0 μg/mL) of 
Fe(II). All the solutions were prepared according to the standard preparation procedures already described. 
 
Synthesis of poly(vinylbenzylchloride) (PVBC) 
PVBC was produced by free-radical polymerization of 4-vinylbenzyl chloride (10 mL, 70.9 mmol) in toluene 
(2 mL) using azobisisobutyronitrile (AIBN) (0.05 g, 0.3 mmol) as the initiator. The reaction mixture was 
heated at 70°C under nitrogen gas for 12 h (Scheme 9.2). The polymer obtained was dissolved in THF and 
precipitated with methanol, filtered and air dried. 
 

 
Scheme 9.2: Synthesis scheme of poly(vinylbenzylchloride) (PVBC) 

 
Fabrication of nanofibres by electrospinning PVBC 
A solution for electrospinning was prepared by dissolving the polymer to make a 40% (wt/v) in 1:1 (v/v) 
DMF/THF solvent system and the mixture was stirred for 3 h to obtain a homogenous solution. After loading 
the polymer solution into 10 mL glass syringe, the syringe was mounted on a programmable syringe pump 
(New Era, NE-1000). The solution was pumped at a flow rate of 0.8 mL/h through a steel needle of 
0.584 mm internal diameter. Nanofibres were collected on a stationary collector covered with aluminium foil. 
The distance between the needle tip and the collector was 12 cm and the applied voltage was 15 kV. 
 
Fabrication of the colorimetric probe by post-functionalisation of the nanofibres  
A strip of approximately 14 cm x 6 cm of the PVBC nanofibre mat measuring 0.65 g was cut out. The strip 
was placed into a 20 mL methanol solution of PIMH (5.0 g, 0.035 mol) in a 50 mL flask along with KOH 
(3.93 g, 0.07 mol). The contents were heated at 40°C and stirred gently at 40 rpm for a period of 5 days 
(Scheme 9.3). Afterwards, the fibres were rinsed in methanol. Finally, the fibres were cleansed with diethyl 
ether in a Soxhlet extraction system and dried at room temperature, under reduced pressure for 12 h. 
 

 
Scheme 9.3: Synthesis scheme of poly(vinylbenzyl-2-(2’-pyridyl)imidazole) nanofibres 
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9.3 Results and Discussion 

Characterization of 2-(2’-pyridyl)imidazole ݉݌ = 133 − 135℃. Anal. Calc. for C8H6N3 (%): C, 66.65; H, 4.20; N, 29.15. Found: C, 66.29; H, 5.30; 
N, 29.16. 1H NMR (CDCl3) δ (ppm): 7.19 (s, 1H, H4), 7.22-7.25 (m, 2H, H5, H5’), 7.76 (t, 1H, H4’), 8.25 (d, 
1H, H3’), 8.50 (d, 1H, H6’), 12.05 (br s, 1H, NH). 13C NMR (CDCl3) δ (ppm): 149.29 (2C), 77.90 (4C), 77.58 
(5C), 148.80 (2’), 123.45 (3’), 137.71 (4’), 120.73 (5’), 146.70 (6’). IR (vmax/cm-1): 1592, v(C=Nim); 1567, 
v(C=Npy); 3108 v(N-H). 
 
Absorption response of PIMH to different metal ions 
The recognition ability of the ligand towards different metal cations was investigated by UV-vis spectroscopy. 
A 1 mL solution of the ligand was added to 1.0×10-3 M of the metal ion solutions. The absorption spectrum of 
the mixture of Fe(II) and the ligand was red shifted to the visible region. The bathochromic shift could be 
attributed to spin crossover (SCO) in which the paramagnetic t2g

4 eg
2 high spin state (HS) of Fe(II) could be 

switched to the diamagnetic t2g
6 low spin state (LS) through forcing six-coordination on Fe(II) (Guetlich and 

Goodwin, 2004).  
 
The variation of absorption spectra of ligand upon addition of different metal ions including Ni2+, Mn2+, Cr2+, 
Co2+, Zn2+, Cd2+, Cu2+, Fe2+, Fe3+, Ag+, Pb2+, alkali and alkaline earth metal ions, were also recorded. As 
shown in Figure 9.1, there was no significant change observed except with nickel. On addition of Ni2+, the 
spectrum shifted to 530 nm accompanied by the appearance of a faint purple colour. 

Wavelength (nm)

300 400 500 600

A
bs

or
ba

nc
e 

in
te

ns
it

y 
(a

u)

0.0

0.5

1.0

1.5

 
Figure 9.1: UV-vis spectra of  PIMH (1 mg/mL) in water-ethanol (90:10 v/v) at pH 6 in the presence of 1 
equivalent of Ag+, Zn2+, Cu2+, Pb2+, Cd2+, Ni2+, Co2+, Fe2+, Fe3+, Mn2+, Mg2+, Ca2+, Cr3+ 

 
However, it can be seen that the maximum absorption of the ligand shifted from 292 nm and 271 nm to 
484  nm upon addition of Fe(II). The shift was accompanied by a visual colour change from colourless to 
red-orange after the addition of ligand (see Figure 9.2). These results indicated that PIMH had a high-binding 
affinity towards Fe(II). The ligand was highly suitable for use in aqueous solutions and showed high 
selectivity towards Fe(II) over a large number of mono-, bi- and trivalent cations. 
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Figure 9.2: Colour changes of PIMH (1 mg/mL) upon addition of  PIMH alone, Mn2+, Ag+, Cu2+, Fe3+, Mg2+ 
Pb2+, Cd2+, Fe2+, Ni2+ , Zn2+ (1.0 equivalent) respectively 

 
Effect of pH on the colour intensity of PIMH-Fe2+ complex 
In order to select the optimum pH value at which maximum sensitivity occurs, the influence of the pH of the 
medium on the absorption spectra of Fe(II)-PIMH was studied over the pH range 3.0 to 8.0. The buffer 
solutions used were potassium hydrogen phthalate-hydrochloric acid (pH 2.2-4.0), potassium hydrogen 
phthalate-sodium hydroxide (pH 4.5-5.9) and sodium dihydrogen phosphate-sodium hydroxide (pH 6.0-8.0). 
In each case, a mixture containing 0.34 mg of Fe(II), 5.0 mL of the suitable buffer and 6.0 mL of PIMH 
solution were taken and the volume was adjusted to 20.0 mL with Millipore water. The experiment was 
repeated with buffers of different pH values from 3.0-8.0. 
 
It was observed that the absorbance intensity increased as the pH increased from 3.0, reached a maximum 
at pH 6.0 and started to decrease up to pH 8 (Figure 9.3). Hence, pH 6.0 was taken as the optimum pH 
value and used for further studies.  At lower pH (< 5.0), the absorbance was lower and this could be due to 
the fact that PIMH could be protonated and hence reduced its chelating ability. It is important to note that at 
higher pH (> 6.0), there could be a probability of the formation of the hydroxide ions. 

 
Figure 9.3: The effect of pH on the absorbance of Fe(II)-PIMH complex (error bars from relative standard 
deviations) 

 
Effect of metal concentration 
The change in absorbance intensity as a function of increasing metal ion concentration was monitored. The 
increasing peak intensity at 484 nm with increasing Fe(II) concentration (Figure 9.4) enabled quantitative 
determination of test samples by comparison with the calibration curve. 
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Figure 9.4: Absorption spectral changes of PIMH-Fe(II) complex with increasing concentrations of Fe(II) 
solution (pH 6.0) 

 
Spectroscopic analysis in very dilute solutions is usually derived from the well-known Beer’s law (Equation 8) 
which gives the relationship between the absorbance at 484 nm and Fe2+ concentrations. 

ܣ  =  (8) 						݈ܿߝ
 
where ܣ is the absorbance intensity (arbitrary units), ߝ is the molar absorptivity (L mol-1 cm-1), ݈ is the length 
of the solution the light passes through (cm) and ܿ is the concentration of the solution (molL-1). The ε of the 

method calculated from the slope of the plot was found to be 4.353×103 L mol-1 cm-1. A linear correlation 
between the concentration of the metal and absorbance was observed over the range of 0.0988 μg/ mL to 
3.5 μg/mL (Figure 9.5). 

y = 0.0779x + 0.0424
R2 = 0.9996
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Figure 9.5: Calibration curve for the determination of Fe(II) concentration with PIMH (error bars from relative 
standard deviations) 

Limit of detection (LOD) and limit of quantification (LOQ) 
The standard deviation and slope of the calibration curve were used to determine the LOD and LOQ of Fe(II) 
using the method.  Limit of detection is the lowest amount of analyte in a sample which can be detected but 
not necessarily quantified as an exact value while LOQ is the lowest amount of analyte in a sample which 
can be quantitatively determined with suitable precision and accuracy. Limit of detection and LOQ were 

0.09 μg/mL  

3.5 μg/mL 
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calculated by Eqs. ܦܱܮ = ߜ3.3 ⁄ݏ 	(2) and ܱܳܮ = ߜ10 ⁄ݏ 	(3)	respectively, where δ is the standard deviation 
and s is slope of calibration (Busaranon et al., 2006). The limit of detection (LOD) and limit of quantification 
(LOQ) of the proposed method were found to be 0.102 μg/mL and 0.309 μg/mL respectively. 

 
Composition of the absorbing complex 
Most colorimetric analyses particularly for metals depend upon the formation of coloured complex molecules. 
It is important to ascertain the molar ratio of metal to reagent. The stoichiometry of the absorbing complex 
can be done from photometric data by different procedures. Continuous variation method attributed to Job 
and modified by Vosburgh and Cooper (Vosburgh and Cooper, 1941), as well as the mole ratio method (Yoe 
and Jones, 1944), were applied to ascertain the stoichiometry of the complex. The composition of the 
complex [Fe(II):PIMH] was determined as 1:3 by both methods (Figures 9.6 & 9.7) which is consistent with 
six-coordinate diamagnetic Fe(II) species which are usually orange-red in colour (Hagiwara et al., 2011). 
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Figure 9.6: Plot of Job’s method of continuous variation for determination of the stoichiometry of Fe(II)-PIMH 
complex at pH  6.0 
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Figure 9.7: Plot of mole ratio method for determination of M:L ratio for Fe(II)-PIMH complex, Fe(II) (1×10-3 
M), PIMH (1 mL, 6.9 × 10-3 M) at pH 6.0 
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Selectivity studies 
The ligand showed excellent selectivity for Fe(II) over the alkaline earth and most of the transition metal ions 
tested. From the results obtained, Ni(II), Cu(II) and Co(II) were found to  interfere more with the 
determination of Fe(II) at higher concentrations. Tolerance limits for the determination of 2.0 μg/mL of Fe(II) 
in the presence of interfering ions are given in Table 9.1. 
 
Table 9.1:  Spectrophotometric determination of Fe (II) in the presence of other metal ions (n =3) 

 Proposed method 
Interfering ions with 
2.0 µg/mL Fe (II) 

Quantity of the metal 
added (µg/mL) 

Fe (II) found method (µg/mL) %RSD 

Ni(II) 2.0 
5.0 
10.0 
20.0 
25.0 

1.78 
1.28 
0.86 
0.70 
0.70 

0.0 
0.1 
0.1 
0.1 
0.1 

Cu(II) 2.0 
5.0 
10.0 
20.0 
25.0 

1.93 
2.01 
2.00 
1.29 
1.13 

0.0 
0.0 
0.1 
0.1 
0.1 

Zn(II) 2.0 
5.0 
10.0 
20.0 
25.0 

2.05 
2.03 
1.99 
1.95 
1.85 

0.0 
0.0 
0.1 
0.7 
0.1 

Mn(II) 2.0 
5.0 
10.0 
20.0 
25.0 

2.01 
2.00 
1.97 
1.92 
1.80 

0.0 
0.0 
0.9 
1.7 
0.7 

Mg(II) 2.0 
5.0 
10.0 
20.0 
25.0 

2.00 
2.00 
1.99 
1.98 
1.99 

0.1 
0.0 
0.0 
0.9 
0.0 

Co(II) 2.0 
5.0 
10.0 
20.0 
25.0 

2.01 
2.00 
1.97 
1.92 
1.70 

0.1 
0.1 
0.0 
0.0 
1.7 

 
Ferrous ion has an affinity for amine ligands and it has been reported to interact with 1,10-phenanthroline 
and 2,2-bipyridine resulting in the formation of [Fe(bipy)3]

2+ and [Fe(phen)3]
2+ coloured complexes 

(Rajendraprasad and Basavaiah, 2010). The ferric ion does not have the same affinity for amine ligands as 
the ferrous ion. Colour change was not observed with PIMH even with metal ions that are considered 
borderline like Fe(II) at tenfold excess. However, Ni(II) showed a faint purple colour in solution. It seems that 
the level of stabilization of the six-coordinate Fe(PIMH)3

2+ complex in relation to the formation of other 
metal-PIMH species is the main driver for Fe(II) selectivity. 
 
Analytical application 
To investigate the potential use of the new probe in complex matrices, an attempt was made to determine 
Fe(II) ions in certified reference material (Iron, Ferrous 1072), fish farm waste water, dam water and tap 
water samples. The samples were collected, acidified, stored in polyethylene bottles and analysed within 
12 h of collection. The waste water and dam water were filtered with Whatman filter papers before analysis. 
Each sample was analysed in triplicate using PIMH by standard addition method. The concentration of Fe(II) 
in spiked samples and the reference material were determined with reference to the calibration curve. 
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Table 9.2:  Determination of Fe(II) in various water samples (n=3) 

 Proposed method 
Sample Fe (II) added (µg/mL) Fe (II) found (µg/mL) Recovery (%) %RSD 
Waste watera 2 1.948 97.4 0.3055 
Dam waterb 2 1.964 98.2 1.0504 
Tap waterc 2 2.08 104 0.465 
(a) Collected from fish farm in Port Elizabeth (SA) (b) Collected from Howiesons Poort Dam near Grahamstown (SA) 
(c) Collected from Rhodes University (SA) 

 
The method was successfully applied for the determination of the environmental samples. The recovery 
efficiencies for Fe(II) in the real samples were found to be above 97% (Table 9.2). The high recoveries with 
low RSD values indicated that the method had good accuracy. Table 9.3 gives the quality control parameters 
regarding the determination of Fe(II) in aqueous certified reference material. The precision of these 
measurements expressed as relative standard deviation for three repeated measurements was lower than 
2% confirming that the method was accurate. 
 
Table 9.3: Analytical quality control (n=3) 

Absorbance 
(au) 

Certified concentration 
(mg/L) 

Concentration found 
(mg/L) 

% RSD 

0.229 2.44 ± 0.120 2.39 1.15 
 
Solid phase colorimetric experiments 
After quantitative analysis of Fe(II) using PIMH in solution, the ligand was used to post-functionalize PVBC 
nanofibres to obtain a solid state colorimetric probe. The scanning electron microscope (SEM) image of 
electrospun membrane of PVBC is shown in Figure 9.8a. The fibre mat had 1-dimensional structure with a 
random fibre orientation that was evenly distributed. The obtained fibres had diameters ranging between 
340 nm to 1.08 µm. 
 

  
Figure 9.8: Scanning electron micrograph of; (a) PVBC nanofibres, (b) surface-modified PVBC electrospun 
nanofibre mats 

After post-functionalisation of the nanofibres, the SEM image (Figure 9.8b) indicates that the fibrous structure 
of the nanofibres was not lost but, the diameters of the fibres increased to between 860 nm to 1.9 µm. This 
increase in fibre diameters could be attributed to swelling which resulted from attachment of the bulky ligand 
(PIMH) on to the fibre surface. The image also reveals breakage of the nanofibres upon post-
functionalisation and this could have been as due to the stirring and heating during the reaction. 
 
The composition of the fibre after functionalisation was verified by elemental analysis. The appearance of 
nitrogen in the results of the functionalized fibres was an indicator that PIMH had been successfully attached 
to the polymer back bone (Table 9.4). The successful attachment of the ligand to the polymer was further 

a b 
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confirmed from the FTIR spectra which showed the disappearance of C-Cl band of the polymer at 672 cm-1 

and N-H band around 3100 cm-1 of the ligand (Figure 9.9). 

 
Table 9.4:  Elemental analysis results of PVBC and PIMH functionalized PVBC nanofibres 

 Elemental composition (%) 
Polymer C H N 
PVBC 70.20 6.296 - 
PVBC-PIMH 75.65 6.988 10.92 
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Figure 9.9: FTIR spectra of (A) PVBC nanofibres (B) PVBC-PIMH nanofibres (C) PIMH 

 
The nanofibre mats were cut into circular shapes having diameters of 0.9 cm and 1.4 cm and without any 
treatment were dipped into the test solutions. While the colour change of the nanofibres from yellow to red-
orange associated with the reaction of PIMH with Fe(II) was readily detectable visually, no significant colour 
changes were promoted by other metal ions (Figure 9.10a). 

 

 
 

 
Figure 9.10: (a) Photographs of post-functionalized nanofibres upon treatment with different metal ions 
(0.01 M) and (b) with different concentrations of Fe(II) 

 

(b)     0.9 cm 

[Fe2+] (µg/mL) 

0.52 2 3 13 32 65 90 120 

(a)   1.4 cm 

Zn2+ Mg2+ Fe2+ Cd2+ Co2+ Ni2+ Cr3+ Fe3+ Cu2+ 
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The diagnostic probe showed a marked red-orange colour in the presence of Fe(II) that was detectable down 
to 3.0 μg/mL (Figure 9.10b). Therefore 3.0 μg/mL was taken as the cut-off for qualitative analysis of Fe(II) in 
solid state. 

9.4 Conclusions 

In conclusion, we successfully designed a method to detect and determine Fe(II) in water samples that 
offered advantages of simplicity, rapidity, high sensitivity, and selectivity. This method could be used to 
determine Fe(II) in other aqueous environmental samples. It offers a very efficient procedure for speciation 
analysis. The method has a detection limit of 0.102 μg/mL, which is lower than the WHO limit (2 mg/L) for 
Fe(II) in drinking water making this assay particularly very sensitive. The sensitivity and precision in terms of 
relative standard deviation of the present method was very reliable for the determination of iron in real 
samples down to μg/mL levels in aqueous medium at room temperature (25°C. The ligand was highly 
selective and doesn’t react with Fe(III) or with other metal ions in significant concentrations. Furthermore the 
developed solid probe allowed for naked-eye detection of Fe(II). The probe was easy to use and showed a 
fast colour change.  

9.5 Recommendations 

Satisfactory characterization of the probe has been conducted. The developed diagnostic probe could also 
be applicable in other fields other than in water quality assurance. 
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10 DEVELOPMENT OF A GOLD NANOPARTICLES-BASED PROBE FOR THE 
COLORIMETRIC DETECTION OF ENDOCRINE DISRUPTORS IN 
WASTEWATER  

10.1 Introduction 

The objective of the study was to develop a colorimetric probe, which can be used on-site to detect 
estrogens in wastewater from dairy farming effluents with subsequent quantification based on colour 
changes induced by interactions of the probe with the analyte (17β-estradiol). 
 
17β-estradiol (E2) belongs to a group of estrogenic endocrine disruptors. These hormones play important 
roles during the various stages of mammalian development, including prenatal development, growth and 
reproduction, as well as influence sexual behaviour (Koh et al., 2008 ). Cattle (Bos taurus) excrete 90% of 
estrogens (17β-estradiol, 17α-estradiol and estrone) whereby 17α-estradiol is produced by cattle only 
(Hanselman, 2003). The 17α-estradiol is however hormonally inactive and hence its β stereoisomer has 
been selected as a representative of the estrogens for this study. The β and α stereo chemical distinction of 
estradiol could be useful for identifying the livestock species contributing to wastewater (cattle vs. poultry or 
swine). Estrogens affect reproduction and development in wildlife and fish at ng/L concentration (Hanselman, 
2003). Amongst the estrogenic endocrine disruptors 17β-estradiol has increasingly been reported as a 
potent environmental contaminant. It reaches aquatic environments through domestic effluents, livestock 
waste and agriculture runoff (Oishi, 2010). Several analytical techniques such as gas chromatography (GC) 
and liquid chromatography (LC) are given in literature for analysing estrogens in the environment. Due to 
their high selectivity and sensitivity when GC is coupled with flame ionization (FID) and mass spectrometric 
(MS) detection have particularly been reported as the main horsepower for the separation and quantification 
of estrogenic steroid hormones in aqueous samples (Wang, 2011). These techniques are however time 
consuming as well as been very expensive and sophisticated. Gold nanoparticles (Au NPs)-based 
colorimetric probes, for the selective and sensitive detection of E2, may be employed to overcome 
challenges brought about by these hyphenated GC and LC techniques. 
 
Gold nanoparticles have many unique optical, chemical, electrical, catalytic properties and as a result have 
attracted interest for biological and chemical sensing applications. The ability of Au NPs to absorb and 
scatter light intensely at Surface Plasmon Resonance (SPR) wavelength region renders Au NPs as some of 
the most valuable optical probes for sensing applications (Deuk et al., 2010). These optical properties of Au 
NPs are further dependent on the surface chemistry and the inter-particle interactions. To date, techniques 
involving Au NPs as optical probes are based on the target analyte-induced optical property change of 
individual Au NPs or Au NP cluster formation (Jain, 2006, Wang, 2009). The strong absorption or scattering 
of Au NPs at the visible light region makes them easily observable by the naked eye or detectable by 
inexpensive instruments (Jans and Huo, 2012, Jones et al., 2011, Saquing et al., 2009). Zhang’s group 
developed a method whereby two types of chemically functionalized Au NPs colorimetric probes were 
prepared: alkyne-modified Au NPs and azide-modified Au NPs (Zhang et al., 2010). These two types of Au 
NPs exhibited a red colour when dispersed in solution and aggregated as well as turned purple upon 
addition of the analyte. Additionally, the colour could be observed by the naked eye. We adapted their visual 
sensing approach for the development of our Au NPs-based colorimetric probe for detection of 17β-estradiol, 
we however employed a solid support (polymer).  
 
Incorporation of Au NPs into polymers has been widely reported. Some of the approaches included in situ 
preparation of the nanoparticles in the polymer, produced either by the reduction of metal salts dissolved in 
the polymer matrix (Mayer, 2001) or by evaporation of metals on the heated polymer surface (Sayo et al., 
1999). While some approaches involved blending of pre-made nanoparticles into pre-synthesized polymer 
(Corbierre et al., 2001). Our interest lies in nanoparticles incorporated in a polymer that ensures a long term 
shelf life and high quality production at a low cost, employing a facile technique called electrospinning.  
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10.2 Experimental 

Materials 
Polystyrene (Mw = 192 000), Nylon 6 (Mw = 10 000), gold (III) chloride trihydrate (HAuCl4.3H2O), sodium 
borohydride (NaBH4) and tetraoctylammonium bromide (TOABr), all of purity more than 99%, were 
purchased from Sigma-Aldrich, (St. Louis, USA). All reagents were analytical or HPLC grade. 
Tetrahydrofuran, THF (98%) and N, N-dimethylformamide, DMF (99%) were purchased from Merck 
Chemicals (Wadeville, South Africa), methanol (MeOH) from Merck KGaA (Darmstadt, Germany) while 
formic acid and glacial acetic acid (HAc) were from Sigma-Aldrich (St. Louis, MO, USA).  
 
17β-Estradiol and cholesterol were also purchased from Sigma-Aldrich (St. Louis, USA). Primary steroid and 
cholesterol stock solutions were each prepared at nominal concentrations of 1000 µg/mL in methanol. 
 
Synthesis of Au-N6 composite 
Two sets of experiments were carried out to investigate the effects of the capping agent, TOABr within the 
polymer. Sodium borohydride was employed as a reducing agent in all the experiments. The following 
optimal conditions were used: 15 wt% N6 and calculated amounts of HAuCl4.3H2O (1:4) in 10 mL 
formic/acetic acid (1:1 v/v). Electrospinning conditions were set at a: positive voltage of 17.5 kV, working 
distance of 15 cm (the distance between the needle tip and the collecting plate) with 0.300 mL/h feeding 
rate.  

 
Synthesis of Au-PS composite 
In a typical procedure, predetermined amounts (g) of PS and Au salt were dissolved in DMF/THF (8:2 v/v) in 
a sealed vial. The PS mixture was left to stir for 3 to 4 h to ensure complete dissolution, after which NaBH4 
was added to effect the reduction of the metal salt precursor at ambient conditions. After reduction, the 
solution was left to stir overnight to eliminate the air bubbles and was subsequently electrospun. The 
electrospinning apparatus included a syringe pump operated at a flow rate of 0.300 mL/ h and a high voltage 
power supply with a positive polarity. The operating voltage was varied from 15 to 25 kV with an optimum 
electric field of 22.2 kV. 
 
Characterization of the polymer composites 
The N6-Au and PS-Au composites were characterized where size distribution of Au NPs was observed with 
the solution transmission electron microscope (TEM).  Morphology of the fibres was observed with a Vega 
Tescan (TS5136ML) scanning electron microscope (Brno, Czech Republic) operating at 30 kV in the 
accelerated voltage of electrons after gold sputter coating. Gold-polystyrene composite fibres were further 
observed under a high resolution SEM, Jeol JSM – 700 F, Field Emission Scanning Electron Microscope 
(FESEM) operating at 30 kV in the accelerated voltage of electrons after gold sputter coating. UV-Visible 
absorption spectra were recorded using a Perkin Elmer Lambda 25 UV/Vis spectrophotometer. 

10.3 Results and Discussion 

For preliminary studies, two polymers, a polyamide and polystyrene (PS), were investigated based on their 
different mechanical properties. Polystyrene is an amorphous polymer with a glass-transition temperature 
(Tg) between 90 to 110°C and has the advantages of being clear, hard, easily processed and its cheaper. 
Due to these excellent properties, polystyrene has been used in electronic, automotive and industrial films 
applications. However, polystyrene has a few disadvantages that include its low impact strength and poor 
chemical resistance at room temperature, especially to ketones and ethers (Samsudin et al., 2006). While 

polyamide, nylon 6 (62.5°C Tg), on the other hand has high mechanical strength and superior resistance to 
wear and organic chemicals. Nylon 6 is usually used to make bushings, electrical plugs and sockets as well 
as gears, fibres for textiles, food packaging film, bearings and carpets. 
 
Gold-Nylon 6 composite  
The Au ions were reduced in situ as confirmed by a Plasmon resonance band at 512 nm. Prior to the 
addition of the reducing agent the polymer solution was yellow in colour. Upon addition of sodium 
borohydride, the colour changed from yellow (gold salt) to dark brown for experiments without the capping 
compound and to a purple colour for those with a capping agent (Figure 10.1). 



64 

 
Figure 10.1: Different coloured nylon 6 polymer solutions containing (a) gold salt before (b) after reduction 
and (c) gold salt and capping after reduction with sodium borohydride 

There was, however, no observable difference for the two sets of experiments (capped and uncapped gold 
nanoparticles) in the TEM images with regards the size and distribution of the nanoparticles (Figure 10.2). 
This could be attributed to the fact that tetraoctylammonium bromide forms weak bonds with the surface of 
the Au NPs hence much of the size of the nanoparticles could be due to the interaction between the polymer 
and the active surface of Au NPs. From the low magnification TEM images it was observed that the 
nanoparticles were spherical and dispersed prior to electrospinning. 

 

 
Figure 10.2: A typical TEM image of gold-nylon 6/gold- tetraoctylammonium bromide -nylon 6 in formic acid 
before electrospinning 

The polymer composites were electrospun and gave a white fibre mat. Figure 10.3 is a typical SEM image 
showing the morphology of N6 polymer composite fibres. From scanning electron microscopy image it can 
be observed that the fibres were smooth. 
 
The gold-nylon 6 probes were cut into fibre stripes and tested for sensitivity. Based on colour changes for 
both the capped nanoparticles, AuNPs-TOABr-N6 (Figure 10.4) and uncapped, Au NPs-N6 fibre stripes 
(Figure 10.5) there was no distinct difference with varying concentration of the analyte. The inference was 
that the steric hindrance due to the density of the polymer as well as C-N and C=O in N6 prohibited the Au 
NPs aggregation. 
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Gold-polystyrene composite 
Prior to reduction of Au ions to Au atoms the polymer solution showed a clear yellow colour which turned to 
dark blue after the NaBH4 reduction (Figure 10.6). Transmission electron microscopy images showed 
aggregated Au NPs in PS (Figure 10.7A), this is consistent with what has been reported in literature where 
TEM images of sectioned samples of PS-Au NPs indicated the formation of regular aggregates on the order 
of several hundreds of nanometres in diameter (Corbierre et al., 2001). In this study UV-Vis of the PS-Au in 
DMF showed a plasmon band at 552 nm (Figure 10.7B). 
 

Figure 10.3: SEM image of gold-nylon 6 nanofibres 
electrospun from 15 wt% nylon 6 with 10: 1 molar 

ratio 

Figure 10.4: Sensitivity studies at different 
concentrations of 17β-estradiol using fibre with 
capping agent   tetraoctylammonium bromide 

 

Figure 10.5: Sensitivity studies at different 
concentrations of 17β-estradiol using fibre without 

capping agent tetraoctylammonium bromide 

Figure 10.6: Different coloured polystyrene polymer 
solutions containing (a) gold salt before and (b) after 

reduction with sodium borohydride 
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 (a)  (b)  

Figure 10.7: (a) TEM image of gold-polystyrene composite prior to electrospinning (b)  UV-Vis spectrum for 
gold-polystyrene in N, N-dimethylformamide 

 
The polymer composite was electrospun to give non beaded fibres (Figure 10.8) which were then employed 
as a probe. The probe was further tested for  sensitivity at different concentrations of 17β-estradiol and at 
high (1000-800 µg/mL) concentrations colour changed from white to blue and to pink at medium 
(500 - 350 µg/mL) concentrations. 
 

 
Figure 10.8: SEM image of gold-polystyrene nanofibres electrospun from 15 wt% polystyrene with 4: 1 molar 
ratio  

 
Similar to the gold-nylon 6 experiments, the gold-polystyrene probe were also investigated as a detection 
approach in testing water for the presence of 17β-estradiol, where electrospun colorimetric probe was dipped 
in a sample to be tested. Upon interaction with 17β-estradiol, colour change could be attributed to the binding 
of gold nanoparticles to 17β-estradiol, thus causing the gold nanoparticles to aggregate and change the light-
scattering spectrum for the probe. Figure 10.9 shows very distinct colour changes of the fibre mat with 
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various concentrations of 17β-estradiol. The concentration 800 and 400 µg/mL where chosen to represent 
high and lower concentrations of 17β-estradiol respectively. 
 

 
Figure 10.9: Sensitivity studies of the gold-polystyrene probe at varying concentrations of 17β-estradiol 

 
The gold-polystyrene composite, owing to the distinct colour changes given by the probe on interaction with 
17β-estradiol, was employed towards developing a colorimetric probe for detecting endocrine disruptors in 
wastewater from dairy farming effluents. Images of this Au-PS composite probe were further taken by a high 
resolution scanning electron microscope (Figure 10.10A). Figure 10.10B shows encapsulated and dispersed 
Au NPs in polystyrene electrospun fibres after electrospinning. Here, the dispersion of the Au NPs could be 
attributed to the steric hindrance provided by polystyrene which might have been enhanced during 
electrospinning. 
 

(a) (b) 

Figure 10.10: HRSEM image of gold-polystyrene nanofibres electrospun from 15 wt% polystyrene with 4: 1 
molar ratio 

The intensity of the colour change was demonstrated to depend on the concentration of 17β-estradiol to 
which the electrospun colorimetric probe was exposed.  The electrospun colorimetric probe changed colour 
immediately upon contact with 17β-estradiol. Figures 10.11 and 10.12 show the gold nanoparticle clusters 
induced by the interaction of the gold nanoparticles with 17β-estradiol. 
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Figure 10.11: A typical HRSEM image showing gold nanoparticles clusters upon interaction with 17β-
estradiol at higher concentrations 

 
As mentioned earlier, electrospun colorimetric probe was white in colour.  At high concentrations of between 
1000-500 μg/mL of 17β-estradiol, the colour of the probe changed from white to a shade of blue.  The shade 
of blue increased with intensity in comparison to the strength of the concentration of 17β-estradiol. At 
medium concentrations of between 500 – 100 μg/mL of 17β-estradiol and lower concentrations the colour of 
the colorimetric probe changed from white to a shade of pink (Figure 10.13). The shade of pink intensified in 
comparison to the strength of 17β-estradiol concentration. 
 

 
Figure 10.12: A typical HRSEM image showing gold nanoparticles clusters upon interaction with 
17β-estradiol at lower concentrations 

 
The probe was further investigated for selectivity. Cholesterol was chosen as it is equally produced in large 
quantities by cattle. Although when cholesterol comes into contact with the probe a colour change was 
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produced in the probe, the colour of the probe only changed from white to a very faint pink colour (Figure 
10.13). Furthermore, this colour change only occurred at least 4 h after contact. This probe conforms to a 
fixed-time type of approach. Hence what was detected hours later was not 17β-estradiol, which for the 
purpose of this study, has been chosen to represent other estrogens. 
 
This selectivity may be attributed to the polarity of the two compounds. Alkaline conditions were employed to 
focus different classes of steroids, based on their unique physicochemical properties, such as weakly acidic 
and hydrophobic character (Britz-McKibbin et al., 2003). The idea was then adopted and selectivity studies 
carried out under alkaline conditions (0.1 M NaOH) with the aim of regulating polarity of the two compounds 
and improve mass transfer into the probe. The results showed that 17β-estradiol was more responsive under 
these conditions hence the dark pink colour of the probe. 
 
Concentrations of 17β-estradiol below 1 × 10-7 g/mL did not produce any observable colour changes relative 
to white fibres which served as a blank. 1 × 10-7 g/mL (i.e. 100 ng/mL) was chosen as the cut off 
concentration (Figure 10.14). 
 

 
Figure 10.13: Interaction of the probe with 

cholesterol and 17β-estradiol under the same 
conditions; 800 µg/mL, after 30 s contact time, 
alkaline conditions and at ambient temperature 

Figure 10.14: Interaction of the probe at lower 
concentrations of 17β-estradiol, where it was 

decided that the cut of concentration was 
100 ng/mL 17β-estradiol 

 

10.4 Conclusions 

It was possible to incorporate gold nanoparticles into a polymeric structure and it was observed that the 
nanoparticles were randomly distributed in the electrospun fibre mat. For purposes of quantification, different 
colours were attained with different concentrations of the analyte. The main advantage is that molecular 
recognition is associated with colour changes, making it easy to observe the result by the naked eye and 
therefore eliminating the need for sophisticated instruments.  Most other detection methods require 
expensive apparatus and time-consuming sample pre-treatment, while the new indicator is simple to use, 
produces rapid results and is of low cost. 

10.5 Recommendations 

Estrogens have been detected with concentrations ranging from 10−11 to 10−9 mol/L in surface waters and 
dairy farm effluents. Therefore, in future thiolate polystyrene maybe employed to enable covalent attachment 
to the gold nanoparticles surface (Au-S 126 kJ mol-1) in order to enhance stability over a wide range of 
temperature, ionic strength and pH. This attainment hence leads to great opportunities in developing as well 
as employing the probe at lower concentrations of the analyte not only for dairy farming effluents but also for 
the probe to find use in a variety of other applications such in determining estrogens in biological samples for 
the medical health studies. 
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11 SCALING DOWN OF A GLYPHOSATE DETECTION SYSTEM AND 
CYTOTOXICITY STUDIES 

11.1 Introduction 

The first objective of this study was to scale down the glyphosate method and determine the optical 
characteristics of this system as a first step towards the development of an electrospun nanofibre-based 
strategy. The second objective of this study was to assess the cytotoxic and proinflammatory effects of 
glyphosate and its formulations (Wipeout and Roundup) in humans (whole blood assay).  
 
Glyphosate was introduced in 1974 by the Monsanto company as a broad spectrum, post emergence, 
relatively non-selective herbicide (Al-Rajab and Schiavon, 2010, Anadon et al., 2009). This herbicide is one 
of the most widely used herbicides in agricultural and aquatic weed control applications as well as noxious 
vegetation control in non crop areas, because of its high water solubility, non-selectivity and its effectiveness 
especially on broadleaf weeds, sedges and perennial species of grass (Benamu et al., 2010, Beuret et al., 
2005). There is an increasing demand for glyphosate due to its favourable characteristics and it was 
recorded to be the highest selling active ingredient in South Africa between 1994 and 1999 (Dalvie et al., 
2009). Glyphosate constitutes 36% of the herbicide formulation Roundup®, glyphosate is formulated with 
adjuvants, these are the surfactant  polyoxyethyleneamine (POEA) and an isopropylamine salt (IPA) in 
Roundup® as well as other weed killing formulations under the trade names Rodeo®, Glyfonex® and Glycel® 
(Amoros et al., 2007, Cartigny et al., 2004). Adjuvants are added to herbicide formulations to increase the 
stability and solubility of the active agent (Chan et al., 2007) 
 
Glyphosate is a low molecular weight organophosphate compound, which contains three chemical groups, 
an amine, a carboxylate and phosphonate (Anadon et al., 2009, Coutinho et al., 2007). This compound is 
characterized by a very stable carbon-phosphorous bond(Kools et al., 2005). The herbicidal action of 
glyphosate (once inside the target plant) involves the competitive inhibition of the shikimate pathway, 
specifically a vital enzyme of this pathway known as 5-enolpyruvylshikimate-3-phosphate synthase (EPSP) 
(Gehin et al., 2005).  
 
Although some studies have concluded that glyphosate and its formulations are not hazardous to animals 
and humans, there are studies that challenge this idea and have confirmed that glyphosate and its 
formulations do have a deleterious effect on human and animal health (Lee et al., 2008a, Poletta et al., 
2009). Glyphosate often uses coupled methods for quantitative determination of this compound; the difficulty 
in finding simple detection methods is due to the fact that this compound shows complex behaviour, is highly 
soluble in water and often exists in low concentrations (Zhu et al., 2009). This highlights the importance of 
this research with respect to developing and optimizing a simple spectrophotometric glyphosate detection 
system (for the detection of glyphosate in environmental water systems) and determining its cytotoxic/pro-
inflammatory/genotoxic effect in humans. 

11.2 Experimental section  

Materials and reagents  
Glyphosate, copper nitrate (Cu (NO3)2) and carbon disulphide (CS2) solution (1% diluted in chloroform). 
Aminomethylphosphonic acid (AMPA), glycine, hexadecyltrimethylammonium bromide (CTAB), sodium 
dodecyl sulphate (SDS), Triton X, Tween 20, Heparin containing tubes (vacutainers), RPMI 1640 media, 
streptomycin, penicillin, Wipeout, Roundup, lipopolysaccharide, MTT reagent, dithiothreitol (DTT), 
eBioscience ELISA kits (TNFα, IL-6, IL-1β). 
 
Reassessment of reagent optimization for the glyphosate detection system  
The optimized copper II (mM) and carbon disulphide (%) concentrations were previously reported as 5 mM 
and 2%, respectively. This experiment was repeated to obtain a more accurate assessment of the results 
reported. The effect of carbon disulphide (0-7%) and copper II (0-8 mM) on glyphosate complex formation 
was investigated. This procedure was conducted according to (Jan et al., 2009). 
 
Scale-down of the glyphosate detection system 
The glyphosate detection system was scaled down (from a total reaction volume of 8 mL to 1 mL) for the 
conservation of reagents, allowing for the ease of preparation as well as the preparation of more sample 
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reactions. Scale -down experiments were done according to (Jan et al., 2009). Modifications to the original 
protocol involved using smaller reagent and sample volumes. Glyphosate reactions were setup in 1.5 mL 
microcentrifuge tubes under optimized reagent (2.5% carbon disulphide and 4.5 mM copper II) and pH 
conditions (pH 12). The volume to volume ratio of glyphosate: carbon disulphide: copper was 2.5:1:5. Briefly, 
625 µL of carbon disulphide (2.5% in chloroform) was added to 250 µL of glyphosate (1000 µg/mL in dH2O). 
The mixture was shaken for approximately 5 s to allow the formation of the dithiocarbamic acid intermediate. 
A 125 µL aliquot of ammoniacal copper nitrate (100 µg/mL in a 2 M ammonia solution) was then added to the 
mixture and shaken for 1 min. The reaction mixture was incubated for 6 h at room temperature for the 
formation of the yellow coloured complex. Two layers appeared (a yellow coloured chloroform layer and a 
colourless layer). A spectral scan (200-500 nm) was conducted on the top yellow coloured layer. This 
experiment was conducted in triplicate with glyphosate, copper and carbon disulphide controls.  

  
Time trial experiment  
The effect of incubation time (0-24 h) on the glyphosate detection system was investigated. The experiment 
was conducted according to the protocol outlined in procedure 2. This study was carried out in triplicate with 
glyphosate, copper and carbon disulphide controls. Glyphosate complex formation was detected 
spectrophotometrically at 435 nm. 
  
Jobs method of continuous variation  
The stoichiometric ratio between the glyphosate dithiocarbamic acid intermediate and copper II was studied 
by application of the Jobs Method of Continuous Variation (Bosque-Sendra et al., 2003). This method was 
based on the preparation of a series of solutions in which the total molar concentration was kept constant, 
while the ratio of the ligand (glyphosate dithiocarbamic acid intermediate) was varied from 0 to 1. 
Experiments were conducted in triplicate with the appropriate controls and glyphosate complex formation 
was detected spectrophotometrically at 435 nm. A plot indicating maximum absorbance (corrected for 
uncomplexed copper II and glyphosate) versus the molar fraction of glyphosate was then plotted. The 
maximum absorbance observed (from the experimental data) is the absorbance observed containing the 
actual amount of equilibrated complex. A theoretical maximum (H) absorbance was also derived to validate 
the experimental data observed by extrapolating two regression lines (from the straightest part of the curve). 
The point at which these two lines intersect is known as the theoretical maximum (H) and assumes 100% 
complex formation.  
 
The Jobs plot was used to determine the molar absorptivity (ε, Lmol-1cm-1) (molar extinction coefficient) and 
determine the stability constant (Kf) (strength of interaction between ligand and metal) of the glyphosate 
detection system.  
݈ߝ  =  (9) ܥ]/ܪ
 
Where ε is the molar absorptivity (Lmol-1cm-1), l is the path length, H is the theoretical maximum and [C] is 
the total concentration of copper II (mM)  
 

Kf / Kglyph= (A2/A1) / (1-A2/A1)*(Cglyph-Ccopper*A2/A1) (10) 
 
Where A1 is the absorbance at the intersect point, A2 is the actual absorbance and C is the total 
concentration.  
 
This experiment was carried out in triplicate with the appropriate controls. Results were determined 
spectrophotometrically at 435 nm.  

 
Glyphosate standard curve  
Lower range (0- 90 µg/mL) and higher range (400- 1000 µg/mL) standard curves were prepared for 
glyphosate. This was done to determine the linearity, range and precision of the glyphosate detection 
method.  
 
These plots were used to determine the limit of detection (LOD, µg/ml), limit of quantification (LOQ, µg/ml), 
relative standard deviation (%RSD), correlation coefficient (R2), intercept and slope. 



72 

	ܦܱܮ = ቀௌ஽ெ ቁ ∗ 3 (11) 

 
Where LOD is the limit of detection, SD is the standard error and M is the slope. 
	ܱܳܮ  = 	ቀௌ஽ெ ቁ ∗ 10 (12) 

 
 
Where LOQ is the limit of quantification, SD is the standard error and M is the slope 
	ܦܴܵ  ቀ ௌ஽஺௏ீቁ ∗ 100 (13) 

 
Where RSD is the relative standard deviation, SD is the standard error and AVG is the mean. 
 
This experiment was carried out in triplicate, with appropriate controls. Results were determined 
spectrophotometrically at 435 nm. 
 
Glyphosate detection system specificity  
The specificity of this system was determined by carrying out the glyphosate detection reaction on two 
glyphosate structural analogues, namely, glycine and its primary metabolite aminomethylphosphonic acid 
(AMPA). The concentrations of glyphosate, AMPA and glycine were 1000 µg/mL and the reaction was 
carried out according to the protocol outlined in procedure 2. Spectral scans were carried out (200-500 nm) 
and results were also detected spectrophotometrically at 435 nm. This experiment was conducted in 
triplicate with the appropriate controls.  

 
Sensitization of the glyphosate system (micellar media) 
Organic micellar media have shown success in improving analyte sensitivity in UV-Vis spectrophotometric 
methods, because the addition of surfactants improves metal complex stability (Choi and Choi, 2003). The 
differential effects of cationic (hexadecyl trimethylammonium bromide, CTAB), anionic (sodium dodecyl 
sulphate, SDS) and non-ionic surfactants (Triton X, Tween 20) on the detection of glyphosate were 
assessed. Glyphosate (final concentration, 750 µg/mL) was prepared in different micellar media (surfactant 
and dH2O) of varying concentrations (final surfactant concentration range: 0.0005-0.01%). The glyphosate 
reaction was carried out according to the protocol outlined in procedure 2. A control reaction (glyphosate 
prepared in dH2O only) was run in parallel. This experiment was conducted in triplicate with the appropriate 
controls. The results were analysed spectrophotometrically at 435 nm.  
 
White blood cell culture 
The effect of glyphosate and its formulations (Roundup™, Wipeout) on cytokine production in whole blood 
was assessed. Blood was collected from healthy volunteers (n=5; n=3) in heparin containing tubes 
(vacutainers). Blood samples were then diluted 1:10 in RPMI 1640 media (within 5 h of collection) 
supplemented with 50 µg/mL streptomycin and 50 U/mL penicillin.  
 
Whole blood exposure and cytokine production sample preparation  
Whole blood samples (1 mL) were aliquotted into 24 well plates and incubated for 18 h at 37°C, with different 
concentrations (0.1, 0.7, 10, 50, 250 500 µg/mL) of pure glyphosate and the above mentioned formulation. 
All herbicide formulations were made up in RPMI 1640 media supplemented with 50 µg/mL streptomycin and 
50 U/mL penicillin. After the incubation period plates were centrifuged at 900 g for 5 min and the supernatant 
was retained and stored at 20°C for cytokine analysis. This experiment was conducted in triplicate with 
lipopolysaccharide (LPS, 5 µg/mL) as a positive control and RPMI 1640 media as a negative control.  
 
MTT assay  
The cytotoxic effect of the different herbicides on whole blood and white blood cells was assessed using the 
MTT assay. After the exposure period and centrifugation (900 g for whole blood and 2000 g for white blood 
cells), MTT reagent (0.5 mg/mL in RPMI 1640) was dispensed into each well and plates were then incubated 
for 30 min (whole blood) or 24 h (white blood cells). The MTT reagent was then removed and 1 mL DTT was 
added to each well. Plates were incubated for 15 min at 23°C. After incubation plates were centrifuged for 
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Jobs method of continuous variation  
The Jobs method of continuous variation (Figure 11.4) was used to evaluate the stoichiometric ratio between 
glyphosate (in its dithiocarbamic acid state) and copper. Calculated values for molar absorptivity (ε) and 
stability constant (Kf) are shown in Table 11.1. 

 

 
Figure 11.4: A Jobs plot used for the determination of stoichiometric ratios (experimental and theoretical) 
between glyphosate and copper. The data presented indicates mol fraction values of glyphosate from 0.5. 
Although this experiment was conducted from a mol. fraction of 0.5. Values are presented as mean values 
± SD (n=3). 

Results from Figure 11.4 indicate an experimental mole ratio of 0.75, therefore a glyphosate: copper complex 
ratio of 3:4. The calculated theoretical mole ratio was 0.74, which validates results observed experimentally. 
The results observed were not in agreement with those reported by Jan and co-workers (Jan et al., 2009) 
who observed an experimental mole ratio of 1:2 (copper: glyphosate). 

 
Results in Table 11.1 indicate a higher molar absorptivity and lower stability constant when compared to 
literature (Jan et al., 2009). 

 
Table 11.1: Molar absorptivity (ε) and stability constant (Kf) values calculated for the glyphosate detection 
system 

Parameter Experimental data (Jan et al., 2009)
ε (mol-1.cm-1) 1.05 ₓ  104 1.86 ₓ  103

Kf 8.07 ₓ 104 1.06 ₓ  105 
 
Glyphosate standard curve 
The lower (0-90 µg/mL) and higher (400-1000 µg/mL) range standard curves produced for the glyphosate 
detection system are shown in Figure 11.5. 

 
No detectable glyphosate complex formation was observed at lower range glyphosate concentrations (Figure 
11.5) as noted by a poor correlation coefficient (R2) of 0.0099. The higher range standard curve (Figure 11.5) 
indicated better linearity (R2 = 0.968) with an increase in absorbance with an increase in glyphosate 
concentration. The higher range standard curve was used to determine the LOD, LOQ, RSD, intercept and 
slope. The calculated results are shown in Table 11.2. 
 
Table 11.2: The calculated optical parameters of the glyphosate detection method 

Parameter Experimental data (Jan et al., 2009)
LOD (µg/mL) 126.46 1.10 
LOQ (µg/mL) 421.56 3.70 
RSD (%) 7.60 2.37 
Intercept -1.89 0.01 
Slope 0.005 0.003 
 

y = 37.913x - 19.742
R² = 0.9795

y = -32.98x + 32.983
R² = 0.9942
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Figure 11.5: Standard curves for the glyphosate detection system.  A: lower range (0-90 µg/mL) and B: 
higher range (400-1000 µg/mL). The standard curves presented were prepared by testing increasing 
concentrations of glyphosate. Values are presented as mean values 

Parameters reported in literature show a more sensitive, precise detection system when compared to results 
calculated for the current study. The LOD (126.46 µg/mL) and LOQ (421.56 µg/mL) values were 
considerably higher than those observed by (Jan et al., 2009). Low LOD and LOQ values are favourable, 
considering that glyphosate exists in water in low concentrations. This loss in sensitivity could be attributed to 
scaling down this detection system. Future experiments involved attempting to improve the sensitivity of this 
system using micellar media.  
 
Glyphosate detection system specificity 
The specificity of the glyphosate detection system was assessed by testing the system on the glyphosate 
structural analogues, glycine and AMPA (its primary metabolite). The results are shown in Figure 11.6. 
Results in Figure 11.6a and b indicate that the structural analogues of glyphosate were not detected by the 
detection method. This is advantageous as experiments carried out on environmental water samples will not 
be confounded by the presence of either one of these compounds.  
 
Sensitization of the glyphosate system (micellar media) 
Figure 11.7 shows the effects of different surfactants (CTAB, SDS, Triton X and Tween 20) on the detection 
of glyphosate (750 µg/mL). 
 
Results observed in Figure 11.7 show an increase in absorbance in 0.005% SDS micellar media as 
compared to the control reaction (glyphosate in dH2O alone). It cannot be conclusively stated that the 
observed effect was occurring, because the curve for the control reaction produced an unusual trend. The 
control reaction was expected to remain fairly constant in its absorbance values; therefore this experiment 
was repeated (Figure 11.8A). Results obtained for CTAB (Figure 11.7) indicated an increase in absorbance 
at a CTAB concentration of 0.01%, but the standard error found for this result was fairly high; therefore this 
experiment was also repeated (Figure 11.8B). No improvement in absorbance values was observed with 
micellar media containing Tween 20 (Figure 11.7) and Triton X (Figure 11.7). 

 
 
 

A 

B 
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Figure 11.6: The detection of glyphosate structural analogues, glycine and AMPA. A: Spectral scan 
(200 - 500 nm), B: Spectrophotometric analysis (435 nm). Data points represent mean values ± SD (n= 3) 

 
Figure 11.7: The effect of varying concentrations (0.0005-0.01%) of different micellar media (solid line) on 
glyphosate complex formation. A: SDS, B: CTAB, C: Tween 20, D: Triton X. A control reaction (dotted line) 
with glyphosate prepared in dH2O only. Data points represent mean values ± SD (n=3) 
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Results shown for Roundup indicate a significant (P≤0.05) dose-dependent induction of TNFα (1.51 fold) 
when compared to the untreated control (Fig.11.10A). Pure glyphosate (Fig.11.10A) also showed an 
induction of TNFα to a lesser extent than that observed for the Roundup formulation. Roundup did not 
stimulate significant secretion of IL-1β (Fig.11.10B). Results observed for IL-1β (Fig.11.10B) show that LPS 
did not significantly induce IL-1β, this contradicts what has been found in literature with studies by (Pugin et 
al., 1995) concluding the capacity of LPS to induce IL-1β in human blood at picomolar concentrations. The 
lack of alteration in IL-1β could possibly be explained by the presence of an inhibitory compound, but further 
investigation will have to be carried out to validate this statement. Pure glyphosate caused an initial 
increased secretion of IL-1β (2.81 fold) up to 10 µg/mL, which was followed by suppression at a 
concentration of 50 µg/ml (Figure 11.10B). This result suggests that pure glyphosate could display biphasic 
action, whereby initial stimulation is observed followed by suppression (Coppack, 2001). The action by 
glyphosate on IL-1β has not been documented in literature. 
 
Pure glyphosate and Roundup showed inhibition of IL-6 production when compared to the untreated control. 
To date this effect has not been reported in literature.  
 
Although data presenting the effect of glyphosate and glyphosate-based formulations on proinflammatory 
cytokines is severely limited, the results observed suggest that glyphosate does modulate the release of pro-
inflammatory marker IL-1β, IL-6 and TNFα and Roundup modulates the release of TNFα and IL-6.  

11.4 Conclusions 

This system was successfully scaled-down to a total assay volume of 1 mL. The incubation time for this 
reaction was found to be optimal after 2 h with a sharp decrease in absorbance readings after a 3 h 
incubation period. This detection system showed specificity for glyphosate, when tested on its structural 
analogues, namely, glycine and aminomethylphosphonic acid (AMPA, a primary metabolite of glyphosate). 
 
The cytotoxicity (MTT assay) study in human whole blood indicated a maximum cytotoxic effect at pure 
glyphosate and Wipeout concentrations of 50 µg/mL and 500 µg/mL respectively. Roundup showed the least 
cytotoxic effect overall. In the pro-inflammatory response studies pure glyphosate was shown to modulate 
the release on TNFα, IL-6, and IL-1β and Roundup was shown to modulate the production of TNFα and IL-6.  
 
Scaling down, optimizing and characterizing (optical characteristics) the glyphosate assay is important in 
improving and understanding the fundamentals of this system before future development focuses on a 
nanofibre immobilized glyphosate detection system. The development of this detection system is further 
validated by reporting the possible cytotoxic and pro-inflammatory effects of this herbicide in humans.  

11.5 Recommendations  

Future work will involve the improvement of the glyphosate detection system sensitivity (Cloud point 
extraction) and immobilization of copper onto nanofibres (Nylon-6/chitosan) for glyphosate detection. The 
cytotoxic effect and pro-inflammatory response of glyphosate and its formulations will also be investigated in 
white blood cells and the TERT-HDLEC cell line. The genotoxic effect of glyphosate and its formulations will 
also be assessed in the Jurkat cell line using the comet assay. 
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12 ACETYLCHOLINESTERASE IMMOBILISED ELECTROSPUN NANOFIBRES 
FOR THE DETECTION OF ORGANOPHOSPHORUS AND  
CARBAMATE-BASED PESTICIDES 

12.1 Introduction 

The objective of the study was to immobilise acetylcholine esterase onto electrospun Nylon 6/ chitosan 
nanofibres for potential utilisation for detection of pesticides.  
 
Due to its pivotal role in the cholinergic nervous system, acetylcholinesterase (AChE) has been the subject of 
many studies. In ecotoxicology, AChE is widely used as a biomarker of effect to evaluate the health of the 
aquatic environment. Biomarkers provide biological responses that are useful tools informing about pollutant 
exposure and their possible toxic effects in living organisms (Durieux et al., 2010). OPs and CPs are 
extremely potent inhibitors of AChE, found in cholinergic neurons. When AChE is blocked, AChE 
accumulates at the cholinergic receptor sites thereby causing the excessive stimulation of the receptor 
ultimately leading to death. Long term exposure to low levels of OPs and CPs can lead to persistent and 
addictive inhibition of AChE resulting in delayed neuropathy (Williams et al., 1997). Rapid, sensitive, 
selective and reliable determination of OPs and CPs is therefore necessary in order to take immediate 
necessary action. Current analytical techniques such as gas chromatography (GC) and liquid 
chromatography (LC) coupled to sensitive detectors are reliable, but cannot be carried out in the field. In 
addition, these techniques are time consuming, expensive and have to be performed by highly trained 
technicians. 
 
In order to address these problems, biosensors based on inhibition of the cholinesterases AChE and BChE 
have been developed (Singh et al., 1999). Both AChE and BChE have been immobilised on different 
supports for constructing cholinesterase biosensors, used for detecting inhibitors (Amine et al., 2006, Singh 
et al., 1999). However, the majority of OP and CP biosensors to date have used AChE as the recognition 
component. The presence of these pesticides blocks AChE activity leading to decreased device response. In 
an AChE-based sensor, the signal is inversely proportional to pesticide concentration. The determination of 
pesticides has become increasingly important in recent years because of the widespread use of these 
compounds, which is due to their large range of biological activity and a relatively low persistence. The 
development of an efficient biosensor requires the immobilisation of adequate amount of recognition 
elements (enzyme) while maintaining its biological activity. Storage stability, or shelf life, refers to an 
enzyme’s ability to maintain its catalytic abilities in the period between manufacture and eventual use. 
Operational stability describes the persistence of enzyme activity during a process, i.e. under conditions of 
use. Both storage and operational stabilities affect the usefulness of enzyme-based products. 

12.2 Experimental section 

Materials and reagents 
Nylon 6, acetic acid, formic acid, chitosan, gluteraldehyde, sodium phosphate, ATChL substrate, 5,5-
dithiobis-(2-nitrobenzoic acid), carbofuran. Analysis was carried out using the following instrumentation: 
PowerwaveX Bio-Tek Instruments, INC (KC Junior), Scanning Electron Microscope (SEM) operating at an 
accelerated voltage of 20 kV after a gold sputter coating. 
 
Electrospinning of nanofibres from nylon 6 and chitosan 
Initially, Nylon 6 was dissolved in Acetic acid (AA)/ Formic acid (FA) (50:50, v/v) at a concentration of 16 
wt%. Chitosan was then added to the dissolved nylon 6 at a concentration of 3 wt% with respect to nylon 6 
concentration. A homogenous nylon 6 and chitosan blend was then used for electrospinning. Electrospinning 
was performed at room temperature. The polymer blend was placed in a 5 mL syringe with a metal needle of 
0.6 mm in diameter. A power supply was used to provide a high voltage, 25 kV to the syringe needle tip and 
with a tip-to-collector distance of 15 cm and a solution flow rate of 1 mL/h a metal collector.  
 
Enzyme immobilization 
The electrospun Nylon 6/chitosan nanofibres were immersed in 5% glutaraldehyde (GA) solution for 2 h at 
4°C followed by rinsing with distilled water (see Figure 12.1). The membranes were then immersed in 0.5 
mg/mL solution of AChE in 0.1 M sodium phosphate buffer solution (pH 7.0) for 30 h at 4°C. Non-selectively 
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bound protein was removed by washing with 0.1 M sodium phosphate buffer (pH 7.0). The amount of bound 
protein was determined by Bradford’s assay (Bradford, 1976). 
 

 
Figure 12.1: Scanning Electron micrograph of electrospun nylon-6/chitosan nanofibres 

 
Enzyme assays 
The activity of the free and immobilized AChE was determined according to the micro-Ellman method 
(Ellman et al., 1961) using ATChI as substrate and 5, 5-dithiobis- (2-nitrobenzoic acid) as a chromogen. For 
the immobilised enzyme assay, soluble enzyme was substituted by 2 × 1 cm² enzyme loaded electrospun 
nanofibres. Each mixture reaction (1 mL) in microcentrifuges was vortexed for 15 s and the reaction stopped 
after the appropriate time by placing on ice. The enzyme reaction product interacted with DTNB and the 
absorbance by the yellow solution was followed spectrophotometrically at 412 nm every 30 s. One unit of 
enzymatic activity was defined as the amount of enzyme that catalyses 1 µmol of substrate to product per 
minute. To evaluate effect of temperature and pH, AChE activity was measured in the range of 4 – 40°C and 
the pH range of 4 – 9.0. The activities of the free and immobilized AChE, after storage in phosphate buffer 
solution at 4°C were determined at 7 day intervals over a period of 49 days. Reusability of bound AChE was 
examined by conducting the activity measurement of the bound AChE at 15 min time intervals. After each 
activity measurement, the bound AChE was washed several times with 0.1 M sodium phosphate pH 7.0. 
 
Acetylcholinesterase (AChE) inhibition studies 
The inhibitory effects of a CP, carbofuran on the activity of the free and immobilised AChE was determined 
through the measure of the reduction of the activity towards a fixed concentration of ATChI and in the 
presence of different concentrations of the pesticides. Stock solutions of 1-10 µg/L carbofuran were prepared 
by dissolving in an ethanol medium. The reaction mixture, consisting of 15 µL (free enzyme) or 1 cm² 
immobilised AChE, sodium phosphate buffer and 30 µl DTNB was pre-incubated within defined carbofuran 
concentrations ranging from 0.1 µg/L to 10 µg/L for 15 min at 25 °C before initiating the enzymatic reaction 
with 15 µL ATChI to give a total volume of 300 µL. The effect of pre-incubation time was also determined. 
Enzyme inhibition was determined according to the following equation: 
 

Inhibition efficiency (%)  =  (0ܣ	– 	0ܣ	/(݅ܣ	 ∗ 100 (14) 

 
Where A0 represents the AChE activity in the absence of the inhibitor, Ai the enzyme activity after exposure 
to the inhibitor  
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Figure 12.3: Effect of pH on the activity of free (dotted line) and immobilized (solid line) AChE. The reactions 
were carried out at room temperature in 0.1M potassium acetate buffer (pH 4.0 and pH 5.0) and 0.1M 
phosphate buffer pH ranging from 6.0 to 9.0. ±SD, (n= 3) 

As shown in Fig.12.3, the optimum pH for free AChE is 7.5. The pH optimum for free AChE has been 
documented in literature, with studies indicating a buffer dependent pH optimum range between pH 7.5-9.0 
(Monsan, 1978). The optimum pH for immobilized AChE (Fig.12.3) was observed at pH 7.0. According to 
(Stoilovo et al., 2010), the pH of an immobilized enzyme is dependent on the modification of the support. 
Since ionic charges influence the enzyme activity profile, binding enzymes to polyelectrolyte supports, such 
as chitosan, often shift the pH optimum (Valliant et al., 2000). (Sahin et al., 2005) reported similar findings to 
this study for AChE immobilized in Ca-alginate and alginate/carrageenan beads. Although some studies 
support the data observed for immobilized AChE, other studies have reported different pH optima. The 
optimum pH for immobilized AChE can vary depending on several factors including, methods of 
immobilization, the buffer system and the type of polymer used to immobilize the enzyme (Marinov et al., 
2009). 

 
The effect of temperature on the relative activity of the free and immobilised AChE was studied in the 
temperature range 4 – 40°C (Figure 12.4). 

 

 
Figure 12.4: Effect of temperature on activity of acetylcholinesterase immobilized on nylon-6/chitosan 
electrospun nanofibres. Free AChE (dotted line); Immobilized AChE (solid line). ±SD, (n=3) 

Both the immobilised and soluble AChE an optimum temperature was 25°C. Different results have been 
obtained for AChE immobilised on other supports including electrospun nanofibrous material (Stoilovo et al., 
2010) were immobilised enzyme had a higher optimum temperature (30°C). However it can be noted that at 
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30°C, immobilised AChE had above 90% relative activity which was considerably higher than that observed 
for soluble AChE. This indicated that the immobilised AChE had improved thermal tolerance and resisted 
denaturation due to the rise in temperature. The improvement in thermal tolerance observed, was due to 
immobilization and cross-linking providing a rigid backbone for AChE molecules, thus decreasing the effect 
of higher temperatures on the enzyme structure and the catalytic activity of AChE (Kilinc et al., 2002). 
 
Immobilised AChE showed significantly higher thermal stability compared to the free enzyme (Figure 12.5). 
After incubation at 60°C for 2 h, immobilised AChE retained ~49% of its initial activity whilst free AChE lost 
>90% of its activity after 1 h incubation. 

 

 
Figure 12.5: Thermal stability of free (dotted line) and immobilised (solid line) electric eel AChE after pre-
incubation at 60°C over time. All other reaction conditions were kept at optimum levels, ± SD (n=3). 

The effect of repeated use on the activity of the immobilised AChE is shown in Figure 12.6. After 8 reusing 
cycles, the relative activity of the immobilised AChE decreased to about 35% of its initial activity. These 
results were similar to those reported by (Stoilovo et al., 2010), where AChE immobilised on nanofibres 
electrospun from polyacrylonitrile and subsequently modified by high molecular weight chitosan showed 
about 40% residual activity after 10 reuse cycles. 

 
Figure 12.6: The influence of the number of reuse on the activity of immobilised AChE with repeated cycles. 
All cycles were carried out at room temperature (± 22 °C). Reusability of bound AChE was examined by 
conducting activity assays at time intervals of 15 min. ± SD (n=3). 

Storage stability is of great importance in industrial application of immobilised enzymes. For industrial 
applications, the enhanced storage stability and reusability of the immobilised enzymes is of great 
importance because as it effectively reduces costs.  
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The activity of the free AChE decreased rapidly in the first 7 days (35%) and had lost most of its activity 
(>90%) on day 21 (Figure 12.7). In contrast, the activity of immobilised AChE for the first 7 days was >80% 
and after 49 days, the enzyme still had 50% activity. 

 

 
Figure 12.7: Storage stability of immobilized and free AChE: Both immobilized (solid line) and free enzyme 
(dotted line) were store in 0.1M phosphate buffer (pH 7.0 and pH 7.5 respectively) at 4°C and enzyme 
activity tested at 7 day intervals. ± SD (n=3). 

In order to demonstrate the usefulness of the immobilised acetylcholinesterase in the analysis of pesticides, 
its response to different concentrations of a CP (carbofuran) was determined Figure 12.8. 

 
Effect of carbofuran on AChE activity 
Fixed concentrations of carbofuran displayed an inhibitory effect on the activity of AChE in both the free and 
immobilized state (Fig.12.8). This result suggests that immobilizing AChE onto a solid matrix did not have 
any effect with respect to the susceptibility of this enzyme to this inhibitor. This observation has been well 
documented in literature with other studies reporting similar results (Fukuto, 1990).Carbofuran (CP) displays 
very low solubility in water and is therefore often prepared in a solvent. Solvents have also been shown to 
decrease enzyme activity (Ebrahimi et al., 2010). The degree of quantified inhibition is highly dependent on 
the type of pesticide being assessed as well as the organic solvent being used. 
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