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Development of novel fluorescent sensors for the screening of emerging chemical pollutants in water

EXECUTIVE SUMMARY

BACKGROUND

Emerging chemical pollutants (ECPs) are chemicals which do not have a regulatory status (specifically in
this case with respect to water quality legislation in South Africa), but which may have an adverse effect on
human health and the environment. Sources and environmental pathways of ECPs in surface waters have
been increasingly associated with waste and wastewaters arising from industrial, agricultural and municipal
activities. The ECPs of current concern globally include a wide range of compounds including phthalates,
pesticides, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) and Bisphenol A, in
addition to disinfectants, pharmaceuticals and hormones. The four target ECPs from these compound
classes included in this study were acetaminophen, triclosan, atrazine and polycyclic aromatic
hydrocarbons (PAHSs).

Data relating to the occurrence of ECPs in South African waters is currently very limited, which can be ascribed
in part to the high cost of performing the complex analyses involved. In this project we addressed this
shortcoming by further developing novel fluorescence sensors for target ECPs of relevance to South Africa,
as a follow-on study from our previous work in this regard (WRC Project K5/2438).

Screening techniques have the advantage of allowing for a large sample set to be analysed, thus trends in
time and place can be established. This is possible due to the speed and low cost which screening methods
present. Samples which screen positive can then be targeted for comprehensive, quantitative analysis (such
as by LC-MS/MS), if required. We therefore sought to develop sensitive and selective novel fluorescence
sensors by utilising quantum dot (QD) nanomaterials in conjunction with a polymer matrix to immobilise the

QDs and to pre-concentrate the target ECPs.

AIMS
The aims of the project were thus to:

1. Investigate the effects of various parameters, such as pH and contact time, on the fluorescence
sensing of the selected ECPs.

2. Determine the effects of potential interfering compounds on the selectivity and fluorescence sensing
capability of the QD sensors.

3. Develop methods to functionalise the QD materials via MIP overcoating and to investigate the impact
thereof on the selectivity of the fluorescence sensors towards the target ECPs.

4. Optimize the methodology to immobilize the QDs in siloxane polymers in order to generate solid
fluorescence sensor prototypes.

5. Test and optimize the fluorescence sensor prototypes for the target compounds in real water samples

(tap water and river water).
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STATE OF KNOWLEDGE ON THE TOXICOLOGICAL LEVELS OF THE TARGET ANALYTES

The current state-of-knowledge regarding the toxicological levels of the target compounds was investigated,
focussing on toxicity threshold values of vulnerable organisms and applicable guideline values, where
available. These are compared to typical reported environmental concentrations of the target compounds in

surface waters.

Triclosan (TCS) is a biocide which is routinely added to a wide range of personal care, veterinary, industrial
and household products. It can persist in the environment and show toxicity towards various organisms. The
continuous exposure of aquatic organisms to TCS and its bioaccumulation potential have led to detectable
levels of this biocide in a wide array of aquatic species. Mammalian systemic toxicity studies have shown that
TCS is neither acutely toxic, mutagenic, carcinogenic, nor a developmental toxicant, while endocrine disruption
related to thyroid hormone homeostasis disruption and possibly the reproductive axis has been noted.
Moreover, there is strong evidence that aquatic species such as algae, invertebrates and certain types of fish
are much more sensitive to TCS than mammals. Specifically, algae is highly sensitive indicator organism that
may be impacted by TCS occurrences in surface waters at levels of 200-2,800 ng L', where the worldwide
concentration has been found to range from 1.4-40,000 ng L". The Minnesota Department of Health (MDH)
has developed a guidance value of 50 ppb (50,000 ng L") for triclosan in drinking water, whilst the Canadian
Federal Water Quality Guideline for the protection of aquatic life from adverse effects of triclosan is 380
ng L.

Acetaminophen (AC), or paracetamol, is an over-the-counter analgesic. Although acetaminophen is removed
from wastewater by chemical oxidation processes, it has been detected in surface waters, wastewater and
drinking water throughout the world. Concentrations of acetaminophen in surface water of over 10,000 ng L™
have been reported, including in Africa (107,000 ng L' in Kenya and 59,000 ng L™" in South Africa) which are
higher than the predicted no-effect concentration (PNEC) of 9200 ng L. Hence, AC might represent a threat
for non-target organisms. A guidance value of 200 ppb (200,000 ng L") for acetaminophen in drinking water
has been set by the MDH.

Polycyclic aromatic hydrocarbons (PAHSs) are ubiquitous environmental contaminants, which are emitted
from combustion processes. However, PAHs generally have low solubility in water and are therefore typically
found at very low concentrations in this matrix, and are rather associated with the sediments. Some local
studies have shown that PAHs occur at very low concentrations in local water systems with mean
concentrations ranging from 0.035-532 ug L'. However, even at these low concentrations, some PAH
compounds like benzo[a]pyrene are of concern as they have an LC50 of ~4 ug L' with respect to cladoceran
species. The reviewed literature showed that PAH exposure can lead to various toxicities leading to negative

effects on some aquatic organisms.

Atrazine is a commonly used herbicide that has been frequently detected in local water systems. The typical
concentrations that have been previously reported in WRC studies range from 0.01-0.19 ug L. In this context,

it is important to note that the World Health Organization (WHQ) has set the guideline limit for atrazine in
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drinking water at 0.1 mg L and the reported concentrations are well below this limit. However, it is also
important to note that some studies have reported carcinogenic effects at much lower concentrations in the
range of 50-649 ng L. The negative toxicological effects that atrazine can potentially cause to aquatic

organisms result in it being a contaminant of environmental concern.

Recent reports have thus highlighted the widespread occurrence of the target contaminants in surface
waters, as well as their related potential toxic effects to aquatic organisms. In water systems a mixture of
compounds is invariably present, therefore the risk of additive and synergistic toxic effects cannot be ignored.
Local hotspots of elevated concentrations of contaminants near sources may also occur, which are outside
the ranges of expected environmental levels reported in the literature. It is therefore important to monitor the
levels of the target compounds in South African water systems as widely as possible in order to effectively and

proactively manage our resources and to minimize potential negative toxicological effects.

OPTIMIZATION AND APPLICATION OF QUANTUM DOT BASED FLUORESCENCE SENSORS

Different quantum dot materials were fabricated for application as fluorescence sensors for the detection of
the target emerging chemical pollutants. Various parameters are crucial for fluorescence sensor development
and they needed to be optimized in order to realize the full potential and performance of the sensor material.
These parameters include contact time (or incubation time) with target analyte, excitation wavelength during
fluorescence measurements, the concentration of the sensor solution, the ratio of analyte-to-sensor solutions,

etc.

Aqueous L-Cysteine (L-Cys) capped CdSe/ZnS quantum dots were synthesized and applied as a
fluorescence sensor for acetaminophen. The L-Cys-CdSe/ZnS QDs were of a zinc blende crystal structure
and displayed excellent fluorescence intensity and photostability and provided a photoluminescence quantum
yield of 77%. The fluorescence of L-Cys-CdSe/ZnS QDs was enhanced by the introduction of AC allowing for
the development of a simple and rapid method for AC detection. Under optimal conditions, F-Fo was linearly
proportional to AC concentration from 3.0-100 nmol L' with a detection limit of 1.6 nmol L'. Some related
pharmaceutical compounds including epinephrine hydrochloride (EP), L-ascorbic acid (AA), uric acid (UA),
dopamine hydrochloride (DA) and 4-aminophenol (4-AP) did not result in a large interference with the sensing

of AC. The probe was also successfully applied in the determination of AC in tap and river water matrices.

Core-shell structured CdSe/ZnS fluorescent QDs were synthesized based on organometallic synthesis and a
ligand exchange reaction to cap glutathione (GSH) on the surface for triclosan sensing. The GSH-CdSe/ZnS
QDs showed excellent photostability and a photoluminescence quantum yield of 89%. The fluorescence of the
GSH-CdSe/ZnS QDs was enhanced by the introduction of TCS likely based on fluorescence resonance energy
transfer from TCS to the QDs, thus allowing for its use as a “turn on” fluorescence probe for the detection and
determination of TCS. A linear response was observed in the TCS concentration range of 10-300 nmol L' with
a limit of detection of 3.7 nmol L. The probe displayed good recoveries (94-118%) for the determination of

TCS in tap and river water samples.

The fluorescent nanoparticles that were fabricated for atrazine pesticide were CdSeTe/ZnS QDs, while for

PAHSs, graphene quantum dots (GQDs) were prepared. Upon interaction of the CdSeTe/ZnS sensor with
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atrazine, the fluorescence was quenched linearly within the 2-10 x 107 mol L' range and the LOD was
determined to be 1.8 x 107 mol L-'. The GQDs were able to interact with PAHs through -1 interaction and
for phenanthrene the sensor showed a linear response over 1-5 x 107 mol L' and the LOD was found to be
2.5 x 10 mol L. The studies showed that a very small amount of the prepared QD materials (0.5 mg L")
was required to prepare a responsive sensor solution. This is due to the inherently highly fluorescent properties
of QDs and has the added advantage of lowering the costs of employing the sensor materials. Further, the
results show that a short contact time is required (5 min) between the sensor solution and analyte to give a

measurable fluorescence response.

FUNCTIONALISATION OF QUANTUM DOTS

Molecularly imprinted polymers (MIPs) are synthetic polymeric materials possessing specific recognition
sites complementary in size, shape and functional groups to the template molecule (target). During the
molecular imprinting process, functional monomers are located around the template molecules by non-
covalent interaction or reversible covalent interaction, followed by polymerization and template removal. The
target molecule can then be selectively distinguished from other analytes based on the resulting cavities. We

thus used MIPs to functionalise QDs in order to combine the selectivity of MIPs with the sensitivity of QDs.

Specifically, a molecularly imprinted coating with acetaminophen as template molecule was grafted onto
L-Cys-CdSe/ZnS quantum dots using 3-aminopropyltriethoxysilane as the functional monomer and tetraethyl
orthosilicate as the cross-linker via an adapted Stéber method, in order to develop a selective and sensitive
fluorescence sensor for the determination of AC in water samples. The resulting MIP@QDs were characterized
by Fourier-transform infrared spectroscopy, high resolution transmission electron microscopy, and
fluorescence spectrophotometry which confirmed the polymer coating. The fluorescence quenching of the
sensor provided good linearity over the AC concentration range of 1.0-300 nmol L' with a detection limit of
0.34 nmol L' and the sensor showed good photostability over 5 days. The recoveries of AC in water samples

at various spiking levels varied from 95% to 114%.

AC-templated MIP@QDs were prepared and used as a homogenous fluorescence sensing platform for the
determination of AC in aqueous media under optimized conditions of 0.8 mg MIP@QDs in 3.0 mL™" with an
incubation time of 14 min. The functional groups (-NHz2) of the silica shell interact with the AC molecules via
hydrogen bonding during the synthesis process. After removing AC molecules via solvent extraction, imprinted

binding cavities remained in the nanoparticle material that enabled rebinding of the AC molecules selectively.

AC could be detected at low levels based on the fluorescence quenching of MIP@QDs likely through the
mechanism of charge transfer induced energy transfer from the MIP@QDs to AC, allowing for the application
of the fluorescence sensor to AC monitoring in real water samples. A simple sensor for AC molecules is thus
reported which detects this analyte selectively and can be applied to improve water quality, as AC can

accumulate in water systems and cause long term health effects, even at low concentrations.

A CdSeTe/ZnS@MIP fluorescence sensor for the pesticide atrazine was synthesized and characterized
using various techniques to confirm functionalization of the core/shell QDs with the MIP polymer. Application
of the sensor towards atrazine detection showed a linear response (fluorescence quenching) with increasing
atrazine concentration in the range from 2-20 x107 mol L'. The detection limit of 0.80 X107 mol L is within

the concentration range expected in environmental water samples. The -COOH functional groups on the MIP

iv



Development of novel fluorescent sensors for the screening of emerging chemical pollutants in water

monomer units were responsible for interaction with atrazine via hydrogen bonding, and due to size exclusion,
the sensor was selective for atrazine compared to analogous compounds. When applied in real water samples

spiked with atrazine satisfactory recoveries were obtained ranging from 92-118%.

IMMOBILIZATION OF QUANTUM DOTS

The development of luminescence based sensing devices ideally requires immobilization of the sensing
indicators, in this case the quantum dots, onto or into solid supports to form active solids for working in flowing
solutions and allowing for re-use. Forming such active materials also brings the advantage of reducing the
potential for leaching of the QDs into the solution while equilibrium with the target analyte is being
established. The immobilization process, however, may reduce the luminescence efficiencies of the QDs due
to aggregation, oxidation and poor adhesion on the support material. The challenge therefore, is to retain the

properties of the QDs after the immobilization process.

Here we focus on immobilising QDs into polydimethylsiloxane (PDMS) because of its advantages which
include low cost, non-toxicity, flexibility, as well as its ability to absorb organic non-polar analytes. We therefore
fabricated thin films of PDMS embedded with QDs and studied the properties of the resulting PDMS-QD
material with the intention to use it to detect ECP compounds in future work. We therefore obtained a turnkey
complete spin coater assembly consisting of the spin coater, vacuum pump, degassing assembly, chemicals

and consumables in order to assist in achieving these aims.

Unfortunately the first spin coater which was delivered was found to be faulty after much trouble shooting,
which delayed progress initially. The supplier subsequently sent a new spin coater, which was successfully
commissioned and allowed for the preparation of excellent quality thin films in which QDs were homogeneously
embedded. Both red fluorescing and blue fluorescing thin films were thus prepared, based on use of
CdSeTe/ZnS QDs and graphene QDs respectively. The CdSeTe/ZnS@PDMS thin film was tested for

atrazine detection and an enhanced fluorescence signal was found.

OVERALL CONCLUSIONS

Reliable and robust analytical techniques are needed for the detection of ECPs in surface waters. A
fluorescence probe monitoring approach utilising quantum dots offers an alternative sensing technique to
traditional methods, with clear advantages including easy operation, low cost, a fast and simple experimental
process, and high sensitivity towards different molecular structures with different emission wavelengths. We
successfully used MIPs to functionalise the QDs in order to combine the selectivity of MIPs with the

sensitivity of QDs.

The synthesised fluorescent QD@PDMS thin films hold great potential in designing reusable rapid field
monitoring sensors for targeted ECP compounds in water systems. The sensitivity and stability of QDs
combined with the inertness, flexibility, and ability of PDMS to pre-concentrate analytes will open doors for

designing sensitive and robust fluorescence sensors for routine monitoring of ECPs.
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RECOMMENDATIONS

The development of South African guideline values or water quality limits for ECPs should receive attention
from policy makers in order to safeguard human health. The Department of Health and the Department of
Water and Sanitation are encouraged to partner with the Water Research Commission to invest in the further
development and ultimate use of novel monitoring technologies which can enhance and complement the

current status quo regarding water management.

As a result of the positive outcomes of this project, further work on the optimization studies of the sensor
materials is recommended, particularly with respect to the testing thereof for real water samples in which the
presence of the target ECPs has been confirmed by traditional (chromatographic-mass spectrometric)
methods. A portable sensor device should also be developed based on these sensor materials, to allow for
on-site real-time monitoring of ECPs in surface waters. A non-targeted screening method based on a mixture
of different QDs should be investigated, as well additional compound class type sensors, to enable early

detection of overall change in water quality with respect to ECPs.

Vi
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND TO THE PROJECT

There are varying definitions regarding emerging chemical pollutants (ECPs). In this study, we define
ECPs based on the definition of Liu et al. (2014), in that ECPs are chemicals which do not have a
regulatory status (specifically with respect to water quality legislation in South Africa), but which may
have an adverse effect on human health and the environment (Liu et al.,, 2014). Sources and
environmental pathways of these ECPs have been increasingly associated with waste and wastewaters
arising from industrial, agricultural and municipal activities (Gavrilescu et al., 2014). The ECPs of
current concern globally include a wide range of compounds including phthalates, pesticides,
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) and Bisphenol A, in
addition to disinfectants, pharmaceuticals and hormones (Gavrilescu et al., 2014). The four target ECPs
from these compound classes included in this study are acetaminophen, triclosan, atrazine and
polycyclic aromatic hydrocarbons (PAHSs).

Data relating to the occurrence of ECPs in South African waters is currently very limited, which can be
ascribed in part to the high cost of performing the complex analyses involved. In this project we
addressed this shortcoming by further developing novel fluorescence sensors for target ECPs of
relevance to South Africa, as a follow-on study from our previous work in this regard (WRC Project
K5/2438).

Screening techniques have the advantage of allowing for a large sample set to be analysed, thus trends
in time and place can be established. This is possible due to the speed and low cost which screening
methods present. Samples which screen positive can then be targeted for comprehensive, quantitative
analysis (such as by LC-MS/MS), if required. We have developed sensitive and selective novel
fluorescence sensors by utilising quantum dot (QD) nanomaterials in conjunction with a polymer matrix
to immobilise the QDs and to pre-concentrate the target ECPs. This approach also lends itself to the
development of a non-targeted screening method based on a mixture of different QDs or compound

class type sensors, to enable early detection of overall change in water quality with respect to ECPs.

1.2 AIMS OF THE PROJECT

The aims of the project were:

1. To investigate the effects of various parameters, such as pH and contact time, on the
fluorescence sensing of the selected ECPs.
2. To determine the effects of potential interfering compounds on the selectivity and fluorescence

sensing capability of the QD sensors.
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3. To develop methods to functionalise the QD materials via MIP overcoating and to investigate
the impact thereof on the selectivity of the fluorescence sensors towards the target ECPs.

4. To optimize the methodology to immobilize the QDs in siloxane polymers in order to generate
solid fluorescence sensor prototypes.

5. To test and optimize the fluorescence sensor prototypes for the target compounds in real water

samples (tap water and river water).

1.3 SCOPE AND LIMITATIONS

This study focused on four target ECPs from the range of compound classes which are considered as
ECPs, namely acetaminophen, triclosan, atrazine and polycyclic aromatic hydrocarbons (PAHs). The

water matrices included were tap and river water.

1.4 CONTRIBUTIONS OF INDIVIDUAL CHAPTERS TO THE OBJECTIVES OF THE
PROJECT

Chapter 2 provides the state-of-knowledge regarding the toxicological levels of these target
compounds, focussing on toxicity threshold values of vulnerable organisms and applicable legal limits,
where available. These are compared to typical reported environmental concentrations of the target
compounds in surface waters.

Chapter 3 covers the optimization and application of water-soluble CdSe/ZnS quantum dots for the
sensing of two emerging chemical contaminants, namely triclosan and acetaminophen. The fluorescent
nanoparticles that were fabricated for pesticides are CdSeTe/ZnS QDs, while for PAHs graphene
quantum dots (GQDs) were prepared.

In Chapter 4, the high sensitivity of QDs was integrated with the selectivity of MIPs via the preparation
of QD-based MIP composites. Specifically, a CdSeTe/ZnS@MIP fluorescence sensor was developed
for atrazine and a L-Cys-CdSe/ZnS@MIP sensor material was synthesised for acetaminophen.
Chapter 5 outlines the in situ immobilization of the QDs into polydimethylsiloxane thin films by spin
coating technology.

An overall conclusion and suggested future research are provided in Chapter 6.

This project contributed substantially to capacity building and the knowledge gained and generated in

conducting this research has resulted in a number of outputs, as detailed in the Appendix.
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CHAPTER 2: STATE OF KNOWLEDGE ON THE
TOXICOLOGICAL LEVELS OF THE TARGET ANALYTES

2.1 INTRODUCTION

There are varying definitions regarding emerging chemical pollutants (ECPs). In this study, we define
ECPs based on the definition of Liu et al. (2014), in that ECPs are chemicals which do not have a
regulatory status (specifically with respect to water quality legislation in South Africa), but which may
have an adverse effect on human health and the environment (Liu et al.,, 2014). Sources and
environmental pathways of these ECPs have been increasingly associated with waste and wastewaters
arising from industrial, agricultural and municipal activities (Gavrilescu et al., 2014). The ECPs of
current concern globally include a wide range of compounds including phthalates, pesticides,
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) and Bisphenol A, in
addition to disinfectants, pharmaceuticals and hormones (Gavrilescu et al., 2014). The four target ECPs
from these compound classes included in this study are acetaminophen, triclosan, atrazine and
polycyclic aromatic hydrocarbons. This report provides the state-of-knowledge regarding the
toxicological levels of these target compounds, focussing on toxicity threshold values of vulnerable
organisms and applicable legal limits, where available. These are compared to typical reported

environmental concentrations of the target compounds in surface waters.

2.2 TRICLOSAN

Triclosan, 5-chloro-2-(2,4-dichlorophenoxy) phenol (Fig. 2.1), with the commercial name Irgasan
DP300, has been used in a variety of consumer products (Bhargava & Leonard, 1996; Jones et al.,
2000). The chemical structure of triclosan (TCS) is similar to polychlorinated biphenyls (PCBs),
polybrominated diphenyl ethers (PBDEs), bispenol A, dioxins and thyroid hormones molecules with two
aromatic rings (Allmyr et al., 2008; Crofton, Paul, DeVito, & Hedge, 2007).

Cl OR

Cl Cl

Figure 2.1 Chemical structure of triclosan.

TCS is a fairly small molecule, with a molecular weight of 289.54 g mol"" and a diameter of about 7.4 A
(Rossner, Snyder, & Knappe, 2009) and has a solubility of <106 g mL™" in water (Du Preez & Yang,
2003). The partition coefficient of TCS (log Pow= 4.76), suggests that it is lipophilic, where the partition

coefficient is a ratio of solubility between two liquids, in this case octanol and water. Values of the pKa
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for TCS have been reported in the range of 7.9-8.1 (Son, Ko & Zoh, 2009). The soil organic carbon
coefficient (Koc) of TCS has been calculated to equal 13,400 at pH 7; 6,020 at pH 8, and 934 at pH 9
(Chalew & Halden, 2009).

2.2.1 Sources of triclosan

Triclosan (TCS) has been used for more than 35 years as an antimicrobial and antifungal agent. Its
widespread addition to numerous household products results in substantial release to sewage
treatment plants. Although TCS does not appear to resist sewage treatment, with removal of as much
as 95.5% from sewage treatment plants reported (Sabaliunas et al., 2003), the United States monitoring
survey revealed that TCS was commonly detected in surface water at a frequency of 57.6% and at
concentrations as high as 2300 ng L' (Kolpin et al., 2002). Triclosan bioaccumulates to a much greater
degree in algae than methyl triclosan (M-TCS) (Coogan et al., 2007). One possible explanation for
differences in TCS bioaccumulation is due to potential ionization of TCS. Under typical environmental
conditions, TCS may be completely protonated (pH = 5.4) or totally deprotonated (pH = 9.2) in surface
waters, based on a pKa value of 7.8 (Young et al., 2008). Based on these results, at higher pHs TCS
would be expected to accumulate more, whereas at lower pHs M-TCS would be expected to accumulate
to higher levels (Brausch & Rand, 2011).

The ubiquitous use of TCS has resulted in its presence in wastewater, sediments and many water
sources (Zhao et al., 2013) where it has the potential to affect ecosystems as it may kill algae, for
example (Tatarazako et al., 2004). There have also been several human health concerns attributed to
TCS, as it can accumulate in the body over time and may result in long-term health risks (Allmy et al.,
2008). TCS may also degrade in the aquatic environment to more toxic products. The most concerning
degradation products are dioxins, which are known carcinogens and can mutate DNA and cause birth
defects in offspring (Geyer et al., 2002).

Triclosan is susceptible to oxidative degradation by ozone and chlorine in the presence of sunlight and
to biodegradation by microorganisms (SCCS, 2010). It has been found that biodegradation is an
efficient mechanism for triclosan removal from wastewater and also that biodegradation under aerobic
conditions provides higher removal efficiency in comparison to anaerobic conditions (McAvoy et al.,
2002).

Wastewater treatment achieves average triclosan removal efficiencies in the range of 58-99%
(NICNAS, 2009), depending on the technical capabilities of the sewage treatment systems (Bester,
2003; Federle, Kaiser, & Nuck, 2002; Kanda et al., 2003; Lindstrém et al., 2002; Lishman et al., 2006;
Lopez-Avila & Hites, 1980; McAvoy et al., 2002; Singer et al., 2002a; Thompson et al., 2005).
Approximately 50% of the incoming mass of triclosan, which is produced by activated sludge treatment
together with aerobic biosolid digestion in conventional wastewater treatment plants (WWTPs), persists
and becomes sequestered in biosolids. As a result, major pathways of biocide released into the
environment are WWTP effluent discharge into surface waters and the application of biosolids to land
(Chalew & Halden, 2009).
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Cleavage of the ether bond and chlorination of the phenolic bond were identified as the main
degradation pathways for triclosan during wastewater treatment (Canosa et al., 2005). Five main
products were found upon reaction of triclosan with free chlorine including 2,4-dichlorophenol (2,4-
DCP), 2,4,6-trichlorophenol (2,4,6-TCP) and tetra- and penta-chlorinated species. 2,4,6-TCP is a
known endocrine disruptor, and may cause cancer, birth defects and developmental disorders in
offspring, whilst 2,4-DCP may be fatal if large amounts are absorbed by the body (Canosa et al., 2005).
Treatment with ozone during municipal sewage treatment was efficient in the removal of triclosan (Dodd
et al., 2009; Suarez et al., 2007; Wert, Rosario-Ortiz, & Snyder, 2009). Although chloramines can be
employed, chlorine is a stronger oxidant and has been shown to be more effective at oxidizing
pharmaceuticals and endocrine disrupting chemicals (EDCs) in a comparative study where phenolic
compounds, including triclosan, exhibited greater than 95% removal by chlorination under the
conditions tested (Snyder et al., 2007). The reaction mechanism of phenolic compounds with free
chlorine proceeds via an electrophilic substitution pathway, with a mixture of substituted products at the
ortho and para positions. Further chlorine addition results in cleavage of the aromatic ring (Lee & Morris,
1962; Snyder et al., 2007). It is noteworthy to mention that phototransformation also can remove

triclosan from wastewaters (Tixier et al., 2002).

2.2.2 Environmental occurrence and concentrations of triclosan in water resources

Several recent studies have clearly demonstrated the widespread presence of triclosan in the
environment, especially in wastewater, wastewater treatment plant effluents, rivers and in sediments in
various countries.

A study in the United States identified triclosan as one of the top seven contaminants in surface water,
with a maximum concentration of 2,300 ng L' (Kolpin et al., 2002). The worldwide concentration range
of triclosan in water has been found to range from 1.4-40,000 ng L in surface waters, 20-86,161
ng L in wastewater influent, 23-5,370 ng L' wastewater effluent, <0.001-100 ng L' in sea water,
sediment (lake/river/other surface water) <100-53,000 ug-kg™' dry weight (dw); sediment (marine) 0.02-
35 ug-kg™ dw, biosolids from WWTP 20-33,000 ug-kg™ dw, activated/digested sludge 580-15,600
pg-kg™' dw; and pore water from 0.201-328.8 ug-L™" (Dhillon et al., 2015; SCCS, 2010).

Triclosan is a frequent contaminant of aquatic and terrestrial environments and it is detected at a
concentration ranging from parts-per-trillion in surface water to parts-per-million in biosolids. The
elevated concentration of triclosan in biosolids and aquatic sediments may be attributed to the high
usage, strong sorption to organic matter and environmental persistence of this compound (Chalew &
Halden, 2009). The half-life of TCS depends on the specific environmental compartment and prevailing
conditions (Bester, 2005).

Environmental concentrations of triclosan reported in the published literature are summarised in
Table 2.1.
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Table 2.1 Environmental concentrations of triclosan (SCCS, 2010)

Environmental Matrix Triclosan concentration Country Reference
] Average 140 ng L' .
River water USA (Kolpin et al., 2002)
Max 2300 ng L
1.4-74.0 ng L'
Seawater Average 15 ng L' Switzerland (Lindstrém et al., 2002)
Median 10 ng L™’
f - -1
River water 600-40,000 ng L USA (Lopez-Avila & Hites,
Lake sediment <D.L — 100,000 pg kg d.w. 1980)
Wastewater effluents 42-213 ng L™
Receiving water 1198 ng L™ Switzerland (Singer et al., 2002b)
Activated sludge 580 g kg d.w.
Sewage influent 600-1300 ng L™
Switzerland  (Lindstrom et al., 2002)
Sewage effluent 100-650 ng L™
Streams <D.L-140ng L™ USA (Kolpin et al., 2004)
Sewage influent 380 ng L
Sweden (Bendz et al., 2005)
Sewage effluent 160 ng L™
Streams with known Median 120 ng L USA (Glassmeyer et al.,
input of raw wastewater 2005)
Max 1600 ng L
River water 8.8-26.3 ng L™ USA (Zhang et al., 2007)
Wastewater influent 6100 ng L™
USA (Halden & Paull, 2005)
Wastewater effluent 35ng L
. . (Chau, Wu, & Cai,
_ -1
River and coastal water 4.1-117ng L China 2008)
WWTP outfall 120 ng L USA (Coogan et al., 2007)
WWTP outfall 112 ng L™ USA (Coogan & Point, 2008)
Wastewater effluent 4
(activated sludge) 240-410ng L
WaSFeW.ater.efﬂuent 1600-2700 ng L™ USA (McAvoy et al., 2002)
(trickling filters)
-1 kg™
Digested sludge 530-15600 pg kg
d.w.
Median 106 ng L™ )
Wastewater effluent Canada (Lishman et al., 2006)

Mean 108 ng L
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Environmental Matrix Triclosan concentration Country Reference
Max 324 ng L™
Median 1860 ng L
Mean 1930 ng L™
Wastewater influent
Max 4010 ng L
- -1
Wastewater effluent 30-250 ng L (Waltman, Venables, &
USA Waller, 2006
Wastewater influent 2700-26800 ng L aller, )
Wastewater influent 70 ng L
Wastewater influent 4700 ng L USA (Heidler & Halden,
. 2007)
. 30,000 ug kg™
Digested slud
igested sludge dw.
Wastewater effluent 83-1283 ng L™
Spain (Kantiani et al., 2008)
Wastewater influent 231-12,500 ng L™
Wastewater effluent 190 ng L™
Canada (Fair et al., 2009)
Wastewater influent 2830-3440 ng L'
Wastewater effluent 180-5,370 ng L™
USA (Kumar et al., 2010)
Wastewater influent 5,213-32,639 ng L™
Wastewater effluent 43-59 ng L
Wastewater influent 1100-1300 ng L™ Germany (Bester, 2003)
1000-1300 pg kg™’
S lud
ewage sludge dw.
Max 3100 ng L
Wastewater effluent Average 69.2 ng L™’ UK (Kanda et al., 2003)
LOD 17.4 ng L
Wastewater effluent 340-1100 ng L'
(Sabaliunas et al.,
UK
Wastewater influent 7500-21900 ng L™ 2003)
Thompson et al.
p ( p :
Wastewater effluent <700 ng L UK 2005)
23-434 ng L
Wastewater effluent
Median 108 ng L
Australia (Ying & Kookana,

Biosolid from WWTP

90-16790 pg kg™
d.w.
Median 2320 ug kg™
d.w.

2007)
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Environmental Matrix Triclosan concentration Country Reference
Seawater 0.0008-6.87 ng L' Germany (Xie et al., 2008)
Sea water 50 ng L'
. 10 pg kg™ (Okumura & Nishikawa,
Sediment d.w. Japan 1996)
-1
Marine 101g kg
d.w.
-1
River sediment 4.4 and 35.7 ug kg
d.w.
1 Spain (Morales et al., 2005)
Biosolid from WWTP 5400 bg kg
d.w.
Max 80 ug kg™’
. . d.W. .
River Sediment Average 70 g kg USA (Miller et al., 2008)
d.w.
_ -1
Biosolid from WWTP 3300 527\2 Mg kg Canada  (Chu & Metcalfe, 2007)
1170-32900 ug kg™’
Biosolid from WWTP oW USA Ki tal., 2006
iosolid from Median 10200 yig kg (Kinney et al., )
d.w.
_ -1
Biosolid from WWTP 90 7ogowpg kg
. 0.16-1.02 g kg USA (Cha & Cupples, 2009)
Soil
d.w.
_ -1
Pore water 201-273300 ng L USA (Chalew & Halden,

(calculated)

2009)

relates these to toxicological threshold values for various aquatic species.

Typical environmental concentration ranges for TCS in water systems are also shown in Fig. 2.2, which
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Figure 2.2 Published environmental occurrence data for triclosan and triclocarban in
comparison to available toxicity threshold values for various indicator organisms.
Concentrations are presented on a logarithmic scale in parts-per-trillion by volume (ng L") or mass (ng
kg™ for liquid and solid matrices, respectively. Concentrations in activated sludge and biosolids are
expressed on a dry weight basis. Pore water concentrations were calculated from published
environmental monitoring data. Overlap of occurrence data with toxicity threshold values of biota
residing in the respective environmental compartment indicate locales of unhealthy conditions allowing
for chronic or acute toxic effects. WWTP: wastewater treatment plant (Chalew & Halden, 2009).

2.2.3 Toxicity considerations

Fish, algae and crustaceans may be affected by elevated levels of biocides in surface waters, the
concentrations of which are influenced by raw and treated sewage (Fig. 2.2). Minimum inhibitory
concentration (MIC) threshold values for microbes with respect to TCS may be exceeded in activated
sludge and biosolids which is a vital implication for the health and fertility of agricultural soils treated
with biosolids. Multiple generations of various organisms have been exposed to TCS at concentrations

expected to trigger acute and chronic effects or possibly adaptation (Chalew & Halden, 2009).

Fish may be affected by environmental biocide exposures in surface waters heavily impacted by raw
and treated sewage but biocide concentrations typically present in surface waters show little if any
overlap with fish toxicity threshold values. Algae and crustacea are highly sensitive indicator organisms

that may be impacted by biocide occurrences in surface waters receiving raw and treated sewage. TCS
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has been detected in surface waters at concentrations exceeding the no-observed effects concentration
(NOEC) of algae, whilst crustacea may be adversely affected by TCS levels in sediment pore water
(Chalew & Halden, 2009).

A study examined the toxicity ranking of five pharmaceutical and personal care products (PPCPs)
including triclosan and acetaminophen. Bivalve Dreissena polymorpha in fresh water were exposed to
different environmentally relevant concentrations of the PPCPs (290 and 154 ng L™ for triclosan and
acetaminophen, respectively) over 96 hrs and the biological response of eight biomarkers was
integrated into a simple biomarker response index (BRI). It was found that triclosan demonstrated
dramatic effects. Itinduced primary lesions to hemocyte DNA following only 24 hrs of exposure (p<0.01)
with a clear time-dependent relationship (Parolini, Pedriali, & Binelli, 2013) while 96 h of exposure to
acetaminophen produced only minor effects on cellular and genetic endpoints. The relative toxicities of
the compounds were found to be triclosan> trimethoprim> ibuprofen> diclofenac = acetaminophen
(Parolini et al., 2013).

2.2.3.1 Toxicity threshold of triclosan

Ecotoxicity data are essential for the interpretation of biocide occurrences in the environment. Common
measures of toxicity can be divided into acute and chronic effects. Threshold values for acute toxicity
of TCS in fish have been determined to range from 260,000 to 440,000 ng L*' whereas chronic effect
thresholds were in the range of 34,000-290,000 ng L' (Orvos et al., 2002; Tatarazako et al., 2004).
Acute toxicity threshold values in crustacea were determined to range from 185,000-390,000 ng L-" and
chronic toxicity in crustacea was observed at levels as low as 6,000-182,000 ng L-' (Samsge-Petersen,
Winther-Nielsen, & Madsen, 2003; Tatarazako et al., 2004). Concentrations toxic to algae also are in
the parts-per-billion range, with values of 200-2,800 ng L' for TCS (Samsge-Petersen et al., 2003;
Yang et al., 2008). Inhibitory effects on microorganisms were shown to begin at levels ranging from
25,000-80,000,000 ng L™ for TCS (Farré et al., 2008; Stasinakis et al., 2007; Stickler & Jones, 2008).

A chronic predicted no effect concentration (PNEC) for TCS is 1,550 ng L' which was determined by
aquatic risk assessment. This study was based on a predicted environmental concentration (PEC) for
TCS in U.S. surface waters of no more than 850 ng L™, resulting from modeling output using a worst-
case scenario precluding in-stream removal of the compound (Capdevielle et al., 2008). Moreover, as
the concentration of TCS increases, there is a possibility of adaption of bacterial strains by developing
resistance (Stickler & Jones, 2008).

Researchers in Spain conducted another environmental risk assessment for 26 PPCPs (de Garcia et
al., 2014). They employed Microtox acute ecotoxicity tests and activated sludge respirometry assays.
The U.S. EPA Ecological Structure-Activity Relationships (ECOSAR™) QSAR program was also
utilized to predict the estimated ecotoxicological effects. Based on the results of ecotoxicity tests,
triclosan was found to be very toxic to different species. Furthermore, evaluation of persistence,
bioaccumulation and ecotoxicity (PBT) revealed that triclosan is persistent and toxic but not

bioaccumulative (de Garcia, Garcia-Encina, & Irusta-Mata, 2011).

10
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Triclosan has been shown to exert deleterious effects towards different somatic and reproductory
mammalian cells at extracellular concentrations of <1,000,000-5,000,000 ng L. It also had adverse
effects in cells that are non-renewable (pancreatic 3-cells). Triclosan is a mitochondrial toxic chemical
which may cause unexpected long-term toxic effects depending on its tissue distribution and elimination
(Ajao et al., 2015).

Acute toxicity of TCS was investigated using the bacterium Vibrio fischeri, the phytoplankton species
Dunaliella tertiolecta, and three life stages of the grass shrimp Palaemonetes pugio by Delorenzo et
al. (2008). They found acute aqueous toxicity values (96 h LC50) were 305,000 ng L' for adult shrimp,
154,000 ng L' for larvae, and 651,000 ng L' for embryos. The presence of sediment decreased
triclosan toxicity in adult shrimp (24 h LC50s were 620,000 ng L' with sediment, and 482,000 ng L'
without sediment). The bacterium showed more sensitivity to TCS compared to the grass shrimp, with
a 15 min aqueous LC50 value of 53,000 ng L' and a 15 min spiked sediment LC50 value of 616 ug
kg™'. The most sensitive species were the phytoplankton with a 96 h EC50 value of 3,550 ng L.
Accumulation of methyl-triclosan after a 14-day exposure to 100,000 ng L™ triclosan in adult grass
shrimp indicated formation of this metabolite in a seawater environment and its potential to
bioaccumulate in higher organisms. Furthermore, the low detected concentration of TCS in surface
water (1 ng L") suggested that TCS has low acute toxicity risk to estuarine organisms. Toxicity of TCS
in aquatic organisms reported over the last 10 years is summarised in Table 2.2. Acute and chronic

toxicity data relating to triclosan are also provided in Tables 2.3 and 2.4.

11
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Table 2.2 Effects of TCS on freshwater (FW) and marine (SW) organisms (Dann & Hontela,

2011).
. . Route of . .
Test species Life stage  System type Test duration TCS exposure Endpoint Reference
exposure
Algae
EC50
Phytoplankton . . (Delorenzo &
- SwW Wat tat Acute (96 h 500 ng L lat
(Dunaliella ater (static) cute (96 h) 3,500 ng (pggssi '()’” Fleming, 2008)
tertiolecta) y
Invertebrates 400,000 ng L'
(Chironomus
tent .
entans) ; FW Water (renewal) 10 days LC50 (Dussault et al.,
00,000 ng L 2008)
Invertebrates 200,000 ng
(Hyalella Azteca)
Embryo 651,000 ng L™
Grass shrimp (Delorenzo et
(Palaemonetes Larvae SW Water (renewal) Acute (96 h) 154,000 ng L LC50 al., 2008)
pugio) v
Adult 305,000 ng L
Crustacean (Kim et al
(Thamnocephalus - FW Water (static) Acute (24 h) 470,000 ng L LC50 2009) v
platyurus)
llysosomal
Hemocytes In vitro Acute (30 min) 1TuM membrane
stability
Altered
Bivalve (Mytilus ere (Canesi et al.,
L SW hemocyte
galloprovincialis) 2007)
Whole Injection Acute (24 h) 2.9 ug kg' and
animal J JHIKG digestive
gland
function
In vitro Acute (60 min) 01uM
Zebra mussel (Binelii et al
(Dreisena Hemocytes FW Genotoxicity 2009) v
polymorpha) In vivo Acute (96 h) 1™
Medaka (Oryzias S 1 day EC50 (Nassef et al.,
E w I 4.2 -
latipes) 9gs S n ovo injection postfertilization ng €99 (survival) 2010)
Medaka (Oryzias “ (Nassef et al.,
Jatipes) Adult SW Water (renewal) Acute (96 h) 1700,000 ng L LC50 2009)
Medaka (Oryzias . A (Kim et al.,
Jatipes) Larvae FW Water (static) Acute (96 h) 600,000 ng L LC50 2009)
No effects
Fathead mi 10 d
a ga minnow Full life Water (TCS in (: an' 300 ng Fo; 1 larval (Parrott &
(Pimephales FW . - L1 mixture of o .
cycle mixture) deformities Bennie, 2009)
promelas) products

in F1
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Test species Life stage  System type Route of Test duration TCS exposure Endpoint Reference
exposure
LC50;
Embryo ?4-We|l 420,000 ng L' teratogenic
Zebrafish (Dani microplates offects (Oliveira et al
ebrafish (Danio iveira et al.,
rerio) FW Acute (96 h) 2009)
Adult Semi-static 340,000 ng L LC50

Amphibians Bullfrog

(Acris crepitans Larvae 367,000 ng L™

Blanchardii)

Amphibians Bullfrog

(Bufo woodhousii  Stage 30 152,000 ng L (Palenske

Woodhousii) Nallani &’
Amphibians Bullfrog FW Water Acute (96 h) LC50 Dzialow,s,ki
(Rana - 562,000 ng L' 2010)

sphenocephala)
Amphibians Bullfrog 1

(Xenopus laevis) Stage 41 343,000 ng L

Table 2.3 Acute toxicity data for triclosan (Brausch & Rand, 2011)
Species Trophic group Endpoint/duration LC50 (ng L) Reference

(Orvos et al.,

D. magna Invertebrate 48 h 390,000 2002)
Ceriodaphnia dubia Invertebrate 24,48 h (pH = 7.0) 200,000, ~125,000,000 (2(38’2‘3)3 et al,
24 h 360,000
Pimephales promelas Fish 48h 270,000 (Orvos et al,
72 h 270,000 2002)
96 h 260,000
24h 440,000
Lepomis macrochirus  Fish 48h 410,000 (zoo(r)"z")s et al,
96 h 370,000
. . . 602,000 (larvae), (Ishibashi et al.,
Oryzias latipes Fish 96 h 399,000 (embryos) 2004)
Xenopus laevis Amphibian 96 h 259,000 (Palenske et al.,
2010)
Acris blanchardii Amphibian 96 h 367,000 (22?'3)“3'(9 etal,
Bufo woodhousii Amphibian 96 h 152,000 (Palenske et al.,
2010)
Rana sphenocephala  Amphibian 96 h 562,000 (Palenske et al,

2010)
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Species Trophic group Endpoint/duration LC50 (ng L) Reference
Pseudokirch-neriella (Yang et al.,
subcapitata Algae 72 h Growth 530 2008)

Table 2.4 Chronic toxicity data of triclosan (Brausch & Rand, 2011)

Species Trophic group  Endpoint/duration LOEC (ng L") NOEC (ng L) Reference
D. maana Invert 21 d Survival, Repro. = 200,000 Surv. = 200,000 (Orvos et al.,
- mag ' Reproduction (LOEC) (NOEC) 2002)
7 d Survival 50,000 o |
C. dubia Invert. - (Orvos etal,
Reproduction 6,000 2002)
) 7 d Survival, _ (Tatarazako et
C. dubia Invert. Reproduction LC25 = 170,000 - al., 2004)
Chl.ronc?mus Invert. 28 d Survival, i 440,000 (Memmert,
riparius Emergence 2006)
Chironomus Invert. 10 d Survival, Growth  LC25 = 100,000 - (Dussault et al.,
tentans 2008)
. (Dussault et al.,
Hyalella azteca Invert. 10 d Survival, Growth LC25 = 60,000 2008)
96 d ELS Hatching No Effect
. . (Orvos et al.,
. myk Fish -
O. mykiss is! . 2002)
Survival 71,300
. . . (Ishibashi et al.,
N/ Fish 14 d Hatch 21 -
O. latipes is d Hatching 3,000 2004)
21 d Growth 200,000
Fecundity No Effect shibashi et al
0. latipes Fish - (Ishibashi et al.,
HSI and GSI, 200,000 2004)
VTG 20,000
. . o _ (Tatarazako et
O. latipes Fish 14 d Hatchability LC25 = 290,000 al., 2004)
, - . 35 d Sperm Count, (Raut & Angus,
Gambusia affinis Fish VTG 101,300 - 2010)
Danio rerio Fish 9 d Hatchability LC25 = 160,000 (thf,rzz';‘; et
. - . No effect (Fort et al.,
Xenopus laevis Amphibian 21 d Metamorphosis (200,000) - 2009)
Rana catesbeiana Amphibian 18 d Development 300,000 - (Veldhoen et

al., 2006)
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Species Trophic group  Endpoint/duration LOEC (ng L) NOEC (ng L") Reference
24 d Survival 230,000
Rana pipiens Amphibian e | (Fraker &
Growth 2,300 Smith, 2004)
) - . No effect (Smith &
Bufo americanus Amphibian 14 d Survival, Growth (230,000) - Burgett, 2005)
. (Orvos et al.,
S. capricornutum Algae 96 h Growth EC50 = 4,460 EC25 = 2,440 2002)
96 h Biomass EC50 = 1,200 EC50 = 500
S. subspicatus Algae (Orvos etal.,
Growth Rate EC50 = 1,400 EC50 =690 2002)
(Orvos et al.,
S. costatum Algae 96 h Growth Rate EC50 = 66,000 EC25 > 66,000 2002)
. (Orvos et al.,
A. flos-aquae Algae 96 h Biomass EC50 = 970 EC25 =670 2002)
(Tatarazako et
P. subcapitata Algae 72 h Growth EC25 = 3,400 200 al., 2004; Yang
et al., 2008)
. (Orvos et al.,
N. pelliculosa Algae 96 h Growth Rate EC50 = 19,100 EC25 =10,700 2002)
Natural algal . (Wilson et al.,
assemblage Algae 96 h Biomass 120 - 2003)
Closterium (Ciniglia et al.,
ehrenbergii Algae 96 h Growth - 250,000 2005)
Dunaliella (DelLorenzo &
tertiolecta Algae 96 h Growth i 1,600 Fleming, 2008)
. (Orvos et al.,
L. gibba Plant 7 d Growth EC50 = 62,500 EC25 = 62,500 2002)
28 d Seed 100,000
Germination germination (st al
evens et al.
. h PI ’
S. herbacea ant oron 10,000 2009)
P 9y morphology
28 d 'Sec-.;d No effect
Germination (Stevens et al.,
E. prostrata Plant - 2009)
Morphology 1000,000
28 d'Segd 100,000
Germination (Stevens et al.,
B. frondosa Plant - 2009)
Morphology 10,000

LOEC: lowest observed effect concentration; NEOC: no observed effect concentration; ELS: Early Life
Stage; HIS: Hepatosomatic Index; GSI: Gonadosomatic Index; VTG: Vitellogenin.
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2.2.4 Legal limits of triclosan

Triclosan is an anti-microbial and preservative agent added to personal care products (toothpaste,
detergent, soap, shampoos, skin care creams and lotions) at a typical concentration in the range of
0.1-0.3% (w/w) which is regulated by the European Community Cosmetic Directive or the U.S. Food
and Drug Agency (U.S. FDA) in Europe and the USA, respectively (Rodricks et al., 2010; Sabaliunas
et al., 2003). The content of TCS in household products should not exceed 0.3% (w/w) (Allmyr et al.,
2006). The Minnesota Department of Health (MDH) developed a guidance value of 50 ppb for triclosan
in drinking water. A person drinking water at or below this level, would have little or no risk of any health
effects from triclosan ("Toxicological Summary: Triclosan," 2010). The Canadian Federal Water Quality
Guideline for the protection of aquatic life from adverse effects of triclosan is 380 ng L' (Canadian

Environmental Protection Act, 2017).

2.3 ACETAMINOPHEN

Paracetamol or acetaminophen (N-acetyl-p-aminophenol) with log Kow 0.46 (Westerhoff et al., 2005)
(Fig. 2.3) is an acylated aromatic amide that was first introduced by Von Mering in 1893 as an
antipyretic/analgesic medicine used for fever, headaches, and other minor pain (Wu, Zhang, & Chen,
2012). It has a pKa of 9.38 with a solubility of 1.4x10* mg L' in water at 25°C (Achilleos et al., 2008).
The high solubility and hydrophilicity of acetaminophen result in its accumulation in the aquatic
environment. It has been detected in surface waters, wastewater, and drinking water throughout the
world (Thomas et al., 2007).

H
N\[r
@)
HO

Figure 2.3 Structure of acetaminophen

Acetaminophen (AC) unlike other common analgesics, such as aspirin and ibuprofen, has relatively
little anti-inflammatory activity. As a result, it is not considered to be a non-steroidal anti-inflammatory
drug (NSAID). Acute overdoses of paracetamol can cause potentially fatal liver damage, and in some
individuals, a normal dose can cause the same, the risk of which can be heightened by alcohol
consumption. Recent studies have suggested that excessive doses and/or excessively high plasma
concentrations of AC may be associated with hepatotoxicity (Barker, de Carle, & Anuras, 1977). It has
been demonstrated that 58-68% of paracetamol and its metabolites are excreted from the body during
therapeutic use (Muir et al., 1997). Hu et al. reported that microorganisms play a pivotal role in
acetaminophen degradation in the environment under various conditions (Hu et al., 2012).

Although the detected concentrations of pharmaceuticals are typically in the nanogram to microgram-

per-liter range (Huber et al., 2005), a variety of potential adverse effects, including acute and chronic
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damage, accumulation in tissues, reproductive damage, inhibition of cell proliferation and behavioral

changes, have been documented at these low levels (Escher et al., 2011; Phillips et al., 2010).

2.3.1 Sources of acetaminophen

Acetaminophen is frequently prescribed or purchased over the counter, and falls within the
pharmaceutical and personal care products (PPCPs) subclass of organic contaminants. Countries
reported to have the largest consumption values for AC are the United States (5790 tons in 2002),
France (3303 tons in 2005) (Weber et al., 2016) and Germany (622 tons in 2001) (Huschek et al., 2004).
Pharmaceutical compounds are continuously introduced into the aquatic environment from hospital
waste, consumer use and disposal, as well as from manufacturing facilities (Langford & Thomas, 2009).
In spite of the fact that the detected concentrations thereof are low, a wide variety of potential deleterious
effects, including acute and chronic toxicity to the aquatic environment (Crane, Watts, & Boucard, 2006),
accumulation in tissues (Schultz et al., 2010) and inhibition of cell proliferation (Pomati et al., 2006)
have been reported even at these low levels. The continuous introduction of acetaminophen into the
environment can also negate its high transformation rates (Petrovi¢, Gonzalez, & Barceld, 2003):
acetaminophen is usually easily biodegraded in biological wastewater treatment plants (WWTPs)
(Ternes, 2006; Wu et al., 2012) although maximum concentrations of acetaminophen in surface waters
of 10,000 ng L' have been found (Daughton & Ternes, 1999).

In many cases, WWTPs are unable to efficiently remove PPCP compounds, which are thus adsorbed
by the sludge of primary and secondary wastewater treatment processes, or they remain in the treated
wastewater, leading to their distribution in surface and groundwater, sediments and/or tissues of
exposed wildlife. In order to avoid possible harm to humans, there is an increasing need to develop fast
and sensitive methods for detecting low concentrations of PPCPs in natural water, wastewater and
drinking water systems (U.S. EPA, 2015).

The primary sources of pharmaceuticals entering surface water are from treated or untreated municipal
wastewater effluent discharges into receiving surface water bodies (Buser, Miiller, & Theobald, 1998;
Buser, Poiger, & Miller, 1999; Daughton, 2001; Heberer et al., 2001; Heberer, Reddersen, &
Mechlinski, 2002; Kolpin et al., 2002; Ternes, 1998) and improper disposal of pharmaceutical waste
and excess medication by consumers, as well as healthcare and veterinary facilities, into sewers and
drains.

Eleven different chlorination products were observed during chlorination of acetaminophen, including
the toxic substances N-acetyl-p-benzoquinone imine (NAPQI) and 1,4-benzoquinone. Although they
are at very low levels in drinking water and wastewater, their presence along with multiple other
pharmaceuticals may be of concern (Bedner & MacCrehan, 2006).

Roberts and Thomas (2006) analyzed wastewater effluent and surface waters for 13 pharmaceuticals.
Acetaminophen was detected in raw effluent at concentrations ranging from 11 to 69,570 ng L™". In this
study, the treatment process was found to remove 100% of the acetaminophen present in the raw

effluent.
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2.3.2 Environmental occurrence & concentrations of acetaminophen in water sources

Acetaminophen is usually easily biodegraded in biological WWTPs (Ternes, 2006; Wu et al., 2012),
although maximum concentrations of acetaminophen in surface waters of 10,000 ng L' have been
found (Kolpin et al., 2002). Acetaminophen is reported as one of the most frequently detected
pharmaceuticals in sewage treatment plant effluents, drinking water, and surface water. This compound
was detected in 24% of U.S. stream water samples with a maximum detection level of 10,000 ng L™
(Kolpin et al., 2002).

Acetaminophen is also detected in over 5% of groundwater samples, where it was found to be one of
the active pharmaceutical ingredients (APIs) with the highest reported concentrations ranging from 0.3
to 210 ng L' (Naidenko et al., 2008; Stackelberg et al., 2007; Togola & Budzinski, 2008; Versteegh,
Van Der Aa, & Dijkman, 2007).

Acetaminophen was also observed in wastewater (<10,000 ng L") and bio-solids (up to 12 ng g™') where
it was efficiently removed from the wastewater while the bio-solids still contained >50% of the AC
(Matongo et al., 2015). The highest concentration of AC in a South Africa study was found near human
settlements (Matongo et al., 2015). Environmental concentrations of acetaminophen reported in the

published literature are provided in Table 2.5.
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Table 2.5 Environmental concentrations of acetaminophen.

Acetaminophen

Environmental Matrix concentration (ng L) Country Reference
(Bound & Voulvoulis,
Surface water 52-290 UK 2006)
130-26,090
WWTP influent
Average 10,194
BLQ-5.990 Spain (Gros, Petrovic, &
WWTP effluent Barcelo, 2006)
Average 2,102
BLD-250
Surface water
Average 42
STPs effluent Median 1,900
Max 3,600 Canada (Brun et al., 2006)
Receiving waters downstream
of STPs
Median 5.0
Max 260
WWTP influent
Mean 70
South Korea (Han, Hur, & Kim, 2006)
Max 160
WWTP effluent
Mean 60
29,000-246,000
STP influent
Mean 134,000
Spain (Gémez et al., 2007)
<LOD-4,300
STP effluent
Mean 220
River water <20
UK (Roberts & Thomas, 2006)
Wastewater effluent 11-69,570
Sewage effluents Max 6,000 Germany (Ternes, 1998)
WWTP influent 160,000
Kenya (K'Oreje et al., 2016)
River water Max 107,000
Surface water Max 16,000 Africa (Weber et al., 2016)
WWTP inlet (wastewater) 5,760 (Matongo et al., 2015)
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Acetaminophen

Environmental Matrix concentration (ng L) Country Reference
WWTP inlet (bio-solid) 12.08 ng g™’
WWTP inside (wastewater) 2,970
South Africa
WWTP inside (bio-solid) 8.44 ng g’ (Msunduzi River,
KwaZulu-Natal)
WWTP outlet (wastewater) <MDL
WWTP outlet (bio-solid) 7.02ng g’
WWTP inlet (wastewater) 6,260
WWTP inlet (bio-solid) 6.99 ng g
WWTP inside (wastewater) 4,580 South Africa
WWTP inside (bio-solid) 7.76 ng g (Umgeni River, (Matongo et al., 2015)
KwaZulu-Natal)
WWTP outlet (wastewater) 3,270
WWTP outlet (bio-solid) 6.70 ng g’
Surface water <10,000 ;
J th Afi
Sou . r!ca (Agunbiade & Moodley,
(Umgeni River, 2014)
Inlet wastewater 59,000 KwaZulu-Natal)
WWTP influent 500-1,200
Greece (Kosma, Lambropoulou, &
Albanis, 2014)
WWTP effluent 12-58

BLD: Below limit of detection; BLQ: Below limit of quantification; MDL:  Method limit of detection;
STPs: Sewage Treatment Plants; WWTP: Wastewater Treatment Plants.

2.3.3 Toxicity threshold of acetaminophen

Acetaminophen induces proliferation of cultured breast cancer cells via estrogen receptors without
binding to them, but has no estrogenic activity in rodents (Harnagea-Theophilus et al., 1999). The mode
of action of acetaminophen is not yet fully elucidated. It seems that this drug acts mainly by inhibiting
the cyclooxygenase of the central nervous system and it does not have anti-inflammatory effects,
because of the lack of inhibition of peripheral cyclooxygenase involved in inflammatory processes.
Adverse effects of acetaminophen are mainly due to formation of hepatotoxic metabolites, primarily N-
acetyl-p-benzoquinone imine, synthesized when the availability of glutathione is diminished in liver cells
(Fent, Weston, & Caminada, 2006; Harnagea-Theophilus et al., 1999).

Acetaminophen has detrimental effects especially in over dosage related to the formation of toxic

metabolites by oxidative pathways. Toxicity of acetaminophen is usually caused by reactive oxygen
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species and can result in multiple effects, ranging from protein denaturation to lipid peroxidation and
DNA damage (Antunes et al., 2013).

Morasch and Perazzolo (Morasch et al., 2010; Perazzolo et al., 2010) screened wastewater treatment
plant influent and effluent, and raw drinking water samples in Switzerland, for 37 pharmaceuticals
including acetaminophen, four hormones, and a number of other micropollutants. All pharmaceuticals
were detected in at least one sample of influent or effluent from the wastewater treatment plants.
Predicted no-effect concentrations of acetaminophen were exceeded in raw drinking water samples

and therefore presented a potential risk to the ecosystem (Morasch et al., 2010).

A separate study (Galus et al., 2013) exposed adult zebrafish (Danio rerio) to a pharmaceutical mixture
including acetaminophen and to diluted wastewater effluent over a six week period. They observed that
chronic exposure of zebrafish to 10,000 ng L' acetaminophen markedly decreased fecundity. Liver
histology was altered and acetaminophen exposure increased developmental abnormalities (Galus et
al., 2013).

Acetaminophen has shown embryotoxic effects on the development, growth, behavior and survival of
D. rerio larvae of zebrafish embryos. It induces anomalies at different levels of development in a dose-
dependent manner (0, 1x108, 5x108, 10x10°, 50x108 and 100x10° ng L"), causing impairment in (1)
the early development, (2) hatching, (3) organogenesis (by altering the rate of apoptosis), (4) larval
growth and morphometry, (5) tail and tail-fin formation, (6) pigmentation and (7) larval behavior and
survival (David & Pancharatna, 2009).

Acute aquatic toxicity of acetaminophen and some other pharmaceuticals was examined on a marine
bacterium (Vibrio fischeri), a freshwater invertebrate (Daphnia magna), and the Japanese medaka fish
(Oryzias latipes) in Korea (Kim et al., 2007). The acute toxicity results were predicted by a quantitative
structure activity relationship model using pH-dependent distribution coefficient and molecular orbital
energy parameters of the test pharmaceuticals. The 48 hrs EC50 values for D magna and O. latipes
were 30,100,000 ng L' and >160,000,000 ng L' respectively while the 15 min EC50 for V. fischeri. was
567,700,000 ng L. The highest predicted environmental concentration (PEC) was also expected for
acetaminophen (16,500 ng L") due to the highest volume production of AC regarding pharmaceuticals
in Korea (1,068,921 kg in 2003). The hazard quotient which was derived from the PEC and predicted
no effect concentration (PNEC) for acetaminophen was 1.8 showing potential environmental concerns

of this medicine, as hazard quotients exceeding 1 indicate potential effects (Brausch & Rand, 2011).

The effect of several environmental factors such as water pH (7.4, 8.3, and 9.2), temperature (15, 21,
and 25°C) and ultraviolet light (continuous irradiation of 15.0 YW cm2) on the toxicity of some
pharmaceutical compounds including acetaminophen in water, has been evaluated by Kim et al. (2010)
using the freshwater invertebrate Daphnia magna. They showed that lower water pH caused greater
acute lethal toxicity of acetaminophen due to the higher unionized fraction thereof. AC was markedly
more toxic at pH 8.3 compared to pH 9.2 in terms of 48 hrs EC50 (P <0.05). Moreover, enhancement
in the temperature of the water led to an increase in the acute toxicity of AC which was attributed to the
alteration in toxicokinetics of chemicals, as well as the impact on the physiological mechanisms of the

test organism. In the presence of UV-B light, the toxicity of acetaminophen also tended to increase.
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The acute toxicity (median lethal concentration, LC50, for a 96-h exposure) of acetaminophen and
ibuprofen alone and different mixtures thereof was investigated in green neon shrimp (Neocaridina
denticulata) (Sung et al., 2014). They revealed that the 96-h LC50 value for acetaminophen was
6,070,000 ng L. Furthermore, the 96-h LC50 value for mixtures with high acetaminophen concentration
and low ibuprofen concentration indicated enhanced toxicity in N. denticulate (LC50 = 4,780,000
ng L") compared to acetaminophen and ibuprofen alone. The effects of AC on different organisms are
shown in Table 2.6.

Table 2.6 Effects of acetaminophen on different organisms

Toxicological Ecotoxicity data

Taxon Species endpoint (ng L) Reference
549,700,000
EC50 (5 min) (534,000,000-
565,900,000)
Bacteria V. fischeri 567,500,000 (Kim et al., 2007)
EC50 (15 min) (358,600,000-
898,100,000)
Bacteria V. fischeri EC50 (30 min) 650,000,000 (He”i‘;hge;)et al.
. ECSO.(.24 .h) 293,000,000
(immobilization) (Henschel et al.,
Crustacean D. magna 1997)
. EC5O.(.48 .h) 50,000,000
(immobilization)
30,100,000
(irﬁriigil(iigti?n) (23,200,000-
C D 39,000,000) Ki 1., 2007
rustacean . magna £C50 (96 1) 26,600,000 (Kim et al., )
(immobilization) (19,600,000-
33,600,000)
LC50 (48 h) >160,000,000
Fish O. latipes (Kim et al., 2007)
LC50 (96 h) >160,000,000
Fish B. rerio (zebra fish) LC50 (48 h) 378,000,000 (He"j‘;hge;)et al.
Scenedesmus (Henschel et al.,
Algae subspicatus EC50 (72 h) 134,000,000 1997)
. Tetrahymena EC50 (48 h) (Henschel et al.,
Ciliates pyriformis (growth inhibition) 112,000,000 1997)
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Toxicological E i
Taxon Species oxico o:qlca cotoxwlt_)! data Reference
endpoint (ng L)
6,070,000
N idi LC50 (96 h o
Green neon shrimp dZi?iiZlalfaa (ex o(sure)) (5,330,000~ (Sung et al., 2014)
P 7,840,000)

Some authors reported the presence of AC in effluents at concentrations below to 20 ng L* (Roberts &
Thomas, 2006) to 4,300 ng L' (Gémez et al., 2007), although in surface waters values can reach 78,170
ng L (Gruiji¢, Vasiljevi¢, & Lausevi¢, 2009), which is higher than the predicted no-effect concentration
(PNEC) of 9,200 ng L' (Carlsson et al., 2006). Hence, AC might present a threat to non-target

organisms.

2.3.4 Legal limits of acetaminophen

Based on available information, the Minnesota Department of Health (MDH) developed a guidance
value of 200 ppb for acetaminophen in drinking water. MDH considers the liver to be the organ most

sensitive to acetaminophen exposure ("Toxicological Summary for: Acetaminophen," 2010).

2.4 POLYCYCLIC AROMATIC HYDROCARBONS

2.4.1 Sources and occurrence

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds with fused benzene rings
which are of environmental concern because of their negative health effects. PAHs are produced from
a wide variety of sources (Table 2.7) and hence they are one of the classes of pollutants which are of
global concern (Manoli & Samara, 1999; Sojinu et al., 2010). Table 2.8 details relating to the U.S. EPA
priority PAH compounds. These compounds can be introduced into environmental water systems
through various ways after wet or dry deposition from the atmosphere following their release from
sources including industrial combustion activities, biomass burning, and vehicular emissions. A
comprehensive review on the occurrence and typical concentration ranges of PAHs in South African
water systems is provided by Chimuka et al. (2015) and are presented in Table 2.9. Clearly these
compounds occur at low concentrations in runoff and river water, but continuous exposure may incur
human health effects.

PAHs generally have low solubility in water, where high molecular weight PAHs like benzo[a]pyrene
have the lowest solubility (0.0057 mg L' at 25°C) and lower molecular weight naphthalene having the
highest solubility (31.69 mg L' at 25°C) as shown in Table 2.8. Removal of PAHs from water systems
can be achieved either by using traditional methods like destructive oxidation with ozone or by using

adsorption technology with adsorbents like activated carbon (Zeledon-Torufo et al., 2007).
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Table 2.7 Natural and anthropogenic sources of polycyclic aromatic hydrocarbons (PAHSs).

Natural

Anthropogenic

Natural petroleum
Vegetative Decay
Rare Minerals
Plant Synthesis
Fires

Volcanic Eruptions

Petroleum Spills
Pesticide Formulations
Sewage Sludge
PAH-contaminated Media
Road Dust
Vehicles (Internal combustion)
Jet Aircrafts
Incineration
Wood Burning
Cigarette Smoke
Cooking Plants
Other Industries/Processes

Miscellaneous Burning

Table 2.8 The 16 PAHSs included in the U.S. EPA priority pollutant list (Manoli & Samara, 1999).

Vapor Pressure Solubility in Water  Carcinogenic potency
PAHs Structure (Torr) (mg L") Kon TARC/US EPA’
- classification
Acenaphthene, Ace o 107107 at 20°C 3.4 at 25°C 21000
Acenaphthylene, Acy ﬁ 107-107 at 20°C 3.93 12000
Fluorene, F (e o 107107 at 20°C 19 15000
Naphthalene, Np (! 0.0492 32 2300
Anthracene, An o 2x10™ a1 20°C 0.05-0.07 at 25°C 28000 3
Fluoranthene, Fl O’EEJ 10 10 107 at 20°C 0.26 at 25°C 340000 3
Phenanthrene, Ph Ia%a) 6.8x107" at 20°C 1,0-1.3 at 25°C 29000 3
Benzofalanthracene, Blu]An 03(9 5x10° ar 20°C 0.01 at 25°C ax10 2A/B2
Benzo[b]fluoranthene, B[b]F] % 10" 10 10% &t 20°C - 10 2B/B2
Benzo[k]fluoranthene, B[k]FI 0;—5&; 9.6x107 at 20°C - it 2B
Chrysene, Chry O-Ch 10" to 10® at 20°C 0.002 at 25°C 4x10° B2
Pyrene, Py 65) 6.9x10” at 20°C 0.14 at 25°C 2x10° 3
Benzoghi]perylene, B[ghi]Pe @ ~101" 0.00026 at 25°C 1w’ 3
Benzo[a]pyrene, Bla]Py o 5x10” 0.0038 at 25°C 10 2A/B2
Dibenzo[o.h]anthracene, dB[a,h]An (51’}5] ~10te 0.0005 at 25°C 10 2 A/BD
Indenof1,2,3-cd]pyrene, 11,2,3-cd]Py 0@: 107 5x107 2B/B2

2A/B2: Probably carcinogenic to humans/Probable human carcinogen; 2B: Possibly carcinogenic to humans;
3: Not classifiable as to human carcinogenicity; Blank: Not tested for human carcinogenicity;
*IARC: International Agency for Research on Cancer; U.S. EPA: U.S. Environmental Protection Agency.
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Table 2.9 Typical range of PAH concentrations in runoff and river water in South Africa
(Chimuka et al., 2015).

PAH Runoff water River water
Range (ug L") Range (ug L")
Indene 1.3-10.1 0.8-3.3
Azulene 9.5-134 Nd
Dibenzo thiophene 0.6-67.5 0.3-94
Anthracene 6.7-230 6.7-53.5
Fluoranthene 3.4-251 3.6-24.2
Pyrene 7.2-2,500 0.1-52.4
Mean values 4.78-532.1 2.3-28.56
Jukskei River water? River and Dam water?
Naphthalene 0.025-0.145 0.022-0.239
Acenaphthene 0.036-0.239 0.053-0.407
Phenanthrene 0.119-0.197 0.053-0.616
Fluoranthene 0.046-0.201 0.021-0.890
Pyrene 0.030-0.104 0.024-0.089
Mean values 0.051-0.177 0.035-0.480

1 = samples taken from the Thohoyandou area, Limpopo Province

2 = samples taken from Eastern, Central and Western areas of Johannesburg

2.4.2 Toxicity of PAHs

The exposure to various PAH compounds can lead to various toxicities in organisms. In order to perform
risk assessments of exposure to the various PAHs, Nisbet and LaGoy (1992) assigned Toxic
Equivalency Factors (TEFs) to the different PAH compounds and these are shown in Table 2.10. These
TEFs are measured relative to the carcinogenicity of benzo[a]pyrene (BaP) and are used to assess the
potential health risk for each PAH exposure. It is, however, important to note that PAHs rarely occur as
a single compound in the environment (including in water), but rather as mixtures whose toxic effects

can be additive or synergistic.
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Table 2.10 PAHs and their toxic equivalency factors (TEFs) expressed relative to BaP (Nisbet &
LaGoy, 1992).

PAH compounds TEF
Dibenzo[ah]anthracene 5
Benzo[a]pyrene 1
Benzo[a]anthracene 0.1
Benzo[b]fluoranthene 0.1
Phenanthrene 0.001
Indeno[1,2,3-cd]pyrene 0.1
Anthracene 0.01
Benzo[ghi]perylene 0.01
Chrysene 0.01
Acenaphthene 0.001
Acenaphthylene 0.001
Fluoranthene 0.001
Fluorene 0.001
Pyrene 0.001
Naphthalene 0.01

The toxicity of PAHs to aquatic organisms is enhanced by their metabolism and photooxidation into
derivative compounds. Thus they become more toxic in the presence of UV light which facilitates their
derivatization (Abdel-Shafy & Mansour, 2016). Animals can absorb PAHs through dermal contact,
inhalation and ingestion pathways and once in their systems, PAHs can cause adverse effects like
tumors, and can affect reproduction, development and immunity (Abdel-Shafy & Mansour, 2016).

A study by Engraff et al. (2011) demonstrated the importance of considering PAH mixtures when
studying toxicity in aquatic systems. This is because it is not common for PAH contamination to consist
of only a single compound, but usually a mixture of PAHs. The use of single PAH compounds for risk
assessments can lead to an underestimation of the risk since the effect of compound mixtures can be
additive or synergistic.

lkenaka et al. (2013) conducted exposure experiments to investigate the acute toxicity of
benzo[a]pyrene on cladoceran species (Ceriodaphnia reticulata and Daphnia magna) and its impact on
zooplankton communities. They found the LC50 to be 4.3 and 4.7 ug L™ for C. reticulate and D. magma
respectively. The study further showed that B[a]P induced a decrease in zooplankton abundance when
concentrations of 5 and 10 ug L" were used with <4 days residence time.

Some PAHSs have been reported to have possible carcinogenic effects to aquatic animals and humans
(ATSDR, 2012). Different environmental agencies have classified a number of PAH compounds in this
regard as shown in Table 2.11. Some studies in animals have revealed that certain PAHs also can
affect the hematopoietic and immune systems and can produce reproductive, neurologic, and
developmental effects (Szczeklik et al., 1994; Zhao, 1990).
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Table 2.11 Carcinogenic classification of PAH compounds by different agencies (ATSDR,

2012).

Agency

PAH Compound(s)

Carcinogenic
Classification

U.S. Department of
Health and Human
Services (HHS)

benz(a)anthracene,
benzo(b)fluoranthene,
benzo(a)pyrene,
dibenz(a,h)anthracene, and
indeno(1,2,3-c,d)pyrene.

Known animal
carcinogens

International Agency for
Research on Cancer
(IARC)

benz(a)anthracene and
benzo(a)pyrene.

Probably carcinogenic to
humans

benzo(a)fluoranthene,
benzo(k)fluoranthene, and
ideno(1,2,3-c,d)pyrene.

Possibly carcinogenic to
humans

anthracene,
benzo(g,h,i)perylene,
benzo(e)pyrene,
chrysene,
fluoranthene,
fluorene,
phenanthrene, and
pyrene.

Not classifiable as to
their carcinogenicity to
humans

U.S. Environmental
Protection Agency
(EPA)

benz(a)anthracene,
benzo(a)pyrene,
benzo(b)fluoranthene,
benzo(k)fluoranthene,
chrysene,
dibenz(a,h)anthracene, and
indeno(1,2,3-c,d)pyrene.

Probable human
carcinogens

acenaphthylene,

anthracene,
benzo(g,h,i)perylene,
fluoranthene,

fluorene, phenanthrene, and
pyrene

Not classifiable as to
human carcinogenicity
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2.4.3 Guideline limits for PAHs

Due to the low solubilities of most PAHs in water, they are typically found at very low concentrations,

hence there are not many regulations relating to their maximum contaminant level (MCL) in water. The

U.S. EPA, however, has a number of standards that can be used to assess environmental

contamination of PAHs in water systems (shown in Table 2.12) but only benzo(a)pyrene, a known

carcinogen, has a MCL value of <0.2 ug L™ in drinking water. Locally in South Africa there are currently

no regulatory values for PAHs in water systems, hence they are considered ECPs.

Table 2.12 Existing water quality standards for PAHs (adapted from U.S. EPA, 2010).

waQc

waQc

DWMCL/

Parameter (ug/l) (wa/h (w/h WcLe NHSWS  NHSWS NHSWS NHSWS NHGWS
HHWO  HHOO FWA FWC HHWO  HHOO

Napthalene 2300 620 20
Fluorene 1100 5300 1300 14000
Benzo(a)anthracene 0.0038 0.018 0.0044 0.049 0.05
Benzo(a) pyrene 0.0038 0.018 0.2/zero 0.0044 0.049 0.2
Efgé‘;(;)ene 0.0038  0.018 0.0044  0.049 0.05
ﬁfgé‘?](tkh)ene 0.0038  0.018 0.0044  0.049 0.5
Chrysene 0.0038  0.018 0.0044  0.049 5
g:\?ﬁ;zc‘;(r?éh) 0.0038  0.018 0.0044  0.049 0.005
L”y‘ig;g“ 2,3-cd) 0.0038  0.018 0.0044  0.049 0.05
Acenaphthene 670 990 1700 520 20 20 420
Acenaphthylene 420
Anthracene 8300 40000 9600 110000 2100
Benzo(ghi) perylene 210
Fluoranthene 130 140 3980 280
Phenanthrene 210
Pyrene 830 4000 960 11000 210

DWMCL: EPA Drinking Water MCLs/Other Standard, EPA 822-R-02-038, summer 2002
FWA: Freshwater Acute Values (CMC or Criteria Maximum Concentration)

FWC: Freshwater Chronic Values (CCC or Criterion Continuous Concentration)

HHOO: Human Health Organism Only Values

HHWO: Human Health Water + Organism Values

MCLG: Maximum Contaminant Level Goal
NHGWS: New Hampshire Ambient Groundwater Quality Standards, Env.-Wm 1403.05, 2/23/99
NHSWS: New Hampshire Surface Water Quality Standards, Env.-Ws 1703.21, 12/03/99

WQC: EPA National Recommended Water Quality Criteria, EPA-822-R-02-047, November 2002
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2.5 PESTICIDES: ATRAZINE

2.5.1 Sources and occurrence of atrazine in the environment

Atrazine (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-triazine-2,4-diamine) is a widely used herbicide for
controlling annual broad-leaved weeds and grasses in pre- or post-emergent crops like maize, sorghum
and sugar cane. It kills weeds by inhibiting the photosynthetic electron transport, but the target crop is
tolerant to atrazine because of rapid detoxification (MacBean, 2012). The use of atrazine in agriculture
can result in contamination of non-target surrounding water resources through various pathways that

are shown in Fig. 2.4 and the physiochemical properties of atrazine are provided in Table 2.13.

.

~ erosion, Spray drift

Volatilization, wind

Figure 2.4 Schematic diagram showing the possible routes of pesticide circulation in the
environment (adapted from Kosikowska and Biziuk (2010)).
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Table 2.13 Physiochemical properties of atrazine

Property Value
Molecular Weight* 215.7 g mol!
Molecular formula® CsH14CINs
Form* Colourless powder
Melting point* 175.8°C
Boiling point” (at 101 kPa) 205.0°C
Vapour pressure® (at 25°C) 3.85x102 mPa
Kow log P* 2.5 (25°C)
Henry's constant? 1.5x10* Pa m® mol'
Density* (at 22°C) 1.23 gcm®
Solubility: in water (at 22°C, pH 7)# 33 mg L™
Kd" 2.60
Log Ksa* 7.18
Deposition potential, ® (%) 17.60

Ksa: volatilization potential from soil to air

ka: distribution coefficient from soil and soil-water partitioning
Kow: octanol-water partition coefficient

#MacBean (2012)

‘Ratola et al. (2014)

Because of its high annual use in agriculture, atrazine has been one of the most frequently detected
pesticides in freshwater systems in many parts of the world. For example, Gilliom (2007) found that
atrazine was the most frequently detected pesticide in US surface and groundwater systems. A similar
assertion has been made for European groundwater (Gavrilescu et al., 2014). In South Africa, atrazine
has also been shown to have the largest number of seasonal occurrences as shown in Table 2.14
(Patterton, 2013).

A WRC study by Dabrowski et al. (2014) dealing with the prioritization of pesticides that are used in
South Africa, featured atrazine as the highest ranked pesticide among 25 priority pesticides. This
ranking and prioritization was based on a weighted hazard potential (WHP) — a prioritization index which
is directly proportional to the pesticide’s toxicity potential (TP) and total quantity of use.

Several studies have found atrazine in South African freshwater systems (Dabrowski et al., 2013; Du
Preez et al., 2005; Pick, van Dyk, & Botha, 1992) due to its high use.
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Table 2.14 Concentration (ug L) of atrazine sampled over four seasons in drinking water in
areas across South Africa. Average concentrations are indicated (n=3) (Patterton, 2013).

Sampling sites Summer Autumn Winter Spring
Bloemfontein North tap 0.02 0.15 0.01 0.02
Bloemfontein South tap 0.01 0.19 0.02 0.15
Bloemfontein 0.02 0.02 0.01 0.01
Cape Town 0.00 0.00 0.00 0.00
Durban 0.02 0.02 0.00 0.01
Johannesburg 0.03 0.15 0.1 0.12
Pietermaritzburg 0.02 0.02 0.02 0.02
Port Elizabeth 0.01 0.00 0.00 0.00
Pretoria 0.04 0.16 0.00 0.01

2.5.2 Toxicity of atrazine

Once in water systems, atrazine can have harmful effects on aquatic life, such as endocrine disrupting
activity (Giusi et al., 2006; Hayes et al., 2010; Hrouzkova & Matisova, 2012). Alarmingly, some studies
have shown atrazine to be an endocrine disruptor in human cells (Fan et al., 2007; Sanderson et al.,
2000). Atrazine can be quite persistent in water, as a study in Lake Superior in Canada, suggested that
the half-life of atrazine in lakes was over 10 years (Thurman & Cromwell, 2000). This stability can lead
to negative effects on aquatic organisms. For example, a study by Hayes et al. (2010) showed that
atrazine exposure demasculinized (chemically castrated) male African clawed frogs (Xenopus laevis)
leading to suppressed mating behaviors and reduced spermatogenesis. Studies by Santos and
Martinez (2012) showed exposure to 2-10 ug L™ of atrazine resulted in biochemical changes and DNA

damage to Neotropical fish species (Prochilodus lineatus).

Ingestion of 100 g of atrazine by humans was observed to have catastrophic results. According to
literature such exposure may lead to coma, heart and peripheral vessel damage, and renal failure,
resulting in death (Corporation, Substances, & Registry, 2003; Ellenhorn et al., 1997). Other delayed,
fatal consequences include leukaemia and brain cancer (Bingham, Cohrssen, & Powell, 2001).
Exposure to atrazine also had other critical carcinogenic risks. Tumours of the reproductive organs were
often related to atrazine exposure (Bingham et al., 2001; Corporation et al., 2003). Several studies on
lymph cancer also showed an association with atrazine exposure. Alarmingly, one study by Van
Leeuwen et al. (1999) revealed an association between stomach cancer and atrazine exposure in the
range 50-649 ng L', which is well below the EPA’s MCL of 3 ug L' for drinking water. Other critical
effects revolve around vulnerabilities of women during pregnancy and on the foetus or infants. These
effects include foetal development aberrations like growth retardation, a decrease in gestation age, and
gastroschisis (Chevrier et al., 2011; Munger et al., 1997; Ochoa-Acuia et al., 2009; Waller et al., 2010).

Lower birth weight was also directly associated with perinatal mortality in the U.S. (Paneth, 1995).
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Moderate effects of exposure include a decrease in sperm concentration and motility, known as
oligospermia (Swan, 2006). Minor side effects of atrazine exposure included fatigue, dizziness, nausea,

and skin irritation (Corporation et al., 2003; Ellenhorn et al., 1997).

2.5.3 Legal limits for atrazine in water

The World Health Organization (WHO) has derived guideline values for atrazine and its metabolites
and these are shown in Table 2.15. Typical atrazine concentrations rarely exceed 2 ug L' which is well
below the 0.1 ug L' guideline limit for atrazine in drinking water. The acceptable daily intake for atrazine
and its chloro-s-triazine metabolites is between 0-0.02 mg kg™ body weight based on luteinizing
hormone surge suppression and subsequent disruption of the estrous cycle seen at 3.6 mg kg™' body
weight per day in a 6 month study in rats. Hydroxyatrazine is another atrazine metabolite and the WHO
has set its guideline limit in drinking water to 0.2 mg L™ which was identified on the basis of kidney
toxicity at 7.8 mg kg™ body weight per day in a 24 month study on rats, using a safety factor of 25,

based on kinetic considerations.

Table 2.15 Guideline values for atrazine and its metabolites in drinking water (WHO, 2011)

Guideline
Compound Value ADI Guideline value derivation
(mg L)
Allocation to water : 20% of
0-0.02 mg kg body weight based on upper limit of ADI
Atrazine 0.1 the NOAEL for atrazine of 1.8 mg kg' Body weight : 60 kg adult
body weight per day. Consumption : 2 litres per
day

0-0.02 mg kg™ body weight based on
0.1 the NOAEL for atrazine of 1.8 mg kg™’

Chloro-s-triazine

metabolites

body weight per day.

0-0.04 mg kg' body weight based on
Hydroxyatrazine 0.2 the NOAEL of 1.0 mg kg™' body weight

per day.

ADI: acceptable daily intake
NOAEL: non-observed adverse effect level

2.6 CONCLUSION

The reviewed literature has shown that the target compounds included in this study (namely triclosan,
acetaminophen, PAHs and atrazine) are constantly being released into the environment from various
sources, mainly through human activities. A number of studies have also demonstrated that these

substances have potential negative effects on the health of aquatic organisms and humans. Exposure
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to some of these compounds has been shown to disrupt reproductive cycles in some animals and has
also been linked to carcinogenic effects. This, therefore, shows the importance of continuous monitoring
and regulation of these compounds in the environment, including water resources, especially in water

scarce countries such as South Africa.

Triclosan is a biocide which is routinely added to a wide range of personal care, veterinary, industrial
and household products. It can persist in the environment and shows toxicity towards various
organisms. The continuous exposure of aquatic organisms to TCS and its bioaccumulation potential
have led to detectable levels of this biocide in a wide array of aquatic species. Mammalian systemic
toxicity studies have shown that TCS is neither acutely toxic, mutagenic, carcinogenic, nor a
developmental toxicant, while endocrine disruption related to thyroid hormone homeostasis disruption
and possibly the reproductive axis has been noted. Moreover, there is strong evidence that aquatic
species such as algae, invertebrates and certain types of fish are much more sensitive to TCS than
mammals. Specifically, algae is highly sensitive indicator organism that may be impacted by TCS
occurrences in surface waters at levels of 200-2,800 ng L', where the worldwide concentration has
been found to range from 1.4-40,000 ng L'. The Minnesota Department of Health (MDH) has developed
a guidance value of 50 ppb (50,000 ng L") for triclosan in drinking water, whilst the Canadian Federal
water quality guideline (FWQG) for the protection of aquatic life from adverse effects of triclosan is 380

ng L.

Acetaminophen, or paracetamol, is an over-the-counter analgesic. Although acetaminophen is removed
from wastewater by chemical oxidation processes, it has been detected in surface waters, wastewater
and drinking water throughout the world. Concentrations of acetaminophen in surface water of over
10,000 ng L' have been reported, including in Kenya and South Africa (107,000 ng L' and 59,000
ng L™, respectively) which are higher than the predicted no-effect concentration (PNEC) of 9200
ng L. Hence, AC might represent a threat to non-target organisms. A guidance value of 200 ppb

(200,000 ng L") for acetaminophen in drinking water has been set by the MDH.

PAHs are known to have generally low solubility in water hence they are typically found at very low
concentrations in this medium, although they are ubiquitous environmental pollutants arising from
combustion processes. Local studies have shown that PAHs occur in water systems at mean
concentrations ranging from 0.035-532 ug L-'. However, even at these low concentrations they are of
concern, as some PAH compounds like benzo[a]pyrene have been shown to have LC50 of around 4
hg L' towards cladoceran species. The reviewed literature shows that PAH exposure can lead to

various toxicities leading to negative effects on some aquatic organisms.

The target pesticide, atrazine, is a commonly used herbicide that has been frequently detected in local
water systems. The typical concentration that has been previously reported in WRC studies for this
compound ranges from 0.01-0.19 pg L. In this context, it is important to note that the World Health
Organization has set the guideline limit for atrazine in drinking water to 0.1 mg L' and the reported
concentrations are well below this limit. However, it is also important to note that some studies have

reported carcinogenic effects at much lower concentrations of 50-649 ng L. Other negative
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toxicological effects that atrazine can cause to aquatic organisms have also been highlighted in the

literature, making it a contaminant of environmental concern.

It needs to be remembered that ecotoxicity testing of compounds merely provides indications of acute
effects in vivo in specific organisms of different trophic levels after short-term exposure, and only rarely
after long-term (chronic) exposures (Fent, 2001). The results may thus not accurately reflect potential
environmental toxic effects induced by long-term exposure to low levels of these pollutants. Moreover,
in water systems a mixture of compounds is invariably present, therefore the risk of additive and
synergistic toxic effects cannot be ignored. Local hotspots of elevated concentrations of contaminants
near sources may also occur, which are outside the ranges of expected environmental levels reported
in the literature. It is therefore important to monitor the levels of the target compounds in South African
water systems as widely as possible in order to effectively and proactively manage our resources and

to minimize potential negative toxicological effects.
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CHAPTER 3: THE OPTIMIZATION AND APPLICATION
OF QUANTUM DOT BASED FLUORESCENCE SENSORS

3.1 INTRODUCTION

Quantum dots (QDs) are semiconductor crystalline nanomaterials that have unique electronic and
optical properties due to quantum confinement effects (Murphy & Coffer, 2002). They have a number
of attractive properties that make them suitable as analytical sensors, including high fluorescence
quantum yields, independence of emission to the excitation wavelength, size-dependent fluorescence,
narrow spectral line widths, and stability against photobleaching (William et al., 2006). Furthermore,
their utilization can be advantageous over larger particles because of their large surface to volume
ratios, their surface activity, and their strong adsorption affinity to other nanoparticles. Importantly, QDs
have size-dependent optical properties, which means their absorption and emission properties can be

tuned by changing the particle size, shape and surface structure (Zhang et al., 2003).

QDs also have unique physico-chemical properties that pertain to the combination of their crystalline
metalloid core structure and composition and quantum-size confinement (Hardman, 2006). When the
size of the exciton, known as the exciton Bohr radius, (rBohr (~ 1-5 nm)), exceeds the physical size of
the semiconductor nanocrystal (D), the quantum confinement effect of QDs occurs which provides size-
dependent emission (Wilson et al., 1993). Furthermore, QDs are photo electrochemically active which

make them reliable optical labels in environmental analysis (Liu et al., 2014b).

The mechanisms involved in QD-based sensing are involve energy transfer and charge transfer. Forster
resonance energy transfer (FRET) is a non-radiative energy transfer between donor and acceptor
fluorophores in which QDs may act as an energy donor by being size-tuned in order to provide overlap
with the acceptor (Stanisavljevic et al., 2015). Although there are numerous applications reported where
QDs serve as an energy donor, few publications report mechanisms related to QDs as acceptor
(Sapsford et al., 2006).

The photoluminescence (PL) “turn-on” mode is more desirable compared to the “turn-off” mode, as
many other factors can also induce the PL “off’ state resulting in false positives. The “turn-on” mode
can also be utilized for multiplexing in order to use several detectors that uniquely respond to various

analytes and to provide lower detection limits (Xu et al., 2011).

In order to obtain high quality semiconductor quantum dots (QDs) suitable for a variety of chemical and
biological applications, the hot-injection organometallic synthetic route is the most effective (de Mello
Donega et al., 2005). The reason is due to the flexibility it provides in tuning the optical properties of the
QDs and to eliminate as much as possible the presence of surface defects that diminish the optical
properties of the QDs. CdSe/ZnS core/shell QDs have been synthesized at high temperature in organic

media and stabilized with hydrophobic capping agents including trioctylphosphine oxide (TOPO) and
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oleic acid (OA) (Xie et al., 2005). In order to mediate dangling bonds on the surface of the QDs, surface
modification has been developed to passivate the QDs. CdSe QDs are typically covered by either a
ZnS or CdS shell so the band gap of the core will lie energetically within the band gap of the shell and
the exciton will be confined inside the core (Hines & Guyot-Sionnest, 1996; Xie et al., 2005). It has been
previously shown that high lattice mismatch (~16%) between ZnS and CdTe may cause incomplete
coating of the core QDs with ZnS which also makes the QDs susceptible to degradation (Ithurria et al.,
2007). Low lattice mismatch (~12%) for CdSe and ZnS, however, results in less degradation (Yong et
al., 2011). Therefore CdSe/ZnS QDs are more stable and less toxic than CdTe/ZnS QDs. Moreover,
CdSe/ZnS QDs have exhibited the least cytotoxicity and the most biocompatibility with high sensing
ability among CdSe, CdSe/ZnS and CdSe/CdS QDs (Ratnesh & Mehata, 2017). These core/shell QDs
have a number of attractive properties that make them suitable as analytical sensors and through
surface modification strategies they have found various applications across disciplines. Reviews have
thus been published on their application in solar cells (Nozik et al., 2010), as biological labels (Jin et al.,

2011), in microelectronics (De Menezes et al., 2005) and in electrochemistry (Huang & Zhu, 2013).

In terms of the use of CdSe/ZnS QDs as fluorescence sensors, a simple method was, for example,
deployed based on the increment of the fluorescence intensity of mercaptoacetic acid (MAA)-capped
CdSe/ZnS quantum dots for L-cysteine (Cys) detection in three synthetic amino acid mixed solutions
and human urine samples over the range of 10-800 nmol L' with a limit of detection of 3.8 nmol L™
(Huang et al., 2009).

In another study, L- and D-carnitine enantiomers were quantitatively determined by chiral cysteine (Cys)
capped CdSe/ZnS QDs. The authors noted that although the fluorescence intensity of the QDs
decreased in the presence of D-carnitine, there was no evidence for the PL change by L-carnitine. A
dramatic quenching was ascribed to the reorganization of Cys molecules on the QD surface (Carrillo-
Carrion et al., 2009).

Polymethylmethacrylate (PMMA)-capped CdSe/ZnS quantum dots were also developed for the
determination of paeonol in paeonol ointment based on fluorescence quenching of an aqueous solution
of the QDs. This quenching effect was due to the interaction of hydroxyl group of paneol with PMMA
via hydrogen bonding which obstructed excitation of electrons from the conduction band to the valence
band. The fluorescence intensity of the CdSe/ZnS QDs was quenched in the range of 150.4-1.0x10°
nmol L™ with a LOD of 102.3 nmol L™' (Dong et al., 2011).

In another study, chiral methyl ester N-acetyl-L-cysteine-CdSe/ZnS QDs were used for the chiral
recognition of naproxen, flurbiprofen, aryl propionic acids, ibuprofen and ketoprofen. The QDs showed
stability owing to the ligand anchored onto the surface of the QDs by not only the thiolate but also the
ester carbonyl group. Quenching of the QDs emission was a possible mechanism for the detection of
all the assayed drugs which was attributed to the interaction of the drug with the reorganized ligand on
the surface of the QDs (Delgado-Perez et al., 2013). Quantitative determination of both chiral forms of

these drugs can be performed in mixtures and pharmaceutical samples.
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A set of QDs was synthesized including CdSe with and without a ZnS shell in the size range of 2.0-3.5
nm by Kuzyniak et al. They investigated cytotoxic effects of the QDs in the human pancreatic carcinoid
cell line BON at QD concentrations below 0.5 yM. CdSe/ZnS QDs with GSH capping showed good
tolerability both in living organisms and in cell models and low toxicity. They are therefore a promising

candidate for in vitro and in vivo biomedical applications.

Various parameters are crucial for fluorescence sensor development which need to be optimized in
order to realize the full potential and performance of the sensor material. These parameters include
contact (or incubation) time with target analyte, excitation wavelength during fluorescence
measurements, the concentration of the sensor solution, the ratio of analyte-to-sensor solutions, pH,

etc.

Here we report on the optimization and application of water-soluble CdSe/ZnS quantum dots for the
sensing of two emerging chemical contaminants, namely triclosan and acetaminophen. The fluorescent
nanoparticles that were fabricated for pesticides are CdSeTe/ZnS QDs, while for PAHs graphene

quantum dots (GQDs) were prepared.

3.2 ACETAMINOPHEN

In 2012, a simple and sensitive assay of acetaminophen (AC) was proposed by Li et al. based on the
quenching of the fluorescence intensity of L-cysteine capped CdTe nanoparticles (NPs) in aqueous
solution. The method relied on changes in the fluorescence intensity when the target analyte interacts
with the surface of QDs. Under optimal experimental conditions, the relative fluorescence intensity
(Al = lo/l) of L-cysteine capped CdTe NPs versus the concentration of acetaminophen was linear over
the range of 1.5x10%-2.4x10% ng L-! with a detection limit of 639.0 ng L-'. The applicability of the method

was tested for the analysis of AC pharmaceutical tablets (Li et al., 2012).

Recently, amphiphilic pillar [5] arene (amPA5) functionalized reduced graphene oxide (amPA5-RGO)
has been applied as a ‘turn on’ fluorescence sensing platform for the determination of AC in serum
samples. Acridine orange (AO)/acetaminophen was used as signal probe/target molecule. The
mechanism was based on competitive host-guest interaction between two analytes leading to a change
in fluorescence signal of the dye molecule. The prototype sensor gave a linear response over the
concentration range 1.5x10%-6.0x10° ng L' and 6.0%105-5 .0x10° ng L' with a detection limit of 7.6x103
ng L' (Zhao et al., 2017).

3.21 Determination of acetaminophen with L-Cys capped CdSe/ZnS QDs

All measurements were performed under the same conditions for the optimization experiments: the
excitation and emission slit width of the spectrofluorometer (Horiba Jobin Yvon FluoroMax-4) was 5 nm
and the fluorescence intensity was measured at an excitation wavelength of 300 nm. A typical

procedure for the detection of AC is described as follows: 1.0 mg of CdSe/ZnS-L-Cys was dissolved in
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3 mL Millipore water and a standard solution containing a specific amount of AC was added and the
corresponding PL spectrum was recorded after 5 min. AC standard solutions were prepared within the
range of 3.0-100 nmol L' by dissolution in H20. Sensing was carried out by placing 2 mL of QDs solution
in a quartz cuvette followed by addition of 500 pyL of AC standard solution. It took about 5 min for the
stabilization of the PL profile and this PL intensity was set as F. Moreover, the PL intensity of QDs in
the presence of 500 pL of water was set as Fo. Through the variation of AC concentration, a series of

F-Fo values were obtained.

Tap water samples for fluorescence measurements were collected from a municipal tap water in
Pretoria, South Africa using pre-cleaned glass bottles. River water samples were collected from the LC
de Villiers sports grounds of the University of Pretoria. The sample bottles were filled without headspace
and immediately placed in cooler boxes filled with icepacks and transferred to the laboratory for storage
at4°C prior to analysis within one week. Before analysis, the collected tap water and river water samples

were centrifuged at 4500 rpm for 5 min and filtered using filter paper (110 mm pore size).

3.2.2 Optimization of the determination of acetaminophen

3.2.2.1 Effect of aqueous L-Cys-CdSe/ZnS QDs concentration

Taking into consideration that the concentration of QDs can influence the fluorescence intensity,
different concentrations of L-Cys-CdSe/ZnS QDs (1.0, 1.5, 2.0, 2.5, 3.0 mg in 3.0 mL water) were
prepared and 5.0 nmol L' of AC was added to each. Briefly, 500 uL of a fixed concentration of AC was
added to 2 mL of each concentration of QDs and the fluorescence intensity was recorded after 5 min.
It was found that high concentrations of aqueous L-Cys-CdSe/ZnS QDs decreased the sensitivity of the
system likely due to self-quenching or agglomeration effects, whereas very low concentrations of QDs
leads to a narrowing of the linear range. The optimum concentration was found to be 1.0 mg of L-Cys-
CdSe/ZnS QDs in 3.0 mL water, indicating an increase in the interaction of AC with QDs in solution
(Fig. 3.1).
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Figure 3.1 Effect of the concentration of aqueous L-Cys-CdSe/ZnS QDs on fluorescence in the
absence and presence of 5.0 nmol L' AC at excitation wavelength 300 nm, where Fo is the
fluorescence intensity without AC and F is the fluorescence intensity with AC.
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3.2.2.2 Effect of incubation time

In order to investigate the optimum interaction time of L-Cys-CdSe/ZnS QDs with AC, the fluorescence
intensity of the system was tested at different time intervals in the presence of 5.0 nmol L' AC (Fig.
3.2). The maximum fluorescence intensity was obtained after 5 min, which was thus used in subsequent
experiments. A quenching effect of the PL intensity of the QDs was observed after 10 min, indicating a
potential reversible interaction. The results show that although AC can be detected within 5 to 35 min
of incubation time, shorter incubation time is more suitable due to the appreciable enhancement in

fluorescence signal.
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Figure 3.2 Effect of interaction time on the fluorescence intensity of the L-Cys capped CdSe/ZnS
QD-AC system at an excitation wavelength of 300 nm.

3.2.2.3 Stabilization of fluorescence intensity

The fluorescence intensity of L-Cys-CdSe/ZnS QDs in Millipore water increased over time and became
stable after one day. No major changes in the fluorescence intensity of 1.0 mg 3.0 mL-' QD solutions
were noted even after storage for 5 days in solution under ambient light conditions (Fig. 3.3). The red
shift in the PL emission of the exposed L-Cys-CdSe/ZnS QDs is an indication that the band gap of the
QDs decreased. Aggregation can induce such a red shift in the QD fluorescence which would also be
accompanied by PL quenching although quenching in fluorescence intensity may also be attributed to
the inability of the thiol ligand to suppress the electron much deeper into the interior of the QDs. The
slight decrease in fluorescence intensity between day 1 to day 5 may also be due to desorption of L-
Cys from the surface of CdSe/ZnS QDs, as L-Cys acts as a surface passivating agent, which eliminates
surface defects (Koneswaran & Narayanaswamy, 2009). Subsequent analytical measurements were

thus carried out after the fluorescence intensity of QDs had become stable after one day.
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Figure 3.3 PL stability of the hydrophilic QDs measured before and after 5 days of exposure to
ambient light (300 nm excitation).

3.2.2.4  Fluorescence behaviour of L-Cys-CdSe/ZnS QDs in the presence of AC

Under optimal conditions (i.e. 1.0 mg 3.0 mL™" of L-Cys-CdSe/ZnS QDs and 5 min as incubation time),
the introduction of acetaminophen to the L-Cys-CdSe/ZnS QDs solution resulted in luminescence
enhancement (Fig. 3.4). This signal enhancement could be due to fluorescence resonance energy
transfer (FRET) from analyte (donor) to QDs (acceptor), which occurs when the emission band of the
donor overlaps with the excitation band of the acceptor, as in this case. The emission of the acceptor
enhances and simultaneously the luminescence of the donor quenches (Goldman et al., 2005; Medintz
et al., 2003). Here the fluorescence of the donor (AC) was of very weak intensity compared to that of
the acceptor (QDs), therefore the quenching of AC fluorescence was not expected to be visible in
Fig. 3.4.
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Figure 3.4 The fluorescence spectra of L-Cys-CdSe/ZnS QDs with different concentrations of
acetaminophen at an excitation wavelength of 300 nm.

3.2.2.5 Calibration curve, limit of detection and limit of quantification

A plot of fluorescence intensity (F-Fo) versus AC concentration is shown in Fig. 3.5, where Fo and F are
the fluorescence intensities of the QDs with and without different acetaminophen concentrations,
respectively. A good linear relationship between F-Fo and [AC] was observed from 3.0-100 nmol L™ at
an emission wavelength of 595 nm (r? = 0.99).

The limit of detection (LOD) and quantification (LOQ) are defined as 36/m and 108/m, where & is the
standard deviation of blank measurement (n=10) and m is the slope of the calibration curve. LOD and
LOQ were found to be 1.6 nmol L™ and 5.3 nmol L™ respectively. The data thus revealed that the
proposed method is suitable for the determination of AC at environmentally relevant levels (refer to
Chapter 2). The linear range and detection limit of some other methods for the detection of AC in water
samples are summarized in Table 3.1 for comparison purposes. The results indicate the potential of

our sensor for detecting the low concentrations of AC typically present in water samples.
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Figure 3.5 Linear graph of F-Fo, where F and Fo are the fluorescence intensities of the QDs with
and without different acetaminophen concentrations respectively, versus AC concentration.

Table 3.1 Comparison of some analytical methods for the determination of AC in water.

Detection method Linear rar_11ge Detechon_l:mlt Sample matrix Reference
(nmol L) (nmol L™)
Bottle, tap water
Biocatalytic and treated (Méndez-Albores
2,000-1,4000 550
spectrophotometry wastewater etal., 2015)
effluent
Diff ial pul
IvgIrtear:;lr?le?ul’J > 290 Tap and (Gorla et al
. y 1,5000-180,000 domestic 2010)
quare wave 4,400 wastewater
voltammetry
LC-ESI-MS/MS 0.027-0.48 - Surface water (Kim et al., 2007)
Fluorescence: L-Cys- Tap and river .
CdSe/ZnS QDs 3.0-100 1.6 water This work

LC-ESI-MS/MS: Liquid chromatography/tandem mass spectrometry with electrospray ionization

3.2.2.6 Proposed mechanism

In theory, Forster resonance energy transfer (FRET) is a non-radiative process and if the emission
spectra of target compounds overlap with the absorption spectra of the QDs, energy transfer from the
analyte to the QDs could occur upon excitation, leading to enhanced QDs fluorescence signals. The
rate of energy transfer typically depends on the relative orientation of the transition dipoles, spectral
overlap and most importantly the distance between donor and acceptor (Sapsford et al., 2006). In this

study, the absorption spectrum of L-Cys-CdSe/ZnS QDs at 450-560 nm (the highest absorbance is at
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515 nm) (Fig. 3.6B) overlaps with the emission spectrum of acetaminophen at 350-560 nm (Fig.3.6A).
Hence the QDs can absorb the emission energy from acetaminophen leading to the enhancement of

the PL emission of QDs, as was observed experimentally.
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Figure 3.6 Florescence spectrum of acetaminophen (1.0x10-5 mol L) at excitation wavelength
300 nm (A) and UV-Vis absorption spectrum of L-Cys-CdSe/ZnS QDs (B).

3.2.2.7 Determination of Férster distance

The distance between donor and acceptor is also a critical parameter of FRET processes since FRET
only occurs over a limited distance. The Forster distance (A) is the distance between the donor and the
acceptor pairs for which efficiency of energy transfer is 50% and depends on the quantum yield of the
donor (Lakowicz, 1999). FRET will occur when the overlap between the emission spectrum of the donor
and the absorption spectrum of the acceptor is greater than 30% and the distance is less than 10 nm
(Elangovan et al., 2002). The Forster distance in the system of L-Cys-CdSe/ZnS QDs-AC was found to
be 6.1 nm which was computed using the program PhotochemCAD (Du et al., 1998).

3.2.2.8 Effect of potential interfering analytes on the fluorescence of L-Cys-CdSe/ZnS QDs

The possible effect of other related pharmaceutical analytes was investigated under optimum conditions
of 2 mL of 1.0 mg/3.0 mL L-Cys-CdSe/ZnS QDs in the presence of 500 uL of 100 nmol L' of each
analyte. 5 min was employed as equilibrium time for each of the fluorescence measurements.
Photoluminescence intensity of the L-Cys-CdSe/ZnS QDs was enhanced in the presence of these
pharmaceutical analytes (Fig. 3.7). It is thus clear that the prototype QD probe is the most sensitive to

AC which provided the highest relative fluorescence intensity whereas the other analytes investigated
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did not produce as large a fluorescence enhancement with the QDs (Table 3.2). These compounds
therefore do not interfere to a large extent with the detection of AC. Should other structurally related
compounds such as ketoprofen and diclofenac sodium be found to interfere with the detection of AC,
the selectivity of the QDs sensor could be enhanced by the application of a surface molecular imprinted

polymer.
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Figure 3.7 Effect of other pharmaceutical analytes on the fluorescence emission intensity of the
L-Cys-CdSe/ZnS QDs probe at an emission wavelength of 595 nm. The concentration of AC and
each of the other analytes was 100 nmol L' and L-Cys-CdSe/ZnS QDs was 1.0 mg/3.0 mL. F-Fo
is the fluorescence intensity of QDs in the presence and absence of the analytes. The excitation
wavelength was 300 nm. Epinephrine hydrochloride (EP), L-ascorbic acid (AA), uric acid (UA),
dopamine hydrochloride (DA), 4-aminophenol (4-AP).

AC
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Table 3.2 Chemical structures of potentially interfering analytes.

Name Structure
OH
Epinephrine HO NH\
hydrochloride
(EP)
HO

HO,

Z H

- = o
L-ascorbic acid HO z

O
(AA)
HO OH
O
H
N
Uric acid (UA) NH
O
N
N O
H H
NH,
Dopamine
hydrochloride
(DA)
OH
4-aminophenol
(4-AP)
NH,
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3.2.2.9 Analytical application

In order to investigate the effectiveness of this fluorescence sensor for AC determinations in real
samples, the method was applied to AC in tap and river water samples. As can be seen from Table 3.3,
the recoveries of different known amounts of AC spiked in tap water and river water were from 95 to
108% and 90 to 108% respectively. The fluorescence sensing method developed in this study was thus
found to be practical and reliable for the determination of AC in the aqueous environment. HPLC-MS/MS
analysis was performed as a comparative method which confirmed that the background concentration

of AC in the tap and river water samples was below the detection limit (150.0 ng L™).

Table 3.3 Analytical results for the determination of recoveries of AC spiked in tap and river
water samples using L-Cys-CdSe/ZnS QDs.

AC Spiked Determined AC (mean

o)
(nmol L) +RSD; n=3, nmol L) kecovery (%)

Tap water 10 10.1£0.1 101

50 54.0£0.1 108

100 95.0+0.2 95

River 10 10.840.7 108
water

50 53.040.1 106

100 90.0+0.2 90

3.3 TRICLOSAN

To the best of our knowledge, until now there has been no report on the detection of TCS based on the
application of water soluble quantum dots in real water samples. Only one research study has been
performed for the extraction of TCS using molecularly imprinted polymers (MIPs), where molecularly
imprinted core-shell nanoparticles were synthesized on silica-coated multi-walled carbon nanotubes
(MWCNTSs) via a sol-gel process so as to extract triclosan from environmental water samples with
subsequent HPLC analysis. The binding isotherms of TCS were determined in the concentration range
of 34.5-1.4x10% nmol L™" (Gao et al., 2010).

3.3.1  Determination of TCS with GSH capped CdSe/ZnS QDs

The same conditions were applied for the optimization experiments: the excitation and emission slit
width of the spectrofluorometer (Horiba Jobin Yvon FluoroMax-4) was 5 nm and the fluorescence
intensity was measured at an excitation wavelength of 300 nm. A typical procedure for the detection of
TCS is described as follows: 1.5 mg of GSH-CdSe/ZnS QDs was dissolved in 3 mL Millipore water and

a standard solution containing different amounts of TCS was injected and then the corresponding PL
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spectra were recorded after different time intervals. TCS standard solutions were prepared within the
range of 10-300 nmol L by dissolution in H20. Sensing was carried out by placing 2 mL of QDs solution
in a quartz cuvette followed by addition of 200 pL of TCS solution standard solution. 5 min was
considered as the stabilization time of the PL profile and this PL intensity was set as F. Moreover, the
PL intensity of QDs in the presence of 200 uL of water was set as Fo. Through the variation of TCS

concentration, a series of F-Fo/Fo values were obtained.

Municipal tap water samples for fluorescence measurements were collected in Pretoria, South Africa
using pre-cleaned glass bottles. River water samples were collected from LC de Villiers sports grounds
in Pretoria. The sample bottles were filled and immediately placed in coolers filled with icepacks and
transferred to the laboratory for storage at 4°C. Before analysis, the collected tap water and river water
samples were centrifuged again at 5000 rpm for 5 min and filtered through filter paper (110 mm pore

size).

3.3.2 Optimization of the determination of triclosan

3.3.2.1 Effect of aqueous GSH-CdSe/ZnS QDs concentration

The concentration of GSH-CdSe/ZnS QDs influences the fluorescence intensity and sensitivity of the
system. Thus different concentrations of GSH-CdSe/ZnS QDs (1.0, 1.5, 2.0, 2.5, 3.0 mg in 3.0 mL
water) were prepared and 70 nmol L' of TCS was added to each separately. It was found that high
concentrations of aqueous GSH-CdSe/ZnS QDs decreased the sensitivity of the system as self-
quenching of QDs occurred (Fig. 3.8) therefore the optimum concentration was found to be 1.5 mg in

3.0 mL water.
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Figure 3.8 Effect of the concentration of aqueous GSH-CdSe/ZnS QDs in the presence of 70 nmol
L' TCS. The experimental conditions were excitation wavelength, 300 nm; slit widths of
excitation and emission, 5 nm.

3.3.2.2 Effect of incubation time

The effect of reaction time on the fluorescence intensity of the GSH capped CdSe/ZnS QDs-TCS
system was investigated at different time intervals in the presence of 70 nmol L' TCS (Fig. 3.9). The
maximum fluorescence intensity was found after 5 min which indicated that the reaction was completed
within 5 min at room temperature. Although TCS can be detected within 5 to 30 min of incubation time,
a shorter incubation time is more suitable due to the observable enhancement in fluorescence signal.

Further studies were thus carried out after 5 min incubation.
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Figure 3.9 Effect of reaction time on the fluorescence intensity of GSH capped CdSe/ZnS QDs
in the presence of 70 nmol L' TCS. The experimental conditions were GSH-CdSe/ZnS QDs 1.5
mg in 3.0 mL""'; excitation wavelength, 300 nm; slit widths of excitation and emission, 5 nm.

3.3.2.3 Stabilization of fluorescence intensity

The fluorescence intensity of GSH-CdSe/ZnS QDs in Millipore water was slightly increased and became
stable after one day compared to freshly prepared QD solutions. The increase of fluorescence intensity
of QDs can be attributed to the photo-activation of GSH-capped CdSe/ZnS QDs (Koneswaran &
Narayanaswamy, 2009). There were no remarkable changes in the fluorescence intensity of QDs even
when stored for 5 days (Fig. 3.10). The slight red shift in the PL emission of the GSH-CdSe/ZnS QDs
may be due to a decrease in the band gap of the QDs. Aggregation may also induce PL quenching
which would be accompanied by a red shift (1 nm) in the QD fluorescence (Adegoke et al., 2017).
Consequently, all analytical measurements were performed after one day to attain stable fluorescence
intensity.
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Figure 3.10 PL stability of the hydrophilic QDs measured before and after 5 days of exposure to
ambient light. The experimental conditions were GSH-CdSe/ZnS QDs 1.5 mg in 3.0 mL™;
excitation wavelength, 300 nm; slit widths of excitation and emission, 5 nm.

3.3.2.4  Fluorescence behaviour of GSH capped CdSe/ZnS QDs in the presence of TCS

Under optimal conditions, the fluorescence spectra of GSH-CdSe/ZnS QDs with different
concentrations of TCS were recorded. It was found that within the concentration range of 10-300
nmol L, the intensity of aqueous GSH-CdSe/ZnS QDs enhanced with the introduction of TCS
(Fig. 3.11). Forster resonance energy transfer (FRET) from analyte (donor) to QDs (acceptor) was
deemed as the possible mechanism in this system. FRET is non-radiative transfer whereby energy
transfer from an excited state of the donor (TCS) to a proximal ground state of the acceptor (QDs)
through long-range dipole-dipole interactions which can be monitored by quenching or enhancement of
acceptor (Lakowicz, 1999). In our experiments, the fluorescence intensity of the acceptor was enhanced
while that of the donor was quenched. However, as the fluorescence of the donor (TCS) was of very
weak intensity compared to that of the acceptor (QDs), the quenching of the TCS fluorescence was not
expected to be visible in Fig. 3.11.
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Figure 3.11 The fluorescence spectra of GSH-CdSe/ZnS QDs in the presence of different
concentrations of triclosan. The experimental conditions were GSH-CdSe/ZnS QDs 1.5 mg in 3.0
mL"; excitation wavelength, 300 nm; slit widths of excitation and emission, 5 nm.

3.3.2.5  Calibration curve, limit of detection and limit of quantification

The fluorescence intensity of GSH capped CdSe/ZnS QDs increased linearly in the concentration range
of 10-300 nmol L' TCS at an emission wavelength of 598 nm (r? = 0.98) (Fig. 3.12). In comparison, the
worldwide concentration range of TCS in water has been found to range from 0.005-140 nmol L in
surface waters, 0.07-300 nmol L' in wastewater influent, 0.08-18.0 nmol L-' wastewater effluent, and
<3.5%106-0.35 nmol L' in sea water (Dhillon et al., 2015; SCCS, 2010). The potential applicability of
the fluorescence sensing method reported here for the monitoring of TCS in surface and wastewaters
is thus evident. Moreover, the detection and quantification limits which were calculated using 36/m and
108/m, where 0 is the standard deviation of the blank signal (n=10) and m is the slope of the linear

range, were found to be 3.7 nmol L' and 12.4 nmol L' respectively.

Voltammetric methods using nanomaterial electrode systems and chromatography based methods are
the most dominant techniques for TCS analysis, as seen in Table 3.4. These methods have
disadvantages in terms of environmentally unfriendly solvent use, expensive instrumentation, analytical
running costs, long analysis time, complexity, as well as the need for laborious sample pre-treatment
and highly skilled technicians and are therefore not ideal for routine screening analysis (Guo et al.,
2009).
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Figure 3.12 Linear graph of F-Fo/Fo versus TCS concentration. The experimental conditions were
GSH-CdSe/ZnS QDs 1.5 mg in 3.0 mL™'; excitation wavelength, 300 nm; slit widths of excitation
and emission, 5 nm.
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Table 3.4 Comparison of some analytical methods for the determination of TCS in water

samples.

Linear range

Detection limit

Detection method (nmol L") (nmol L) Sample matrix Reference
CNTs@TCS- . River and lake
MIPs/HPLC analysis 34.5-1.4x10 i water (Gao et al, 2010)
. (Pintado-Herrera
GC-MS 0.07-70.0 0.02 River water et al,, 2014)
Tap water, river
HPLC-UV 0.03-580.2 0.003 water and (Kim et al., 2013)
municipal
wastewater
0.004 Deionized water
(Shen et al.,
HPLC-MS/MS 0.002-0.34 2012b)
0.005 River water
nZnO-MWCNT/GCE 3 (Moyo et al.,
(CV., DPV and SWV) 5.2-7.0x10 4.5 Tap water 2015)
Carbon nanoparticles (Vidal et al.,
1.0x10%-1.0x10° 2.0x104 -
(CV) 0x10%1.0x10 0x10 2008)
CZE-UV 70.0-7.0x103 13.8 Tap and river water  \vand etal.,
2013)
Allylmercaptane
m(?dlfled gold .SPR 0.2-3.5 0.06 Wastewater (Atar et al., 2015)
chip and imprinted
p(HEMAGA) nanofilm
Fluorescence: GSH-
CdSe/ZnS QDs 10.0-300.0 3.7 Tap and river water This work

CNTs@TCS-MIPs: Carbon nanotubes@ triclosan-imprinted polymers; CV: Cyclic Voltammetry; CZE-
UV: Capillary Zone Electrophoresis with UV detection; DPV: Differential Pulse Voltammetry; GC-MS:
Gas Chromatography — Mass Spectrometry; HPLC-UV: High Performance Liquid Chromatography —
Ultraviolet Detection; HPLC-MS/MS: High Performance Liquid Chromatography-Electron Spray
lonization-Tandem Mass Spectrometry; nZnO-MWCNT/GCE: Nano-Zinc Oxide-Multiwalled Carbon
Nanotube/Glassy Carbon Electrode; [P(HEMAGA)]: poly(2-hydroxyethylmethacrylate-
methacryloylamidoglutamic acid); SPR: Surface Plasmon Resonance; SWV: Square Wave
Voltammetry.

3.3.2.6 Proposed mechanism

The fluorescence behavior of TCS was recorded at different excitation wavelengths. The highest
emission intensity was found at 407 nm at an excitation wavelength of 310 nm (Fig. 3.13A). Energy
transfer is a possible mechanism for the fluorescence enhancement because there is overlap between

the absorption spectrum of the core/shell QDs (500-600 nm) and the emission spectrum of TCS in the
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range 350-600 nm (Fig. 3.13). In general, Forster resonance energy transfer (FRET) is a specific
mechanism of non-radiative energy transfer between donor and acceptor molecules which are also
called FRET pairs (Stanisavljevic et al., 2015). FRET usually occurs when the overlap of the emission
spectrum of the donor and adsorption spectrum of the acceptor is greater than 30% and the distance
between them is less than 10 nm (Elangovan et al., 2002). Herein the QDs can absorb the emission
energy from TCS leading to the enhancement of the PL emission of QDs, as was observed

experimentally.
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Figure 3.13 Florescence spectrum of TCS (1.4x10° mol L) at excitation wavelength 310 nm (A)
and UV-Vis absorption spectrum of GSH-CdSe/ZnS QDs (B).

3.3.2.7 Determination of Férster distance

The energy transfer between a donor and acceptor pair relies on the distance between them which can
be expressed by Forster distance. It is the distance at which 50% of the excited donor molecules decay
by energy transfer while the remainder decay through other radiative or non-radiative channels
(Sapsford et al., 2006). The Forster distance in the system of GSH-CdSe/ZnS QDs-TCS was computed
using the program PhotochemCAD and was found to be approximately 4.0 nm (Du et al., 1998).

3.3.2.8 Effect of potential interfering analytes on GSH-CdSe/ZnS QDs

To further evaluate the applicability of the fluorescence probe, potential interfering compounds as
shown in Table 3.5 were investigated under the optimum conditions of 2 mL of 1.5 mg/3.0 mL GSH-
CdSe/ZnS QDs in the presence of 200 uL of 180.0 nmol L' of each analyte. 5 min was employed as
equilibrium time for each of the fluorescence measurements. The relative fluorescence intensity of
GSH-CdSe/ZnS QDs was enhanced in the presence of each analyte (Fig. 3.14). The highest relative
fluorescence intensity was achieved for TCS, thus the probe is most sensitive to this target analyte.
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Figure 3.14 Effect of other analytes on the fluorescence emission intensity of the GSH-CdSe/ZnS
QDs probe at an emission wavelength of 598 nm. The concentration of TCS and each of the
other analytes was 180 nmol L' and GSH-CdSe/ZnS QDs was 1.5 mg/3.0 mL. F-Fo/Fo relates to
the fluorescence intensity of QDs in the presence and absence of the analytes. The excitation
wavelength was 300 nm. Analytes were 2,4,6-trichlorophenol (2,4,6-TCP), 2,3,4-trichlorophenol
(2,3,4-TCP), 2,4-dichlorophenol (2,4-DCP), 4-chlorophenol (4-CP), 4-hydroxybenzoic acid (a
paraben), bisphenol A (BPA), and triclocarban (TCC).
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Table 3.5 Chemical structures of potentially interfering analytes.

Name Structure
OH
Cl Cl
2,4 ,6-trichlorophenol
(2,4,6-TCP)
Cl
OH
Cl
2,3,4-trichlorophenol
(2,3,4-TCP) Cl
Cl
OH
Cl
2,4-dichlorophenol
(2,4-DCP)
Cl
OH
4-chlorophenol
(4-CP)
o]
@) OH
4-hydroxybenzoic acid (a paraben) 5
OH
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Bisphenol A
(BPA)
HO OH

Cl Cl
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3.3.2.9 Analytical application

The feasibility of the prototype sensor was evaluated in real water samples by the addition of different
concentrations of TCS to tap and river water. The experimental results are summarized in Table 3.6.
The recoveries of different known amounts of TCS spiked in tap water and river water were very good
and ranged from 94 to 115% and 98 to 118%, respectively, indicating the applicability of the sensor for
quantitative determination of TCS in real water samples. HPLC-MS/MS analysis was performed as a
comparative method which confirmed that the background concentration of TCS in the tap and river

water samples was also below the detection limit.
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Table 3.6 Analytical results for the determination of TCS in tap and river water samples using
GSH-capped CdSe/ZnS QDs.

TCS spiked Determined TCS
(nmol L) (meantSD; n=3, nmol L") Recovery ()
Tap water 20 23+0.3 115
100 94+0.6 94
180 183+0.3 102
River water 20 24+0.4 118
100 107+2.4 107
180 177+1.2 98

3.4 ATRAZINE

3.4.1 Introduction

In this work, atrazine was selected as a target pesticide for sensor development. Atrazine is used
extensively in agriculture for controlling weeds and it may eventually contaminate water systems
through leaching, runoff and spray drift. It has been reported to occur in South African water systems
in several studies (Dabrowski, 2015a, 2015b; Dabrowski et al., 2013; Dabrowski & Balderacchi, 2013;
Dabrowski & Schulz, 2003; Dabrowski et al., 2014; Du Preez et al., 2005; Patterton, 2013). This makes
atrazine a priority emerging chemical pollutant (ECP) and warrants the development of sensitive and
economical analytical methods which can be used routinely as an alternative to current conventional

methods, which are relatively expensive.

In this project, CdSeTe/ZnS quantum dots (QDs) were synthesized and then modified with L-cysteine
(L-Cys-CdSeTe/ZnS QDs) to make them water soluble which were used for atrazine detection in water.
The choice of a ternary alloyed CdSeTe QD core was because they have been shown to have better
chemical stability and increased conduction band edge compared to their binary counterparts (CdSe or
CdTe) (Pan et al., 2013). However, since this structure typically has a high density of surface defects
possibly due to the susceptibility of Te to oxidation (Yang et al., 2015), it was necessary to overcoat the

core with ZnS shell and, subsequently, with L-cysteine to make them water soluble.
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3.4.2 Materials & Methods

3.4.2.1 Materials

Trioctylphosphine oxide (TOPO), cadmium oxide, octadec-1-ene (ODE), selenium powder (Se),
tellurium powder (Te), zinc oxide, sulphur (S), L-cysteine and oleic acid (OA) were purchased from
Sigma-Aldrich. PAH and atrazine standards were also obtained from Sigma-Aldrich. Methanol, absolute
ethanol, chloroform, acetone, and potassium hydroxide (KOH) were purchased from Associated
Chemical Enterprises (Pty) Ltd. An ultrapure Milli-Q Water System was used for preparation of all
standard solutions. All fluorescence measurements were carried out using a Horiba Jobin Yvon

FluoroMax-4 spectrofluorometer with both excitation & emission slit widths set at 5 nm.

3.4.2.2 Preparation of CdSeTe/ZnS QDs

The one-pot synthesis of CdSeTe/ZnS QDs was carried out based on a reported procedure for the
synthesis of core/shell QDs (Adegoke et al., 2015). 1.3 g of CdO was added into a solution of 50 mL of
QDE and 30 mL of OA and the solution was vigorously stirred in a 3-necked flask under argon
atmosphere to a temperature of ~ 260°C in order to form a colourless Cd-OA complex. Once the
colourless complex solution was formed, a premixed TOPTe solution containing 0.48 g of Te and 1.93
g of TOPO in 25 mL of ODE was added into the solution and this was followed swiftly by the addition
of a TOPSe solution containing 0.30 g of Se and 1.93 g of TOPO in 25 mL of ODE. Nucleation and
growth of the alloyed core QDs was allowed to proceed for about 15 min after which a ZnO solution
containing 0.41 g of ZnO dissolved in 20 mL of OA and 30 mL of ODE was injected into the growth
solution and this was followed immediately by the addition of the S precursor which consisted of 0.17 g
of S'in 30 mL ODE and 20 mL OA. The CdSeTe/ZnS QDs were allowed to react for around 40 min with
continuous monitoring of the shell growth, after which the reaction was stopped and they were
harvested and dispersed in chloroform.

The QDs were then made hydrophilic by capping them with L-cysteine via a ligand exchange reaction
which was performed as follows: A KOH-methanolic-L-cysteine solution was prepared by dissolving
3.0 g of KOH in 40 mL of methanol and 2.0 g of L-cysteine was then dissolved in the solution via
ultrasonication. The hydrophobic CdSeTe/ZnS QD solution was then added into the KOH-methanolic-
L-cysteine solution followed by the addition of Millipore water. This resulted in the separation of the
organic phase from the water-soluble phase. The solution was stirred for 15 min and was then purified
by successive washing with acetone, chloroform, water:chloroform:acetone, and finally with acetone.
This rigorous purification step was necessary in order to remove the high level of unreacted organic

layers embedded on the surface of the QDs.

3.4.2.3 Procedure for detection of atrazine

For atrazine detection the core/shell QDs were used rather than the core QDs because they are
considered less toxic due to the ZnS shell which prevents the cadmium core from leaching. 300 uL of

L-Cys-CdSeTe/ZnS QDs dissolved in water was mixed with 100 pL of different atrazine standard
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solutions (2x107-10x107 mol L"). Fluorescence measurements were then carried out using a Horiba
Jobin Yvon Fluoromax-4 spectrofluorometer for all experiments. The QDs interact with the atrazine
mainly though hydrogen bonding (Fig 3.15) resulting in quenching of the florescence intensity of the
QDs.

SﬂOH
5 min interaction S
S = ( N

HN O

Figure 3.15 Schematic illustration of the interaction of atrazine with the L-cysteine ligands on
the QD surface. The interaction is likely through hydrogen bonding, resulting in quenching of
the florescence intensity of the QD as a consequence of energy transfer.

3.4.3 Results and discussion

3.4.3.1 TEM

TEM analysis was carried out to investigate the particle size and distribution of the different
nanoparticles. As shown in Figure 3.16, the L-Cys-CdSeTe core was mono dispersed in water and had
an average particle size of 3.1 £ 0.1 nm, while the L-Cys-CdSeTe/ZnS core/shell QDs had an average

size of 5.0 £ 0.5 nm, confirming coating of the core with the ZnS shell ( = 1 nm thickness).

200.nm

B

Figure 3.16 TEM images showing particle size and distribution of the L-Cys-CdSeTe QDs (A) and
L-Cys-CdSe/ZnS QDs (B). The average size for the core was 3.1 * 0.1 nm and for the core/shell
QDs was 5.0 £ 0.5 nm, thereby confirming the passivation the core with the ZnS shell dung
synthesis.
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3.4.3.2 FTIR

FTIR spectra of L-Cys, core and core/shell QDs are shown in Figure 3.15. The stretching bands for
C=0 and C-O were observed at 1537 cm™ and 1434 cm™, respectively. The bands at 2924-2850 cm""’
were attributed to N-H. A broad band ~3500 cm' was attributed to O-H stretching. This FTIR data,
together with disappearance of the S-H band at 2077 cm™' indicated successful functionalization of the
QD surface.

L-cys-CdSeTe/ZnS QDs
)
)
8 L-cys-CdSeTe QD
c
© I
= |
E [ ! |
w 1 : I ]
: L t - 1 | [} ] ]
o -cysteine L ! } 11130cm’ | 993 cm”
~ X | L :
[ : to !
1! | [} 1 I,
1 | (I
[ ! LI |
(] LI
[ 1
[ 1
. |
2077 cm” (SH)
T v T v T v T v T v T v ! v !
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.17 FTIR spectra of L-Cys, core and core/shell QDs. The stretching bands for C=0 and
C-O were observed at 1537 cm™ and 1434 cm, respectively. The bands at 2924-2850 cm™' were
attributed to N-H. A broad band ~3500 cm™ was attributed to O-H stretching. This FTIR data,
together with disappearance of the S-H band at 2077 cm™' indicate successful functionalization
of the QD surface.

3.4.3.3 XRD

The x-ray diffraction patterns shown in Fig 3.18 show the characteristic zinc-blende crystal structure for
CdSeTe and CdSeTe/ZnS QDs as indexed at the {111}, {220} and {311} lattice planes. This confirms
that both the core and core/shell retained their crystalline nature even after ligand exchange with L-

cysteine, i.e. the ligands did not interfere with the crystalline structure.
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Figure 3.18 Powder XRD spectra of the L-Cys-QDs confirming their crystalline nature. The
planes {111}, {220} and {311} correspond to the typical zinc blende structure for both the core &
core/shell QDs.

3.4.3.4 Fluorescence and absorption properties

The prepared L-Cys-CdSeTe QDs had high fluorescence intensity at 594 nm as shown in Fig. 3.19 and
upon passivation with the ZnS shell the emission slightly redshifted to 608 nm. This can be attributed
to an increase in size as confirmed by TEM. This change in PL properties could be due to enhanced
quantum confinement upon surface coating which stabilizes the core. The QDs have broad absorption

spectra which is typical for QDs.
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Figure 3.19 Normalized fluorescence (solid lines) and absorption (dashed lines) spectra of L-
Cys-CdSeTe (red lines) and L-Cys-CdSeTe/ZnS QDs (blue lines). The core has strong emission
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at 594 nm and this shifts to 608 nm for the core/shell due to increase in size. They both have the
typical broad absorption spectra.

3.4.3.5 Optimisation

The optimum interaction time (incubation time) of L-Cys-CdSeTe/ZnS QDs with the target analyte was
investigated by monitoring the fluorescence intensity at different time intervals in the presence of
10x107 mol L™ atrazine. As shown in Fig 3.20, the fluorescence intensity was quenched most up to 5
min and showed less of a decrease with further increase in incubation time. The quenching indicates
that the integration of atrazine with the L-Cys ligands on the QD surfaces resulted in energy transfer
from the QDs to the atrazine. Thus 5 min incubation time was applied for subsequent sensing
experiments. The quick response time is desirable in potential field application of the sensor. Further,
the optimal excitation wavelength of the sensor was investigated and exciting at 365 nm was found to

be optimal as it give the highest fluorescence intensity.
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Figure 3.20 Effect of incubation time on the quenching of the fluorescence intensity of L-Cys-
CdSeTe/ZnS QDs using 10x107 mol L™ atrazine (top) and effect of excitation wavelength on the
PL intensity of L-Cys QDs (bottom) where the optimal wavelength was found to be 365 nm.

3.4.3.6 Fluorescence behaviour of L-Cys-CdSeTe/ZnS in the presence of atrazine

To investigate the behaviour of the sensor with different concentrations of atrazine, the core/shell QDs
were used rather than the core QDs because of their stability and reduced toxicity following passivation
with the ZnS shell which prevents the cadmium core from leaching. Thus, 300 uL of L-Cys-CdSeTe/ZnS
QDs dissolved in water was mixed with 100 L of different atrazine standard solutions (2x107-10x1077
mol L"). Fluorescence measurements were then carried out using a Horiba Jobin Yvon Fluoromax-4
spectrofluorometer for all experiments. The QDs interact with the atrazine mainly though hydrogen
bonding resulting in quenching of the florescence intensity of the QDs (Fig. 3.21). Increasing atrazine
concentration was found to be linearly proportional to the Fo/F (R? = 0.9277) within the concentration
range 0-10 x 107 mol L, as shown in Fig 3.22. The limit of detection for this system was determined
to be 1.8 x107 mol L' hence it potentially useful for application in water systems where atrazine can be

found at elevated levels.
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Figure 3.21 Fluorescence emission spectra of L-Cys-CdSeTe/ZnS QDs in the presence of varying
atrazine concentrations (2 x 107 mol L' — 10 x 107 mol L™"). The spectra show a decrease in
intensity with increase in atrazine concentration.
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Figure 3.22 Linear calibration curve showing Fo/F vs atrazine concentration. The fluorescence
intensity of the QD sensor solution without and with atrazine is denoted Fo and F, respectively.
The limit of detection determined from the slope and blank measurements (n=9) was found to

be 1.8 x 107 mol L.
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3.5 POLYCYCLIC AROMATIC HYDROCARBONS

3.5.1 Introduction

Graphene QDs (GQDs) can be regarded as small (<20 nm), zero-dimensional pieces of graphene.
They have properties of graphene but also quantum confinement and edge effect properties similar to
carbon dots (Li et al., 2013). These QDs have certain advantageous properties over semi-conductor
quantum dots, including higher photostability, biocompatibility, large surface area, better surface
grafting using -1 conjugation and surface groups, and they have very low toxicity (Chong et al., 2014;
Shen et al., 2012a; Wang et al., 2016). Because of their low toxicity they have also been widely used
for biological applications (Zheng et al., 2015). Thus they have recently found extensive application in
designing sensing probes (Benitez-Martinez & Valcarcel, 2015; Lin et al., 2014; Shen et al., 2012a; Sun
et al., 2013). Their application in analytical chemistry has mostly been towards metal ions sensing (Ju
& Chen, 2015) with few studies reporting their use for organic pollutant detection like pentachlorophenol
(Liu et al., 2014a), trinitrotoluene (Fan et al., 2012) and the pesticide tributyltin (Zor et al., 2015).

The fluorescence properties of GQDs arise from the radiative recombination of electron-hole (e-h) pairs
in sp? aromatic carbon sites. This is because graphene has infinitely large Bohr diameters (distance
between electron and hole) and therefore its fragments, i.e. GQDs, of any size, exhibit quantum

confinement effects (Zhu et al., 2015). The 1-11* electronic transitions are confined.

GQDs can be prepared using two approaches, namely the ‘top-down’ approach or the ‘bottom-up’
approach. The top-down approach involves cutting of large macroscopic carbon materials (e.g.
graphite, carbon fibers, graphene oxide, metal-organic frameworks, etc.) into small GQDs pieces,
usually through harsh oxidation treatments. On the other hand, the bottom-up approach involves GQDs
formation from molecular or atomic carbon precursors (e.g. chlorobenzene, acetic acid, glucose, and
even from PAHs) through controlled reactions to obtain desired GQD sizes (Benitez-Martinez &
Valcarcel, 2015; Shen et al., 2012a).

The occurrence of PAHs in the environment and the potential negative health effects that they pose
requires that they be monitored regularly. Traditionally, chromatographic techniques are used for
quantification of PAHs, but these can be expensive especially where routine environmental monitoring
is to be done. To overcome this challenge, researchers have been working on using various
nanomaterials as sensors and/or platforms for sensitive detection of PAHs. For example, Fe-based
magnetic nanoparticles have been widely used as sorbents for pre-concentration of PAHs prior to
chromatographic analysis. Here we discuss the preparation of GQDs prepared from a graphite
precursor (top-down approach) and from citric acid (CA) (bottom-up approach) and investigate their

potential application as fluorescence sensors for PAHs.
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3.5.2 Materials and methods

PAH standards were purchased from Sigma-Aldrich. Hydrogen peroxide (H202), sulfuric acid (H2SOa4),
sodium nitrate (NaNQOs), hydrochloric acid (HCI), graphite powder, potassium hydroxide (KOH) and
potassium permanganate (KMnQ4) were purchased from Merck. An ultrapure Milli-Q Water System was
used for sample preparation. Fluorescence measurements were carried out using a Horiba Jobin Yvon

FluoroMax-4 spectrofluorometer with both excitation and emission slit widths set at 5 nm.

3.56.2.1  Preparation of GQDs from graphite

GQDs were prepared using the top-down approach using graphite as a starting material. Firstly,
graphene oxide (GO) was prepared using a modified Hummer’'s method (Hummers & Offeman, 1958)
where 2.5 g of graphite powder and 1.3 g of NaNOs were mixed in a 250 mL three-neck round-bottom
flask containing 60 mL of H2SO4. This mixture was continuously stirred inside an ice bath to allow
thorough dispersion of the graphite powder for about 30 min. Afterwards, 7.5 g KMnO4 was gradually
added and the mixture was left stirring for 2 hrs until it turned greenish. The mixture was then removed
from the ice and left to stir at room temperature (~27°C) resulting in the formation of a pasty light-brown
coloured mixture. The following day the mixture was again placed in an ice bath and 75 mL Millipore
water was slowly added under stirring for 2.5 hrs. The temperature of the solution was then raised to
~60°C and allowed to stir. On the following day, 25 mL of 30% H202 was added to the reaction mixture
followed by centrifuging with 5% HCI and lastly centrifuging with Millipore water. The solid GO was dried
in an oven at 65°C to give a dark grey powder with a yield of 5.8 g.

Graphene quantum dots (GQDs) were then prepared from GO using a previously reported method with
some modifications (Fan et al., 2015). 1.0 g of GO was added to 40 mL H2SO4 and the mixture was
stirred in ice until the next day. KMnO4 was then added and the mixture was allowed to stir at room
temperature for about 1 h before raising the temperature to about ~60°C and heating it until the following
day. The reaction was then quenched by adding ice-cold water containing small amounts of H20. and
was left at room temperature for about 2 days to allow for settling. The supernatant containing GQDs

was carefully pipetted out and used for sensing studies.

3.5.2.2 Preparation of GQDs from citric acid

GQDs were prepared from citric acid (CA) via direct pyrolysis (Dong et al., 2012) as illustrated in
Fig. 3.23. Briefly, about 2 g of CA was placed in a beaker and heated to ~200°C on a hot plate. After
about 5 min the CA turned into a transparent solution and after a further 15 min of heating it turned pale
yellow, suggesting formation of GQDs. The reaction was then stopped followed by slow addition of
NaOH (0.25 mol L") while stirring vigorously. Lastly, the pH was adjusted to pH 7 and the pale yellow

solution thus obtained was stored for further sensing application tests.
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Figure 3.23 lllustration of the preparation of GQDs via pyrolysis of citric acid.

3.5.2.3 Sensing experiments

PAH standard solutions of anthracene, naphthalene, pyrene and phenanthrene were prepared within
the 1-5 x107 mol L' concentration range by dissolving them in H2O/EtOH (2:1) mixture. To improve

their solubility they were first dissolved in small amounts of toluene.

Sensing was carried out by placing 3 mL of GQDs solution in a quartz cuvette followed by adding
200 pL of analyte PAH standard solution. The effect of interaction time (incubation time) was determined
using 300 pL of GQDs and 100 uL of phenanthrene standard solution. The effect of different PAHs at
a fixed concentration (1 x 107 mol L") on the fluorescence intensity of the GQDs probe was also
determined. The fluorescence response of the GQDs to phenanthrene concentration was evaluated
over the 1-5 x 107 mol L' concentration range (0, 1 x 107, 2 x 107, 3 x 107, 4 x 107 and 5 x 107

mol L-"). Excitation was at 340 nm for all measurements.

3.5.3 Results & Discussion

3.5.3.1 FT-IR characterization

Infra-red (IR) analysis was done to confirm formation of GO from graphite. To get the GQDs into powder
form, a small amount of the GQDs solution was freeze-died before IR analysis. The results as shown
in Fig 3.24 revealed that GO was successfully made as the characteristic bands for GO were observed.
These characteristic bands are: the carbonyl band (vc=01723.07 cm"), the aromatic band (vc=c 1588.81
cm™), the carboxy band (vc-o 1222.92 cm™"), the epoxy band (vc-o 1222.92 cm™') and the alkoxy band
(uc-01046.15 cm™). The broad band at around 3350 cm™' is due to O-H stretching vibrations.
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Figure 3.24 FT-IR spectra of graphene oxide (black line) and graphene quantum dots (red line).

3.5.3.2 HRSEM

High resolution scanning electron microscopy (HRSEM) was used to study the morphology of the
graphene oxide from exfoliation of graphite precursors. The HRSEM images show that the graphite had
characteristic flat carbon sheets stacked into layers (Fig 3.25a) and after exfoliation to graphene oxide
the sheets become folded into crumpled silk waves (Fig 3.25b). This transformation is due to the harsh

oxidation conditions which the graphite was subjected to.

Photo No Date

powder (b) GO from exfoliation.

3.5.3.3 Powder XRD and Raman spectroscopy

Powder XRD was used to study the crystal phase nature of both the graphite precursor and the
graphene oxide and a clear distinction was observed between the two (Fig 3.26). Graphite had an

intense peak at 26 = 30.6 degrees and after converting to graphene oxide the peak diminished. GO had
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a weak characteristic peak at 26 = 10 degrees which indicates a loose-layer-like structure. The interlayer
spacing of this peak depends on water layers in the gallery space of the materials as well as on the
synthesis method employed (Liu et al., 2002). Raman spectroscopy (Fig. 3.27) also confirmed the
formation of GO. The characteristic D (1360 cm™) and G (1600 cm™) bands were observed for both
materials but were more pronounced for GO. This confirmed successful exfoliation of the graphite
precursor material. The D band corresponds to the plane termination of disordered graphite containing
vibrating carbon atoms while the G band corresponds to vibrating sp? bonded carbon atoms (Wei et al.,
2013).
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Figure 3.26 X-ray diffraction patterns of graphite (bottom) and graphene oxide derived from
graphite (top).
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Figure 3.27 Raman spectra of graphite and graphene oxide prepared from graphite.

3.5.3.4 Fluorescence and absorption

The UV-vis absorption and fluorescence emission spectra of GQDs are shown in Fig 3.28. The GQDs
had a strong UV absorption peak at 315 nm which is attributed to the m—* transition of aromatic sp?
domains in the graphene structure, and a shoulder around 330 nm which is ascribed to the n—1*
transition of C=0 bonds or other groups on the GQD surface (Zhu et al., 2015). The position and
intensities of these characteristic peaks have been shown by Zhang et al. (2016) to be dependent on
the size distribution of the GQDs, which itself is dependent on the synthetic route.

The emission spectrum on the other hand shows a strong broad asymmetric peak with a tail extending
to longer wavelengths. This is indicative of the existence of different singlet ground (So) — first-excited

state (S1) transitions (Wang et al., 2014; Zhu et al., 2015).
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Figure 3.28 Fluorescence emission and UV absorption spectra of GQDs prepared from graphite.
The emission peak at 460 nm is broad and asymmetric due surface or edge effects. The strong
absorption peak around 330 is due to m—m* and n—1* transitions.

Fig 3.29 and 3.30 show fluorescence emission spectra of the GQDs prepared using the two methods.
The intensity of emission peaks was observed to be dependent on the excitation wavelength for GQDs
prepared from GO and had a red-shift as the wavelength was changed from 340 to 500 nm, while the
emission spectra of GQDs synthesised from CA were independent of excitation wavelength. The
behaviour noted for GQDs prepared from GO is common with fluorescent carbon materials and in the
case of GQDs it may be due to the presence of differently sized dots, surface chemistry, or emissive
traps. Another striking feature is that the peaks are broad and asymmetric, with a tail extending to longer
wavelength. This may be due to inhomogeneous chemical structure and different emission centers
corresponding to different singlet ground (So) — first-excited state (S1) gaps (Wang et al., 2014; Zhu et

al., 2015). The CA synthetic route is favoured due to the more uniform GQD size thus produced.
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Figure 3.29 Fluorescence spectra of GQDs (synthesized from graphite) at different excitation
wavelengths showing a decrease in PL intensity with increasing excitation wavelength.
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Figure 3.30 Fluorescence spectra of GQDs (synthesized from CA) at different excitation
wavelengths. The emission wavelength is independent of excitation wavelength.
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3.5.3.5 Application for PAH sensing

The interaction mechanism between graphene materials and PAHs is mainly through adsorption on the
planar graphene structure via -1 stacking as illustrated in Fig. 3.31 (Adegoke & Forbes, 2016; Wang
et al., 2015). This interaction brings the PAH molecules into close proximity with the GQDs thereby
quenching the fluorescence through Foster Resonance Energy Transfer (FRET) (Fan et al., 2012).
There was limited additional quenching after 5 min, suggesting that this is a suitable time to allow for
equilibration to occur (Fig 3.32). The dispersion of GQDs in solution and their large surface area could
be responsible for enhancing this relatively short equilibration time — a desirable feature for fluorescence

sensor development.

Figure 3.31 Schematic illustration of the interaction of phenanthrene with GQDs via 1r-1r stacking
leading to fluorescence quenching.

Four PAH compounds (anthracene, naphthalene, pyrene and phenanthrene) were selected to test the
sensitivity of the GQD probe towards PAHs. These PAHs are of environmental and human health
concern, and have been listed as priority PAHs by the United States Environmental Protection Agency
(U.S. EPA, 2010). Moreover, they have been reported to occur in water systems due to their low
molecular weight (Chimuka et al., 2015; Qin et al., 2014; Zhou & Maskaoui, 2003). PAH standard
solutions were prepared within the 1-5 x107 mol L' concentration range by dissolving them in

H20/EtOH (2:1) mixture. To improve their solubility they were first dissolved in small amounts of toluene.

Sensing was carried out by placing 3 mL of GQDs solution in a quartz cuvette followed by adding 200
pL of analyte PAH standard solution. For all the sensing measurements the GQDs and PAHs were
allowed an equilibration time of exactly 5 min before taking fluorescence measurements to ensure
interaction of the analytes with the sensor. Figure 3.33 shows the effect of different PAHs at a fixed
concentration (1 x 107 mol L") on the fluorescence intensity of the GQDs probe. Phenanthrene had the

lowest quenching effect on the probe compared to the other PAHs that were investigated. It was
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selected for further sensing studies as a worst case scenario of the PAHs considered, as results are

expected to be enhanced (lower LODs) for the other PAHs, which can be tested further in due course.

Figure 3.34 shows the fluorescence signal response of the GQDs as the phenanthrene concentration
was changed from 1-5 x 107 mol L'. Signal quenching of GQDs upon interaction with aromatic
compounds could be due to either fluorescence resonance energy transfer (FRET) or charge transfer,
and a study by (Fan et al., 2012) with TNT (2,4,6-trinitrotoluene) showed that FRET was the more likely
mechanism. Fluorescence life-time measurements have to be carried out in order to propose a plausible
mechanism in the case of the PAHs. The quenching of the signal could be due to energy transfer from
the GQDs to the phenanthrene analyte upon their interaction. Figure 3.35 shows that the signal
decreased linearly with increasing phenanthrene concentration (R? = 0.9572). This shows that the
GQDs probe can potentially be used as a sensor for detection of phenanthrene and possibly other

PAHSs in water.

The limit of detection (LOD) was calculated using the equation 38/K, where K is the slope of the
calibration graph and & is the standard deviation of blank measurements (n = 9). It was found to be
2.53 x 108 mol L' for phenanthrene — before any optimization. This shows great potential for the sensor

for detecting the low concentrations of PAHs reported to occur in South African water systems.
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Figure 3.32 Effect of interaction time (incubation time) between 300 pL of GQDs and 100 pL of
phenanthrene standard solution. The fluorescence intensity was quenched and became almost
constant after 5 min.
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Figure 3.34 Fluorescence detection at increasing concentrations of phenanthrene
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3.6 CONCLUSION

Water soluble L-Cys functionalized CdSe/ZnS QDs were used as a fluorescence sensor for the
determination of acetaminophen in water samples. The operating mechanism of the designed probes
was based on the fluorescence “turn-on” mode. Under optimum conditions, with the addition of
acetaminophen to QDs in aqueous solution, the original PL intensity of the QDs was enhanced most
likely due to fluorescence resonance energy transfer from analytes to QDs which was found to be linear
within the concentration range of 3.0-100 nmol L' AC with a detection limit of 1.6 nmol L!. The method
could therefore be applied to detect AC at nanomolar levels, which is environmentally relevant. Other
advantages of this method include its simplicity, as well as stability and resistivity of QDs against
photobleaching under ambient light conditions. The application of the sensor to additionally related
pharmaceuticals (such as ketoprofen, sulfamethoxazole, L-tryptophan, estradiol, L-Dopa and diclofenac

sodium salt) may also be possible.

We also designed and synthesized core-shell structured GSH-CdSe/ZnS QDs via a one pot
organometallic synthesis method. Transmission electron microscopy images, FTIR spectra and
fluorescence spectra confirmed the successful synthesis of QDs and the formation of a GSH coating
thereon. The fluorescence of QDs was effectively enhanced by TCS at an emission wavelength of 598
nm over the concentration range of 10-300 nmol L' with a detection limit of 3.7 nmol L-" which confirmed
the applicability of the method to detect TCS at nanomolar levels. The turn-on mechanism of the sensing

process is likely associated with energy transfer from TCS to the QDs. The good response of this probe
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to TCS facilitates its application in the detection and determination of TCS in real water samples in the

field of environmental monitoring.

Fluorescence sensor materials for detection of phenanthrene (GQDs) and atrazine (L-Cys-CdSeTe/ZnS
QDs) were synthesized and initial tests were carried out to test their performance. Some of the important
parameters that are crucial for the performance of the sensors were investigated and optimized. A low
concentration of the sensor solution of 0.5 mg L' was used and appears to give a good response to
the target analytes. The interaction time (incubation time) between sensor solutions and target analytes
was also investigated and 5 min was found to be sufficient for both atrazine and phenanthrene as a
representative PAH compound, respectively. This short interaction time is ideal for application of the

sensor in cases where there are a large number of samples to be analysed.
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CHAPTER 4: THE FUNCTIONALISATION OF QUANTUM
DOTS

PART A — MOLECULARLY IMPRINTED POLYMER CAPPED CORE/SHELL QUANTUM
DOTS FOR ACETAMINOPHEN DETECTION

4.1 INTRODUCTION

Acetaminophen (AC) is a common analgesic and antipyretic drug which is prescribed and purchased
over the counter for the relief of minor pain such as fever and headaches. AC has no toxic effect in
normal therapeutic doses while large doses particularly with simultaneous consumption of alcohol or
other drugs can cause nephrotoxicity, skin rashes, inflammation of the pancreas and liver disorders
(Lourencao et al., 2009). A few reports have been published regarding the presence of acetaminophen
in potable water, such as Frick et al. 2001, and on the potential chronic health effects related to long

term ingestion of AC in water (Kimmerer, 2001).

Conventional methods for the detection of AC in real water samples are based on electrochemistry
(Bouabi et al., 2016), chromatography (Gracia-Lor et al., 2010) and spectrophotometry (Méndez-
Albores et al., 2015). A fluorescence probe approach offers an alternative with clear advantages
including easy operation, low cost, a fast and simple experimental process, and high sensitivity towards

different molecular structures with different emission wavelengths (Li et al., 2009).

Molecularly imprinted polymers (MIPs) are synthetic polymeric materials possessing specific
recognition sites complementary in size, shape and functional groups to the template molecule (Holthoff
et al., 2011; Yang et al., 2011). In molecular imprinting, functional monomers are located around the
template molecules by non-covalent interaction or reversible covalent interaction, followed by
polymerization and template removal. So a molecular 'memory' within the imprinted polymer matrix is
created, and then the target molecule can be selectively distinguished based on the molecular 'memory'
(Fang et al., 2009). In covalent molecularly imprinting, the functional monomer is attached to the
template by reversible covalent bonding during polymerisation (Kempe & Mosbach, 1995) while in non-
covalent interactions, the functional monomer associates to the template via an intermolecular
interaction such as hydrogen bonding or ion-pairing (Yu & Mosbach, 1997). MIPs have been considered
as alternatives for natural receptors (Reddy et al., 2013; Yuan et al., 2011) in chemical assays or
sensors due to their low cost, long lifetime, their tailor-made recognition sites for target analytes and

intrinsic robustness.

The use of QDs is limited when coexisting interfering compounds produce a similar photoluminescence

response to the target analyte. Molecularly imprinted polymers (MIPs) are a promising way to enhance
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the selectivity of QDs. They are synthetic polymeric materials possessing specific recognition sites

complementary to the template molecule in terms of functional groups, size and shape.

In 2012, a simple and sensitive assay of acetaminophen was proposed based on the quenching of the
fluorescence intensity of L-cysteine capped CdTe nanoparticles (NPs) in aqueous solution. Under
optimal experimental conditions, the relative fluorescence intensity (Al = lo/l) of L-cysteine capped CdTe
NPs versus the concentration of acetaminophen was linear over the range of 10-160 nmol L™ with a
detection limit of 4.2 nmol L. The applicability of the method was tested for the analysis of AC in

pharmaceutical tablets (Li et al., 2012).

A bio-mimetic bulk acoustic wave (BAW) sensor was fabricated using a molecularly imprinted polymer
with two functional monomers of 4-vinylpyridine (4-VP) and methacrylic acid (MAA) for the
determination of acetaminophen over the linear range of 5.0-100 nmol L' with a detection limit of
5.0 nmol L. The biosensor was then applied for the determination of acetaminophen in human serum

and urine samples (Tan et al., 2001).

Recently, amphiphilic pillar[5]arene (amPAD5) functionalized reduced graphene oxide (amPA5-RGO) as
a receptor has been applied as a ‘turn on’ fluorescence sensing platform for the determination of AC in
serum samples. The mechanism was based on competitive host-guest interaction between two analytes
of acridine orange (AO)/acetaminophen which led to a change in fluorescence signal of the dye
molecule. The prototype sensor gave a linear concentration range over 1.0x10%-4.0x10® and
4.0x103-3.2x10* nmol L' with a detection limit of 50 nmol L' (Zhao et al., 2017).

In another study for the simultaneous spectrophotometric determination of acetaminophen and
gentamicin in tablets, ampoules and blood serum samples, silver nanoparticles were synthesized and
applied over the concentration range of 5.0x103-1.0x10° nmol L' with a detection limit of
1.2x10% nmol L' (Bahram et al., 2015).

Until now, various MIP capped CdSe/ZnS QD sensors with different capping agents have been reported
for the detection of different contaminants, but not for AC. Lee et al. synthesized CdSe/ZnS QDs
functionalized using ethylene glycol dimethacrylic acid as the cross-linker and 4-vinylpyridine
methacrylic acid as the functional monomer with various templates corresponding to analytes such as
caffeine and uric acid. Although they also used caffeine as a template for theobromine, they showed
that the imprinted polymers provided more affinity to the corresponding print molecule compared with
analogous structures. The quenching of the photoluminescence emission was attributed to the Forster

resonance energy transfer (FRET) between quantum dots and template molecules (Lin et al., 2004).

Rhee et al. developed a size series of water soluble mercaptopropionic acid capped CdSe/ZnS QDs
entrapped in sol-gel membranes for the detection of some polycyclic aromatic hydrocarbons (PAHSs).
They could detect PAHs at trace levels (10-100 nmol L' for anthracene and phenanthrene and 5-50
nmol L for pyrene) due to fluorescence enhancement of the QDs through the mechanism of energy
transfer between PAHs and QDs (Duong et al., 2011).

A surface molecular imprinting process using AC as a template was applied to synthesize the

fluorescent sensor which places the binding sites in the vicinity of the MIP surface and enhances
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selectivity and mass transfer. In comparison with bulk polymerisation which generates MIPs with poor
binding capacity and low binding kinetics, the surface imprinting technique facilitates complete removal
of the template due to the thin imprinting layers and also provides accessible sites for rebinding of the
target analyte leading to high binding capacities, in addition to good synthesis reproducibility (Chen et
al., 2016; Yu et al., 2017).

Here, the high sensitivity of QDs was integrated with the selectivity of MIPs via the preparation of a QD-
based MIP composite. L-Cys-CdSe/ZnS QDs were synthesized and entrapped in the layers of 3-
aminopropyltriethoxysilane (APTES) and tetraethyl orthosilicate (TEOS) through an adapted Stéber
method (sol-gel approach) and surface imprinting technique. The sol-gel technique has many
advantages over other polymerization techniques, including simple preparation at room temperature,
preventing problems associated with thermal and chemical decomposition. Furthermore,
environmentally friendly solvents such as Millipore water or ethanol can be used in radical
polymerisation instead of toluene, acetonitrile or chloroform (Chen et al., 2016; Chen et al., 2011). AC
could be detected at low levels based on the fluorescence quenching of MIP@QDs likely through the
mechanism of charge transfer induced energy transfer from the MIP@QDs to AC, allowing for the
application of the fluorescence sensor to AC monitoring in real water samples. A simple sensor for AC
molecules is thus reported which detects this analyte selectively and can be applied to improve water
quality, as AC can accumulate in water systems and cause long term health effects, even at low

concentrations.

4.2 EXPERIMENTAL

421 Reagents and materials

Octadec-1-ene (ODE), trioctylphosphine oxide (TOPOQ), zinc oxide, cadmium oxide, oleic acid (OA),
sulfur powder, L-cysteine (L-Cys), hydrochloric acid, potassium hydroxide, acetaminophen (AC), 3-
aminopropyltriethoxysilane (APTES) and tetraethyl orthosilicate (TEOS) were purchased from Sigma
Aldrich. Anhydrous ethanol and ammonia solution were purchased from Merck. Potential interfering
analytes, namely L-ascorbic acid (AA), dopamine hydrochloride (DA), epinephrine hydrochloride (EP),
uric acid (UA), 4-aminophenol (4-AP), L-tryptophan (TRY), ketoprofen (KTP), sulfamethoxazole (SM),
estradiol (ES), L-Dopa and diclofenac sodium salt (Dic) were purchased from Sigma Aldrich. An

ultrapure Milli-Q Water System (18.0 MQ.cm at 25°C) was used for sample preparation.

4.2.2 Characterization

A Horiba Jobin Yvon Fluoromax-4 spectrofluorometer was employed to record fluorescence emission
spectra. Transmission electron microscopy (TEM) images were taken using a JEOL JEM 2100F
operated at 200 kV. The estimated particle size distribution of QDs was determined using Imaged
software (http://imagej.nih.gov/ij/, U.S. National Institutes of Health [NIH], Bethesda, Maryland, USA).

IR measurements (4000-400 cm™") in KBr were taken using a Spectrum RXI FT-IR System from Perkin
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Elmer. All pH measurements were made with a Metrohm 780 pH-meter that was calibrated with Accsen
standards of pH 4.0 and 7.0.

4.2.3 Synthesis of MIP-capped L-Cys-CdSe/ZnS QDs

One pot synthesis was carried out for the preparation of the L-Cys-CdSe/ZnS QDs according to a

published method which was detailed in Chapter 3.

Regarding the synthesis of MIP@QDs, 20 mg of AC (template) in ethanol and APTES (functional
monomer) were added to a flask followed by stirring. 5 mL of L-Cys-CdSe/ZnS QDs, TEOS (cross
linker) and ammonia were then injected into the mixture and stirred for 24 h. Anhydrous ethanol was
utilized to purify the resultant MIP-capped CdSe/ZnS QDs until the fluorescence intensity remained
constant. Lastly, the MIP-capped CdSe/ZnS QDs (MIP@QDs) were dried under vacuum at room
temperature and stored in a desiccator for further use. The non-imprinted polymers (NIP@QDs) were

also prepared in the same manner but without the addition of AC to compare with MIP@QDs.

4.2.4 Optimization experiments

Regarding the optimization of the MIP@QDs concentration, different concentrations of MIP@QDs were
prepared in 3.0 mL of Millipore water and 200 uL of a standard solution of AC (300 nmol L") was then
injected to 2 mL of each solution separately. The PL of the resulting solution was then determined.

In order to optimize the incubation time, 0.8 mg of MIP@QDs was dissolved in 3 mL Millipore water and
200 L of a standard solution containing 300 nmol L-' of AC was injected The corresponding PL spectra
were then recorded after different time intervals. The values of Fo and F were recorded for each
optimization which were the PL intensity of MIP@QDs in the absence and presence of AC respectively.
KOH and HCI were used to adjust the pH of Millipore water in the pH optimization experiments. 0.8 mg
of MIP@QDs was dissolved in 3 mL Millipore water at different pH values and 200 L of 300 nmol L'
AC solution was injected to 2 mL of each MIP@QDs solution separately. The corresponding PL spectra
were recorded after 14 min which were set as F while the PL intensity of MIP@QDs in the absence of
AC was recorded as Fo.

Intra-day photostability of MIP@QDs and NIP@QDs were performed by recording PL spectra after 10
min intervals for 40 min. In order to examine inter-day photostability, the solution of each polymer was

kept in the fridge for 5 days and the corresponding PL spectra were recorded.

4.2.5 Sample analysis

Tap water samples for fluorescence measurements were collected from a municipal tap in Pretoria,
South Africa using cleaned glass bottles. River water samples were also collected from the LC de Villiers
sports grounds of the University of Pretoria. The sample bottles were filled and immediately placed in
cooler boxes containing icepacks and transferred to the laboratory for storage at 4°C prior to analysis.

The collected tap and river water samples were centrifuged at 4500 rpm for 5 min and filtered through
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110 mm pore size filter paper before analysis to eliminate particulate matter before storage in pre-
cleaned glass bottles. As no AC was detected in collected water samples by HPLC-MS/MS, a spiking
method (over the concentration range of 10-300 nmol L") was adopted with different known amounts
of AC dissolved in Millipore water and the AC concentration was determined based on the fluorescence
quenching of the MIP@QDs. Sensing was carried out by placing 2 mL of 0.8 mg of MIP@QDs in 3 mL
of Millipore water in a quartz cuvette followed by addition of 200 pL of a standard solution containing
different amounts of AC. The PL intensity after 14 min stabilization time was set as F and the PL intensity
of MIP@QDs in the absence of AC was set as Fo. Through the variation of AC concentration, a series

of Fo/F values were obtained.

4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of MIP- and NIP-Capped CdSe/ZnS QDs

4.3.1.1  FT-IR analysis

In order to confirm that the MIP was well coated onto the QDs, FTIR of MIP@QDs, NIP@QDs, original
L-Cys-CdSe core QDs, L-Cys-CdSe/ZnS core/shell QDs, L-Cys and AC were compared (Fig. 4.1).
Carboxylic acid and amino groups of L-Cys around 1550-1600 cm™' and 2900-3420 cm™" were evident
for the L-Cys capped CdSe/ZnS and CdSe QDs, while the S-H group vibration (2550-2750 cm™) was
absent in the spectra of the L-Cys-CdSe/ZnS QDs which is due to the formation of covalent bonds
between thiols and the surface of ZnS in the L-Cys capped CdSe/ZnS QDs and the formation of Cd-S
bonds in the L-Cys-CdSe QDs. After the coating of MIP onto the surface of the QDs, a strong band at
1046 cm corresponded to the asymmetric stretching vibration of Si-O-Si groups. The bands at 3100-
3500 cm™ and 1630 cm™ in the spectra of MIP@QDs and NIP@QDs can be due to the stretching and
bending vibrations of N-H groups from the APTES. The FT-IR results revealed that APTES and TEOS
were successfully grafted onto the surface of the L-Cys-capped CdSe/ZnS QDs.
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Figure 4.1 FT-IR spectra of AC, L-Cys, L-Cys-CdSe QDs, L-Cys-CdSe/ZnS QDs, MIP@QDs (with
template removed) and NIP@QDs.

4.3.1.2 TEM analysis

Modification of the surface of QDs with MIP was further confirmed by TEM analysis. The TEM images
of original L-Cys-CdSe QDs, L-Cys CdSe/ZnS QDs, MIP@QDs and NIP@QDs are shown in Fig. 4.2A-
D. They all had a nearly spherical morphology and were well dispersed in the aqueous solution. The
diameters of MIP@QDs increased after coating with APTES in comparison with core/shell QDs.
NIP@QDs particles were also spherical and monodispersed in the solution. As an indirect approach
(Cheng et al., 2005), the shell thickness of silica was calculated by subtracting the average particle size
of MIP@L-Cys-CdSe/ZnS QDs from L-Cys-CdSe/ZnS QDs which was estimated to be 0.55 nm. The
size distribution of L-Cys-CdSe QDs, L-Cys-CdSe/ZnS QDs, MIP@QDs and NIP@QDs are shown in
Fig. 4.3A-D.

85



Development of novel fluorescent sensors for the screening of emerging chemical pollutants in water

Figure 4.2 TEM images of (A) L-Cys-CdSe QDs (B) L-Cys-CdSe/ZnS QDs (C) MIP@QDs and (D)
NIP@QDs (scale bar 100 nm in all cases).
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Figure 4.3 Size distribution histogram of (A) L-Cys-CdSe QDs (B) L-Cys-CdSe/ZnS QDs (C)
MIP@QDs and (D) NIP@QDs.

4.3.2 Optimization of sensing variables

The aim of this work was to develop a sensor material which is selective and sensitive towards AC
molecules. The effects of MIP@QDs concentration, incubation time and pH on the fluorescence
quenching of MIP@QDs were thus studied in order to optimize these experimental variables and allow

for control thereof in subsequent application experiments.

4.3.2.1 Concentration of MIP@QDs

The amount of MIP@QDs was varied from 0.2 to 1.2 mg in 3.0 mL of Millipore water and a fixed
concentration of AC was used. The highest degree of quenching was achieved at the concentration of

0.8 mg in 3.0 mL (Fig. 4.4) which was therefore used for subsequent experiments. At higher
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concentrations possible self-quenching occurs thus only concentrations of MIP@QDs below 1.0 mg in

3.0 mL were investigated.
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Figure 4.4 Effect of the MIP@QD concentration on PL quenching efficiency (n=3). The
concentration of AC was fixed at 300.0 nmol L. The experimental conditions were excitation
wavelength 350 nm; slit widths of excitation and emission, 5.0 nm.

4.3.2.2 Effect of incubation time

The experimental results for the incubation time of MIP@QDs at a fixed concentration of AC showed a
notable increase after 14 min (Fig. 4.5). Fluorescence intensity of MIP@QDs also decreased after 14
min possibly due to self-quenching. The imprinting silica layer was ultrathin which facilitated fast
response of the MIP@QDs to AC (Wang et al., 2016a). Therefore 0.8 mg of MIP@QDs in 3.0 mL and

an incubation time of 14 min were chosen for subsequent experiments.
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Figure 4.5 Effect of incubation time on relative fluorescence of MIP@QDs with AC (n=3). The

experimental conditions were MIP@QDs: 0.8 mg in 3.0 mL'; AC: 300.0 nmol L; excitation
wavelength, 350 nm; slit widths of excitation and emission, 5 nm.

4.3.2.3 Photostability study

The photostability of MIP@QDs was investigated over 40 min which did not show a large change in PL
intensity (Fig. 4.6). The highest relative fluorescence intensity of MIP@QDs towards AC was achieved
after only 14 min.

The stabilities of MIP@QDs and NIP@QDs were then evaluated over 5 days. The FL intensity of
MIP@QDs was stable for 2 days, and then declined slightly over the next 3 days, while the change in
fluorescence intensity of NIP@QDs over 5 days was minimal (Fig. 4.7). The prototype polymer thus
displayed acceptable storage stability over time which indicated effective protection of L-Cys-CdSe/ZnS

QDs by the silica layers of the polymer.
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Figure 4.6 Photostability of MIP@QDs over 40 min (values are the average of three
measurements). The experimental conditions were MIP@QDs, 0.8 mg in 3.0 mL™'; excitation
wavelength, 350 nm; slit widths of excitation and emission, 5.0 nm.
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Figure 4.7 Average photostability of MIP@QDs and NIP@QDs over 5 days (n=3). The

experimental conditions were MIP@QDs or NIP@QDs, 0.8 mg in 3.0 mL™'; excitation wavelength,
350 nm; slit widths of excitation and emission, 5.0 nm.

4.3.3 Fluorescence sensing of acetaminophen using AC-templated molecularly imprinted
polymer-quantum dots

The binding affinity of MIP@QDs and NIP@QDs towards different concentrations of AC was
investigated by fluorescence analysis (Fig. 4.8A and B). The quenching mechanism can be described

according to the Stern-Volmer equation (Li et al., 2010):

90



Development of novel fluorescent sensors for the screening of emerging chemical pollutants in water

o1tk
F_ + sv[Q]

Here Fo and F are the fluorescence intensities in the absence and presence of the quencher,
respectively, Ksv is the quenching constant of the quencher, and [Q] is the concentration of the
quencher.

With the introduction of AC, the fluorescence intensity of the MIP@QDs was quenched linearly in the
concentration range of 1.0-300 nmol L' (Fig. 4.8A) with detection and quantification limits of 0.34 and
1.1 nmol L' respectively. The limit of detection (LOD) and quantification (LOQ) are defined by 35/m
and 108/m, where 0 is the standard deviation of the blank measurement (n=10) and m is the slope of
the calibration curve. The LOD value is lower than the guidance value of 1.3x10% nmol L' (200 ppb) for
acetaminophen in drinking water given by the Minnesota Department of Health (MDH) ("Toxicological
Summary for: Acetaminophen," 2010).

As a comparison, the binding affinity of NIP@QDs was also examined with different concentrations of
AC (Fig 4.8B). It was observed that the NIP@QDs could not bind AC as effectively, resulting in lower
sensitivity with detection and quantification limits. The decrease of fluorescence intensity of the
MIP@QDs was considerably more than for NIP@QDs at the same concentration of AC indicating better
quenching efficiency of MIP@QDs and thus an increasing in spectral sensitivity of MIP@QDs to AC.
Furthermore, due to the absence of specific recognition cavities in the structure of NIP@QDs, AC could
not entrap properly into the polymer and only the QDs located on the proximity of the surface of the
NIP@QDs could be quenched. Consequently, the fluorescence intensity of many of the QDs is

expected to have remained unchanged (Jia et al., 2017; Wang et al., 2016b).
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Figure 4.8 Fluorescence emission spectra of MIP@QDs (A) and NIP@QDs (B) in the presence of
varying concentrations of AC. The experimental conditions were MIP@QDs or NIP@QDs at 0.8
mg in 3.0 mL"; excitation wavelength, 350 nm; slit widths of excitation and emission, 5 nm. The
inset graphs display the corresponding Stern-Volmer plots of MIP@QDs and NIP@QDs with the
addition of AC (all results are the average of three replicates).

4.3.4 Selectivity of the sensor to AC

The selectivity of MIP@QDs was examined towards different analytes with similar structures to AC,
including vitamins (AA), catecholamines (EP, DA, L-Dopa), aminophenols (4-AP), analgesics and
antipyretics (KTP, Dic), antiseptics (SM), essential amino acids (TRY), hormones (ES) and UA. The

largest fluorescence quenching was observed for the MIP@QDs in the presence of AC (Fig. 4.9), while
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this response was not as large for the other analytes. The imprinted cavities left by the removal of the
template thus provided easier access to the recognition sites for AC molecules (Li et al., 2010).

Fig. 4.9 also shows the quenching of NIP@QDs with AC and the other analytes. In this case there was
much less of a difference between the sensor response to AC and other competitive compounds, i.e.

less selectivity was observed.
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Figure 4.9 Fluorescence quenching of MIP@QDs and NIP@QDs by different analytes at 300.0
nmol L. The experimental conditions were MIP@QDs, or NIP@QDs 0.8 mg in 3.0 mL™'; excitation
wavelength 350 nm; 5 nm excitation and emission slit widths. L-tryptophan (TRY), ascorbic acid
(AA), epinephrine hydrochloride (EP), uric acid (UA), dopamine hydrochloride (DA), ketoprofen
(KTP), sulfamethoxazole (SM), diclofenac sodium salt (Dic), estradiol (ES), L-3,4-
dihydroxyphenylalanine (L-Dopa) and 4-aminophenol (4-AP) (results are the average of three
replicates).

4.3.5 Proposed sensing mechanism of the MIP-capped CdSe/ZnS QDs

Two possible mechanisms have been proposed for the fluorescence quenching of MIP@QDs, namely
energy transfer and charge transfer. Fluorescence resonance energy transfer (FRET) from MIP@QDs
to AC can be excluded as there is no spectral overlap between the absorption spectra of AC and the
fluorescence emission of the MIP@QDs (Fig. 4.10A and C). We therefore conclude that a strong charge
transfer interaction took place between the electron-rich aromatic ring (conjugating OH) of AC and
electron deficient amino group of APTES.

Such a charge transfer mechanism has been also reported by Jia et al. in the case of
SiO2@QDs@mesoporous-MIPs for the fluorescence determination of 2,4-dichlorophenoxyacetic acid
over the linear range of 6.6x102-80x10% nmol L' with a detection limit of 2.1 nmol L' (Jia et al., 2017)
and Yu et al. for the determination of 4-nitrophenol via molecularly imprinted polymer coated thioglycolic
acid capped CdTe QDs over the linear range of 2.0x10%-8.0x10% nmol L' with a detection limit of 51
nmol L (Yu et al., 2017).
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Figure 4.10 UV/Vis absorption spectrum of AC (A) and MIP@QDs (B) and fluorescence emission
spectrum of MIP coated QDs (C).

4.3.6 Practical application and performance comparison

The synthesized MIP@QDs were applied to determine AC in real water samples. HPLC-MS/MS
analysis was performed as a comparative method which confirmed that the background concentration
of AC in the tap and river water samples was below the detection limit. As AC was not present in these
samples, they were spiked with three different concentrations of AC. The fluorescence of the MIP@QDs
was notably quenched upon addition of the samples, suggesting the existence of imprinted cavities with
the size and shape of AC molecules. For each sample, the experiments were conducted three times at
three spiking levels and the recoveries varied from 95% to 114% (Table 4.1), indicating the potential
application of the prototype sensor for the determination of AC in real water samples.

Although numerous studies have been reported regarding the detection of AC in different matrices,
there are limited reports for water samples. However, the performance of the synthesized MIP@QDs
AC sensor with that of other reported methods for real water samples are compared in Table 4.2.
Although the linear range is smaller compared to square wave voltammetry, for example, both the
selectivity and sensitivity of the developed MIP@QDs sensor have been markedly enhanced compared
to other reported methods. As a new material, our developed MIP@QDs fluorescence sensor is thus a
promising candidate for the selective and sensitive detection of AC in water.

Table 4.1 Spiked recovery results for the determination of AC in water samples using 2 mL of
0.8 mg of MIP@QDs in 3 mL of Millipore water and 200 pL of AC standard solution (n=3).
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Determined AC (mean+RSD;

Spiked AC (nmol L")
n=3, nmol L)

Recovery (%)

Tap water 50 52.0+0.1 104
150 146.0+0.4 97
300 320.0£0.1 107
River water 50 57.0+0.3 114
150 142.0+0.01 95
300 301.0£0.1 100

Table 4.2 Comparison of the proposed fluorescence method with other recently reported
methods for AC determination in water samples.

Linear range

-1 =
Sensor system (nmol L) LOD (nmol L') Sample matrix Reference
7.1x102 River water
CS/CPE 8.0x102-2.0x10° (Bouabi et
(SWV) 4.0x10°-1.0x108 al., 2016)
6.8x102 Seawater
<66.2 Surface water (Agunbiade
HPLC-DAD 3.8x10"-3.9x102 & Moodley,
2014
390.3 W?stewater 014)
influent
Potable, tap
Biocatalvtic water and (Méndez-
SDECHTO hot};metr 2.0x103-1.4x104 5.5x102 treated Albores et
P P y wastewater al., 2015)
effluent
MWCNT/PE/surfactant 1 5x10%1.8x10° 3.0x10?
(DPV) Tap and
. (Gorla et al.,
domestic 2016)
MWCNT/PE/surfactant wastewater
1.5x104-1. 5 . 3
(SWV) 5x10%-1.2x10 4.4x10
MIP-capped L-Cys 1.0-300.0 0.34 Tapandriver o ork

CdSe/ZnS QDs

water

CS/CPEL: Chitosan modified carbon paste electrode; DPV: Differential pulse voltammetry; HPLC-DAD:
High-performance liquid chromatography-diode array detector; LOD: Limit of detection;
MWCNT/PE/surfactant: Multi-walled carbon nanotubes/paste electrode in the presence of a surfactant;
SWV: Square wave voltammetry.
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PART B — MOLECULARLY IMPRINTED POLYMER CAPPED CORE/SHELL QUANTUM
DOTS FOR ATRAZINE DETECTION

4.4 INTRODUCTION

Atrazine is used extensively in agriculture for controlling weeds and it may eventually contaminate water
systems through leaching, runoff and spray drift. The high global use of atrazine, and pesticides in
general, can be attributed to the ever increasing food demand and the need to ensure food security
which consequently comes with the risk of environmental contamination. Atrazine has been reported to
occur in South African water systems by several WRC studies (Dabrowski, 2015a, 2015b; Dabrowski
et al., 2013; Dabrowski & Balderacchi, 2013; Dabrowski & Schulz, 2003; Dabrowski et al., 2014; Du
Preez et al., 2005; Patterton, 2013). These reports make a strong case for the prioritisation of atrazine
as a priority emerging chemical pollutant (ECP) and warrant the development of sensitive and
economical analytical methods which can be used routinely as an alternative to current conventional

methods, which are relatively expensive.

In a paper by Nsibande & Forbes (2016) we reviewed different studies on the application of QDs as
fluorescence probes for pesticide detection. Different functionalisation strategies were also reviewed
but none of the studies had used QDs as fluorescence probes for atrazine detection. Here we
demonstrate that by using molecularly imprinted polymers (MIPs), QDs can be applied for the detection
of atrazine. Some of the attractive advantages of using MIPs is that they are easy to prepare, cost
effective, and have high mechanical and chemical stability, and can be tailored to be selective towards
an analyte of interest. The choice of monomer is very important when preparing MIPs as it should be
able to interact with the target analyte. The favoured monomer for atrazine MIPs is methacrylic acid
(MAA) as it has better imprinting effects and allows for maximum hydrogen bonding with atrazine (Han
et al., 2017; Lakshmi et al., 2013). Thus we report on the development of MIP functionalized
CdSeTe/ZnS QDs (CdSeTe/ZnS@MIP) for detection of atrazine in water.

4.5 MATERIALS AND METHODS

4.5.1 Chemicals

Cadmium oxide (CdO), octadec-1-ene (ODE), tellurium powder (Te), zinc oxide, sulphur (S), selenium
powder (Se), trioctylphosphine oxide (TOPO), L-cysteine, oleic acid (OA), atrazine standard, (3-
mercaptopropyl)trimethoxysilane (MPS), methacrylic acid (MAA), ethylene glycol dimethacrylate
(EGDMA), and 2,2'azobisisobutyronitrile (AIBN) standard were purchased from Sigma-Aldrich.
Methanol, absolute ethanol, chloroform, acetone, and potassium hydroxide (KOH) were purchased from

Associated Chemical Enterprises (ACE). Deionized water was supplied by a Milli-Q water system.
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45.2 Equipment

Fluorescence emission measurements were recorded on a Horiba Jobin Yvon Fluoromax-4
spectrofluorometer. UV-vis absorption spectra were recorded on a Cary Eclipse (Varian)
spectrophotometer. Transmission electron microscopy (TEM) images were taken using a JEOL JEM
2100F operated at 200 kV. Powder XRD patterns were obtained using a Bruker, D2 Phaser, Cu(Ka)

radiation (A=1.54184 A). FT-IR spectra were measured using a Bruker Alpha-T spectrometer.

4.5.3 Synthesis of CdSeTe/ZnS QDs

The synthesis of CdSeTe/ZnS QDs was carried out based on a reported procedure for the synthesis of
core/shell QDs (Adegoke & Forbes, 2015) with some modifications. A schematic illustration of the
synthesis process is shown in Fig. 4.11. Briefly, CdO was added into a solution of 50 mL of ODE and
30 mL of OA and the solution was vigorously stirred in a 3-necked flask under argon atmosphere to a
temperature of ~ 260°C in order to form a colourless Cd-OA complex. A pre-mixed TOPTe solution
containing 0.48 g of Te and 1.93 g of TOPO in ODE was added into the solution and this was followed
swiftly by the addition of a TOPSe solution containing 0.30 g of Se and 1.93 g of TOPO in ODE.
Nucleation and growth of the alloyed core QDs was allowed to proceed after which a ZnO solution
containing in OA and ODE was injected into the growth solution and this was followed immediately by
the addition of the S precursor. The CdSeTe/ZnS QDs were allowed to react for around 40 min with
continuous monitoring of the shell growth. Purification of the hydrophobic QDs was carried out using

methanol followed by acetone.

Argon gas

Cdo, OA,
TOPO and ODE

240 - 250 °C

260 -270°C
R —— - »
Core nucleation Alloying and 230 - 240 °C (~15 min)
core growth

Shell passivation & growth

Then quenching to

room temperature
0

rz,OH
NH, o
-3
o] HS OH
N
NH,

MeOH, KOH, H,O
Ligand exchange

5 o}

HaN OH

Hydrophilic QDs Hydrophobic QDs

Figure 4.11 Schematic illustration of the synthesis of hydrophobic CdSeTe/ZnS QDs through
stepwise hot injection of organometallic precursors. The reaction was continuously purged with
argon while monitoring time and temperature. Water soluble QDs were obtained after ligand
exchange with L-cysteine.
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4.5.4 Functionalisation of CdSeTe/ZnS QDs with MIPs

Firstly, the L-cysteine capped QDs were functionalized with MPS through active condensation of the
hydroxyl groups (Bressy et al., 2012) in order to introduce polymerizable vinyl groups on the QD surface.
The alkoxy groups in MPS were hydrolyzed due to presence of water in the reaction. This gave rise to
silanol groups which then condensed with the OH- groups of L-cysteine on the QD surface. The silanol
groups can also condense with one another to form a polymeric siloxane ‘shell’ around the QDs as
shown Fig. 4.12. This results in encapsulation of the QD surface with silica groups and introduces the
vinyl groups for polymerization. During the polymerisation step, atrazine was used as a template
(2 mg), MAA was the functional monomer and EGDMA was added as a cross-linker. A few drops of

AIBN were added to initiate the polymerisation reaction.
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Figure 4.12 Schematic illustration of simultaneous silica encapsulation and vinyl modification
of the L-Cys CdSeTe/ZnS QDs.

4.5.5 Procedure for fluorescence sensing of atrazine

The sensor solution was prepared by dissolving the CdSeTe/ZnS@MIP solution in ethanol and
sonicating for several minutes to allow dispersion thereof. The concentration of the QD@MIP was
optimized by dilution to 0.05 mg L™ to avoid self-quenching during sensing. Also, the pH of the sensing
solution was then adjusted to pH 8 using PBS buffer, as this was determined to be the optimum. To
500 uL of the buffered sensing solution, 100 uL atrazine standard solution (2-20 x 107 mol L") was
added and the mixture was incubated for 5 min before taking fluorescence measurements. This was to
allow binding of atrazine to the cavities of the polymer. The interaction is mainly through hydrogen
bonding with the -COOH groups of the MAA monomer as shown in Fig. 4.13.

The selectivity of the QD@MIP sensor was investigated using terbuthylazine and simazine. To 500 pL
(pH 8) of the sensor solution, 100 L of 6 x 107 mol L' of each compound was added followed by a 5

min incubation time before taking PL measurements.
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For all fluorescence measurements, 365 nm excitation wavelength was used and both the excitation
and emission slit widths were set to 5 nm. To test the performance of the sensor in real water samples,
these were collected from a local tap and from a lake at the University of Pretoria’s Sports Campus.
After collection the samples were placed in a cooler box and taken for storage in a refrigerator (at 4°C)
in our lab. Before analysis, the water was centrifuged at 4000 rpm and filtered to remove excess humic
matter and particulate suspensions.

These samples were spiked at three different concentrations (2 x 107, 6 x 107 and 12 x 107 mol L")
and then 100 pL of each spiked sample was mixed with 500 pL of buffered CdSeTe/ZnS@MIP sensor

solution and an incubation period of 5 min was allowed before taking fluoresence measurements.

—————
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_) ! J
TN \\
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Figure 4.13 Schematic illustration of the binding of atrazine (template) carboxyl groups to MAA
through hydrogen bonding (green dotted lines) on the MIP matrix and the specific site cavities
left after removal of the template.

Figure 4.14 The theoretical interaction of atrazine with MAA monomers through hydrogen
bonding. The numbers are the theoretical hydrogen bond lengths in A (Han et al., 2017).
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4.6 RESULTS AND DISCUSSION

4.6.1 Characterization

4.6.1.1 X-ray diffraction (XRD)

The powder XRD patterns that were obtained (Fig. 4.15) show the typical zinc blende crystal structure
for the core and core/shell QDs corresponding to {111}, {220} and {311} planes. These confirm epitaxial
growth and formation of the ZnS shell around the CdSeTe core whose crystalline form is retained during
the synthesis (Liang et al., 2010). This structure was also observed after functionalization of the QDs
with  MPS and MIP, thus confirming presence of the QD in the final sensor material
(CdSeTe/ZnS@MIP).

(111)

0 (220) (311)

1 CdSeTe/ZnS-MIP

CdSeTe/lZnS-MPS

Counts

:L-Cys-CdSeTeIZnS QDs

L-Cys-CdSeTe QDs

20 (degrees)

Figure 4.15 Powder X-ray diffraction patterns for CdSeTe QDs, CdSeTe/ZnS QDs, CdSeTe/ZnS-
MPS and CdSeTe/ZnS@MIP showing the characteristic zinc blende crystal structure which was
retained after polymerization.

4.6.1.2 FT-IR analysis

FTIR spectra were recorded for L-Cys, core and core/shell QDs as shown in Fig. 4.16. The stretching
bands for C=0 and C-O were observed at 1537 cm™ and 1434 cm, respectively. The bands at
2924-2850 cm™' were attributed to N-H. A broad band at ~3500 cm-' was attributed to O-H stretching.
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This FTIR data, together with disappearance of the S-H band at 2077 cm™ indicated successful
functionalization of the QD surface. The strong peak at 1094 cm™ in both QD-MPS and QD-MIP is

attributed to the polymeric siloxane (Si-O) groups.
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Figure 4.16 FTIR spectra of CdSeTe QDs, CdSeTe/ZnS QDs, CdSeTe/ZnS-MPS and
CdSeTe/ZnS@MIP.

4.6.1.3 TEM analysis

TEM analysis was carried out to investigate the particle size and distribution of the different
nanoparticles. As shown in Fig. 4.17, the L-Cys-CdSeTe core was mono dispersed in water and had
an average particle size of 3.1 £ 0.1 nm, while the L-Cys-CdSeTe/ZnS core/shell QDs had an average
size of 5.0 + 0.5 nm, confirming coating of the core with the ZnS shell. On the other hand, the
CdSeTe/ZnS@MIP TEM image (Fig. 4.17 C) showed that the QDs were successfully embedded inside
the polymer matrix after functionalisation and the polymer had formed a web-like structure which could

be due to the amount of monomer and/or cross-linker that was used.
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Figure 4.17 TEM images showing spherically shaped CdSeTe (A) and CdSeTe/ZnS (B) QDs
dispersed in water. The insets show statistical size distributions with Gaussian fits (black
curves). The average particle size (mean * HWHM) for the core was 3.1 £ 0.1 nm while the
core/shell was 5.0 £ 0.5 nm. Images in (C) show the CdSeTe/ZnS@MIP material with the QDs
imbedded inside the polymer’s fiber-like network.
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4.6.1.4 Optical properties

The normalized fluorescence spectra of core QDs, core/shell QDs and QD@MIP are shown in
Fig. 4.18. During the synthesis of the core, it was allowed to grow until the fluorescence maximum was
at 575 nm before adding the ZnS which allowed the QD to grow further resulting in a 30 nm red shift in
fluorescence emission to 605 nm. It was observed that following the polymerization process, the
emission of the QD slightly blue shifted 599 nm. Accordingly, the band gap for the core, core/shell, and
QD@MIP were found to be 2.16, 2.05 and 2.07 eV, respectively. The characteristic broad absorption

spectrum for each QD material is shown in Fig. 4.19 with the corresponding fluorescence emission

spectrum.
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Figure 4.18 Fluorescence emission spectra of CdSeTe QDs at 575 nm, CdSeTe/ZnS QDs at 605
nm, and CdSeTe/ZnS@MIP at 599 nm. The excitation wavelength was 363 nm for all
measurements.
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Figure 4.19 Absorption spectra (dotted lines) of CdSeTe QDs, CdSeTe/ZnS QDs and
CdSeTe/ZnS@MIP along with corresponding emission spectra.

4.6.1.5 Sensing application

Sensing experiments were conducted for testing the response of the sensor to atrazine (Fig. 4.20).
Stock solutions of atrazine were prepared over a range of concentrations from 2-20 x107 mol L. A
QD@MIP stock solution was also prepared by dissolving the QDs in water followed by dilution of the
solution until the intensity was below 5x10°% CPS to avoid saturation of the fluorescence detector. Upon
interacting with the MIP, atrazine molecules would bind to the carboxylic groups of the MAA monomers
through hydrogen bonding (Han et al.,, 2017; Lakshmi et al., 2013) resulting in quenching of the

fluorescence intensity with increasing atrazine concentration.
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Figure 4.20 The fluorescence spectra of L-Cys-CdSeTe/ZnS@MIP in the presence of varying
concentrations of atrazine (2-20 x10” mol L™"). The inset shows the linear response of Fo/F versus
atrazine concentration where Fo is the fluorescence intensity of CdSeTe/ZnS@MIP without
atrazine and F is the fluorescence intensity after interaction with atrazine (n = 3).

4.6.1.6  Selectivity of the sensor to atrazine

The selectivity of the QD@MIP sensor was investigated using atrazine structural analogues, namely
terbuthylazine and simazine. These herbicides have similar uses to atrazine and therefore it is not
uncommon that they occur simultaneously with atrazine in water systems. To 500 yL (pH 8) of the
sensor solution, 100 L of 6 x 107 mol L' of each compound was added followed by a 5 min incubation
time before taking PL measurements. As can be seen in Figure 4.21, the fluorescence intensity was

quenched more in the case of atrazine than for terbuthylazine and simazine, respectively
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Figure 4.21 Quenching effects of atrazine, simazine and terbuthylazine on CdSeTe/ZnS@MIP
sensor solution. 100 pL of 6 x 107 mol L' for each compound was used (n = 3).

4.6.1.7 Practical application

Water samples were collected from a local tap and from a lake at the University of Pretoria’s Sports
Campus. These samples were spiked at three different concentrations along the calibration curve and
each concentration was analyzed, where 100 uL of the spiked sample was mixed with 500 yL of
buffered CdSeTe/ZnS@MIP sensor solution and an incubation period of 5 min was allowed before
taking fluoresence measurements. Table 4.2 shows the recoveries and these were found to be
satisfactory ranging from 92-118%, showing that the performance of the sensor was not greatly affected

by compounds which could be present in environmental water.
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Table 4.2 Recovery test of atrazine spiked in tap water and lake water at three different
concentrations (n = 3)

Water Spiked Detected atrazine
sample atrazine (mean £RSD; n = Recovery (%)
(mol L) 3, mol L)
2x107 24 +0.2 119
Tap water 6 x 107 6.1+0.1 101
12 x 107 11.0 £ 0.04 92
2 x107 22+0.1 111
Lake water 6 x 107 6.2+0.2 103
12 x 107 11.6£0.2 97

The performance of the sensor was then compared to other atrazine sensors as shown in Table 4.3. It
is important to note that these sensors are not based on quantum dot materials and some are not based
on the fluorescence detection technique. Despite these differences, the CdSeTe/ZnS@MIP sensor still

has a relatively low detection limit.

Table 4.3 Comparison of the performance of the CdSeTe/ZnS@MIP sensor with other sensors
for atrazine detection.

Sensor material Detection Matrix Linear range LOD Reference
method (mol L) (mol L)
MICP on Pt cv - 1015 x107° 1.0 x10® Pardieu et al.
electrode (2009)
MIP film using o-PD DPV = 0.05-1.4 x10”" 0.001x10®  Lietal. (2015)
Ag/AgCl electrode cv - 1-10 x10° - Shoji et al.
@MIP (2003)
Pt NPs/C3N4 NTs SWv - 1012-10-10 0.15 x 1012 Liu et al., (2016)
Fe,O,- Fluorescence Water 232.185.4x10"° 0.86 x10° Liu et al. (2016)
Chitosan@MIP
Si0o,@Zn Fluorescence Dl water & 0-1x10~" 1.8 x10® Liu et al. (2011)
protoporphyrin — Lake
MIP (core-shell) water
CdSeTe/ZnS@MIP  Fluorescence Water 2.20 x 10" 0.80 x 10” This work
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4.7 CONCLUSION

MIPs were successfully used to functionalise QDs in this study, which combined the sensitivity of QD
fluorescence sensors with the selectivity of MIPs. The resulting novel materials were applied towards
the sensing of two emerging chemical pollutants (ECPs), namely acetaminophen (a pharmaceutical)

and atrazine (a pesticide) in water.

The nano-molar level fluorescence detection of acetaminophen was achieved with the utilization of L-
Cys-CdSe/ZnS QDs embedded in a MIP, likely via a charge transfer induced fluorescence quenching
process from MIP@QDs to AC. The structures of QDs, MIP@QDs and NIP@QDs were characterized
by fluorescence spectroscopy, FTIR and TEM. Quenching of the photoluminescence of the synthesized
MIP@QDs enabled the determination of AC at concentrations as low as 0.34 nmol L' & over the linear
concentration range of 1.0-300 nmol L. The prepared MIP@QDs were highly selective to AC with
outstanding reproducibility (3.7%). The simple and economical preparation of the MIP@QDs, good
photostability as well as selectivity towards AC, allowed for this novel sensor material to be successfully
applied in the analysis of nanomolar concentrations of AC in water samples with recoveries of 95% to
114%.

The development of alternative methods for detection of atrazine is also necessary due to the cost of
sample analysis by conventional chromatographic methods. Here we reported on a CdSeTe/ZnS@MIP
fluorescence sensor which was synthesized and characterized using various techniques to confirm
functionalization of the QDs with the MIP polymer. Application of the sensor towards atrazine detection
showed a linear response (fluorescence quenching) with increasing atrazine concentration in the range
from 2-20 x107 mol L'. The performance of the sensor compared to other methods showed that the
sensitivity needs to be improved in order to lower the detection limit (0.80 x10" mol L"). A low detection
limit is crucial for atrazine monitoring in environmental water samples, where the concentrations can be
as low as 0.01 to 0.19 ug L' (Patterton, 2013). The World Health Organization (WHO) guideline limit
for atrazine in water is 0.1 mg L' (4.6 x 107 mol L") hence the sensor has potential in regulatory
applications. The performance was further tested in tap and lake water samples and showed

satisfactory recoveries ranging between 92-118%.
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CHAPTER &: THE IMMOBILIZATION OF QUANTUM
DOTS

5.1 INTRODUCTION

Quantum dots have been applied in a range of real devices such as sensors (Biju et al., 2005; Wuister,
de Mello Donega, & Meijerink, 2004), light emitting diodes (Coe, Woo, Bawendi, & Bulovi¢, 2002) and
photovoltaic cells (Bruchez, Moronne, Gin, Weiss, & Alivisatos, 1998). In order to have a high-density
homogeneous distribution of QDs compatible for real device use, the QDs should be supported in host
matrices. Although this leads to some degree of quenching of the photoluminescence quantum yield, it
is of great importance to select a host matrix which provides an intact band gap of the QDs and

photoluminescence efficiency (Selmarten et al., 2005).

The development of luminescence based sensing devices ideally requires immobilization of the sensing
indicators, in this case the quantum dots, onto or into solid supports to form active solids for working in
flowing solutions and allowing for re-use. Forming such active materials also brings the advantage of
reducing the potential for leaching of the QDs into the solution while equilibrium with the target analyte
is being established. The immobilization process, however, may reduce the luminescence efficiencies
of the QDs due to aggregation, oxidation and poor adhesion on the support material. The challenge

therefore, is to retain the properties of the QDs after the immobilization process.

Different polymers and strategies have been utilized for the preparation of supporting host matrices for
QDs including covalent and non-covalent conjugation of QDs to polymers (Zhang et al., 2005; Zucolotto
et al., 2005) and simple mixing of QDs and polymers (Choudhury, Sahoo, Ohulchanskyy, & Prasad,
2005; Qi, Fischbein, Drndi¢, & Selmié, 2005). Covalent conjugation of QDs to host materials is
preferable so as to reduce the phase segregation of QDs. QDs which are directly mixed with polymers
(epoxy or silicone matrices), typically form large agglomerates which constrains their application. For
example, it decreases the power efficiency of QD based LEDs (Wang, Li, & Sun, 2011).

Poly(dimethylsiloxane) (PDMS) provides advantages compared to poly(vinyl pyrrolidone) (PVP) such
as optical transparency, electrical and thermal insulation, easy molding into various structural forms,
structural flexibility when molded, and efficient covalent conjugation to silanes which can bridge other
molecules/systems to PDMS. More importantly, PL properties of QDs remain intact in the presence of
PDMS (Hammond, 1999; McDonald & Whitesides, 2002).

Tao et al. (2013) used a silicone matrix to prepare highly transparent luminescent CdSe-silicone
nanocomposites. In comparison with epoxies, silicones as encapsulant materials provide better thermo-
mechanical stabilities for high brightness LEDs. In 2012, researchers modified poly(acrylic acid) (PAA)
with both N-octylamine and 5-amino-1-pentanol to make a covalent conjugation with CdSe/ZnS

nanocrystals (NCs). They then used NC encapsulated with the modified PAA for sensing of rhodamine
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isothiocyanate. This strategy not only provided water solubilization but also functionalization of the NCs

(Somers, Snee, Bawendi, & Nocera, 2012).

Here we focus on PDMS because of its advantages which include low cost, low toxicity, flexibility, as
well as its ability to absorb organic non-polar analytes. We therefore sought to fabricate thin films of
PDMS embedded with QDs and to study the properties of the resulting PDMS-QD material with the

intention to use it to detect emerging chemical pollutant (ECP) compounds in future work.

5.2 PREPARATION OF QUANTUM DOT PDMS FILMS

5.21 Chemicals and equipment

Poly(acrylic) acid solution (25% from Polysciences, Inc), and Sylgard™ 184 silicone elastomer kit
(Dow™) consisting of base and curing agent were used for thin film manufacture using a Laurell WS-
650MZ-23NPPB spin coater from Laurell Technologies Corporation (USA). All chemicals, consumables
and the spin coater were supplied by Black Hole Labs (Paris, France). QDs synthesized using methods
reported in previous chapters, specifically CdSeTe/ZnS and graphene QDs, were immobilized in the

thin films.

5.2.2 Preparation of PDMS@QD films

The procedure for preparing the PDMS@QD thin films by spin coating is shown in Fig. 5.1. 20.6 g of
PDMS was mixed with 2.0 g of curing agent by stirring to form a ~ 10:1 elastomer. To this mixture,
0.041 g mL" of CdSeTe/ZnS (0.0123 g dissolved in 3 mL chloroform) was added and mixed with a
glass stirring rod. The air bubbles in the resulting mixture were removed by placing the mixture under
vacuum for ~30 min.

A 4 inch silicon wafer substrate was prepared and cleaned with acetone and isopropanol followed by
drying with compressed air. Then, 6 mL of diluted PAA (12.5%) was placed on the whole of the wafer
and spun at 300 rpm for 15 s (acceleration of 1000 rpm/s).

The resulting PAA film was heated on a hot plate at 150°C for 1 min and then cooled to room
temperature. 5 mL of the degassed QD@PDMS mixture was placed at the center of the PAA coated
wafer and spin coated firstly at 500 rpm (300 rpm/s for 10 s) to disperse it on the wafer, then at 1200
rpm for 5 min to form a thin membrane on the wafer. The resulting PDMS membrane was heated at
150°C on a hot plate to complete the polymerization before cooling to room temperature. The edges
were scraped with a scalpel to provide an opening for water to dissolve the PAA film. The membrane
was then left overnight in water to completely dissolve the PAA sacrificial layer and to lift off the PDMS
film from the substrate. The resulting fluorescent film was viewed under UV-light and the fluorescence
properties were observed using a spectrofluorometer after transferring a portion of the film onto a glass

microscope slide.
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Similarly, a PDMS@GQDs film was prepared using GQDs synthesized from citric acid precursor. After
dispersion of the GQDs in the PDMS base and curing agent mix, the mixture was spun on the substrate

to form a blue fluorescent film.

5.2.3 Sensing of atrazine using the PDMS@QDs thin film

A small piece of the PDMS@QDs thin film (prepared using CdSeTe/ZnS QDs) was cut and was placed
on a glass microscope slide. Initial fluorescence measurements were taken using the fluorescence
spectrometer. The thin film was then immersed in a 1.5 x 10-° mol L' standard solution of atrazine for

15 min before fluorescence measurements were repeated.

5.3 RESULTS AND DISCUSSION

5.3.1 Previous work

In our previous study, PDMS@QD films were produced by spin coating on microscope glass slides,
using a spin coater from another department at the University of Pretoria. The PL peaks were, however,
very broad and had greatly reduced intensities compared to the pure QDs in solution. The dispersion
of the QDs in the polymer matrix was very poor and the concentration of the QDs on the matrix was too
low. Thus optimization of these parameters was needed. In addition, means to better remove small
bubbles in the films and to produce a more homogeneous thin film of constant thickness required
investigation.

We therefore purchased a spin coater assembly which has the necessary components to effectively
and efficiently prepare thin films, including a de-gassing setup to prevent air bubble defects. This
turnkey complete spin coater assembly consists of the spin coater, vacuum pump, degassing assembly,
chemicals and consumables. Unfortunately the first spin coater which was delivered was found to be
faulty after much trouble shooting, which delayed progress initially. The supplier subsequently sent a
new spin coater, which was successfully commissioned and allowed for the preparation of excellent

quality thin films in which QDs were homogeneously embedded.
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Figure 5.1 Preparation of a fluorescent PDMS@CdSeTe/ZnS QD thin film by means of spin coating (PAA: poly(acrylic) acid).
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5.3.2 Optical properties of the PDMS@QD films

To study the fluorescence properties of the PDMS@QD film, a small piece was cut and placed on a
glass microscope slide before being analyzed by fluorescence spectrometry using a solid sample
holder. The fluorescence spectrum of the PDMS@QD film is shown in Fig. 5.2 and is compared with
that of the CdSeTe/ZnS QDs in solution. It was observed from the normalized spectra that the strong
emission peak of CdSeTe/ZnS QDs at 580 nm was slightly redshifted (to 594 nm) upon incorporating
them onto the PDMS. This could be due to the passivating effect that the PDMS has on the QDs thus
affecting their surface states. The PDMS@QDs films had a strong fluorescence as seen visually when
illuminating the film under UV light (Fig. 5.3 & 5.4) where red fluorescence was evident for the
PDMS@CdSeTe/ZnS film and blue fluorescence was seen from the PDMS@GQD film. This indicates
their potential use in portable, re-usable sensor devices for target analytes, where different fluorescence

emission wavelengths are required.
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Figure 5.2 Fluorescence emission spectra of CdSeTe/ZnS QDs in chloroform and PDMS@QDs
films. (Excitation wavelength = 350 nm, emission and excitation slit widths = 5 nm).
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Figure 5.4 Images of PDMS@GQDs film viewed under UV-light.

5.3.3 Application of PDMS@QD thin films for atrazine sensing

The ability of the prepared PDMS@QD (using CdSeTe/ZnS QDs) thin film to detect one of the target
compounds, namely atrazine, was tested. As shown in Fig. 5.5, a small piece of the PDMS@QDs thin
film was placed on a glass microscope slide and initial fluorescence measurements were taken. The
same piece of thin film was then immersed in 1.5 x 10 mol L' atrazine a solution for 15 min before
repeating the fluorescence measurements. This initial test experiment showed that the interaction of
the PDMS@QDs with atrazine led to an increase in fluorescence intensity (Fig. 5.6). Future work will
investigate the mechanism of this interaction as well as the effects of potential interfering ECP

compounds.
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Figure 5.5 (A) Small piece of PDMS@QDs placed on a glass slide for sensing (viewed under UV
light). (B) Sensing test where the glass slide with PDMS@QDs was placed in 1.5 x 10-° mol L

atrazine solution before repeating PL measurements.
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Figure 5.6 Fluorescence spectra showing the response of the PDMS@QD sensor to 1.5 x 10”7
mol L' of atrazine (black dashed line before exposure and red line after exposure to atrazine).
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5.4 CONCLUSION

PDMS has been successfully used for the immobilization of QDs to produce thin fluorescent films. As
proof of concept, CdSeTe/ZnS QDs and graphene quantum dots (GQDs) were incorporated into the
PDMS through spin coating and red and blue fluorescent films were thus obtained. The
CdSeTe/ZnS@PDMS thin film was tested for atrazine detection and an enhanced fluorescence signal
was found. These fluorescent films hold great potential in designing reusable rapid field monitoring
sensors for targeted ECP compounds in water systems. The sensitivity and stability of QDs combined
with the inertness, flexibility, and ability of PDMS to pre-concentrate analytes will open doors for

designing sensitive and robust fluorescence sensors for routine monitoring of ECPs.
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CHAPTER 6: CONCLUSIONS & RECOMMENDATIONS

6.1 CONCLUSIONS

The reviewed literature showed that the target compounds included in this study (namely triclosan,
acetaminophen, PAHs and atrazine) are constantly being released into the environment from various
sources, mainly through human activities. A number of studies have also demonstrated that these
substances have potential negative effects on the health of aquatic organisms and humans. Exposure
to some of these compounds has been shown to disrupt reproductive cycles in some animals and has
also been linked to carcinogenic effects. This, therefore, shows the importance of continuous monitoring
and regulation of these compounds in the environment, including water resources, especially in water

scarce countries such as South Africa.

Triclosan (TCS) is a biocide which is routinely added to a wide range of personal care, veterinary,
industrial and household products. It can persist in the environment and shows toxicity towards various
organisms. The continuous exposure of aquatic organisms to TCS and its bioaccumulation potential
have led to detectable levels of this biocide in a wide array of aquatic species. Mammalian systemic
toxicity studies have shown that TCS is neither acutely toxic, mutagenic, carcinogenic, nor a
developmental toxicant, while endocrine disruption related to thyroid hormone homeostasis disruption
and possibly the reproductive axis has been noted. Moreover, there is strong evidence that aquatic
species such as algae, invertebrates and certain types of fish are much more sensitive to TCS than
mammals. Specifically, algae is highly sensitive indicator organism that may be impacted by TCS
occurrences in surface waters at levels of 200-2,800 ng L™, where the worldwide concentration has
been found to range from 1.4-40,000 ng L. The Minnesota Department of Health (MDH) has developed
a guidance value of 50 ppb (50,000 ng L") for triclosan in drinking water, whilst the Canadian Federal
Water Quality Guideline (FWQG) for the protection of aquatic life from adverse effects of triclosan is
380 ng L.

Acetaminophen (AC), or paracetamol, is an over-the-counter analgesic. Although acetaminophen is
removed from wastewater by chemical oxidation processes, it has been detected in surface waters,
wastewater and drinking water throughout the world. Concentrations of acetaminophen in surface water
of over 10,000 ng L' have been reported, including in Kenya and South Africa (107,000 ng L' and
59,000 ng L™, respectively) which are higher than the predicted no-effect concentration (PNEC) of
9200 ng L-'. Hence, AC might represent a threat to non-target organisms. A guidance value of 200 ppb

(200,000 ng L") for acetaminophen in drinking water has been set by the MDH.
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PAHs are known to have generally low solubility in water hence they are typically found at very low
concentrations in this medium, although they are ubiquitous environmental pollutants arising from
combustion processes. Local studies have shown that PAHs occur in water systems at mean
concentrations ranging from 0.035-532 ug L. However, even at these low concentrations they are of
concern, as some PAH compounds like benzo[a]pyrene have been shown to have LC50 of around
4 ug L' towards cladoceran species. The reviewed literature shows that PAH exposure can lead to

various toxicities leading to negative effects on some aquatic organisms.

The target pesticide, atrazine, is a commonly used herbicide that has been frequently detected in local
water systems. The typical concentration that has been previously reported in WRC studies for this
compound ranges from 0.01-0.19 ug L. In this context, it is important to note that the World Health
Organization (WHO) has set the guideline limit for atrazine in drinking water to 0.1 mg L' and the
reported concentrations are well below this limit. However, it is also important to note that some studies
have reported carcinogenic effects at much lower concentrations of 50-649 ng L-'. Other negative
toxicological effects that atrazine can cause to aquatic organisms have also been highlighted in the

literature, making it a contaminant of environmental concern.

It needs to be remembered that ecotoxicity testing of compounds merely provides indications of acute
effects in vivo in specific organisms of different trophic levels after short-term exposure, and only rarely
after long-term (chronic) exposures. The results may thus not accurately reflect potential environmental
toxic effects induced by long-term exposure to low levels of these pollutants. Moreover, in water
systems a mixture of compounds is invariably present, therefore the risk of additive and synergistic toxic
effects cannot be ignored. Local hotspots of elevated concentrations of contaminants near sources
may also occur, which are outside the ranges of expected environmental levels reported in the literature.
It is therefore important to monitor the levels of the target compounds in South African water systems
as widely as possible in order to effectively and proactively manage our resources and to minimize

potential negative toxicological effects.

Water soluble L-Cys functionalized CdSe/ZnS QDs were successfully synthesised and employed as a
fluorescence sensor for the determination of acetaminophen in water samples. The operating
mechanism of the designed probes was based on the fluorescence “turn-on” mode. Under optimum
conditions, with the addition of acetaminophen to QDs in aqueous solution, the original PL intensity of
the QDs was enhanced most likely due to fluorescence resonance energy transfer from analytes to
QDs which was found to be linear within the concentration range of 3.0-100 nmol L' AC with a detection
limit of 1.6 nmol L-'. The method could therefore be applied to detect AC at nanomolar levels, which is
environmentally relevant. Other advantages of this method include its simplicity, as well as stability and

resistivity of QDs against photobleaching under ambient light conditions. The application of the sensor
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to additionally related pharmaceuticals (such as ketoprofen, sulfamethoxazole, L-tryptophan, estradiol,

L-Dopa and diclofenac sodium salt) may also be possible.

We also designed and synthesized core-shell structured GSH-CdSe/ZnS QDs via a one pot
organometallic synthesis method. Transmission electron microscopy images, FTIR spectra and
fluorescence spectra confirmed the successful synthesis of QDs and the formation of a GSH coating
thereon. The fluorescence of QDs was effectively enhanced by TCS at an emission wavelength of 598
nm over the concentration range of 10-300 nmol L' with a detection limit of 3.7 nmol L-" which confirmed
the applicability of the method to detect TCS at nanomolar levels. The turn-on mechanism of the sensing
process is likely associated with energy transfer from TCS to the QDs. The good response of this probe
to TCS facilitates its application in the detection and determination of TCS in real water samples in the

field of environmental monitoring.

Fluorescence sensor materials for detection of phenanthrene (GQDs) and atrazine (L-Cys-CdSeTe/ZnS
QDs) were synthesized and initial tests were carried out to test their performance. Some of the important
parameters that are crucial for the performance of the sensors were investigated and optimized. A low
concentration of the sensor solution of 0.5 mg L' was used and appears to give a good response to
the target analytes. The interaction time (incubation time) between sensor solutions and target analytes
was also investigated and 5 min was found to be sufficient for both atrazine and phenanthrene as a
representative PAH compound, respectively. This short interaction time is ideal for application of the
sensor in cases where there are a large number of samples for analysis. Upon interaction of the
CdSeTe/ZnS QD sensor with atrazine, the fluorescence was quenched linearly within the 2-10 x 10”7
mol L' range and the LOD was determined to be 1.8 x 107 mol L!. The GQDs were able to interact
with PAHs through -1 interaction and for phenanthrene the sensor showed a linear response over
1-5 x 107 mol L' and the LOD was found to be 2.5 x 108 mol L.

MIPs were successfully used to functionalise QDs in this study, which combined the sensitivity of QD
fluorescence sensors with the selectivity of MIPs. The resulting novel materials were applied towards

the sensing of two emerging chemical pollutants, namely acetaminophen and atrazine in water.

The nano-molar level fluorescence detection of acetaminophen was achieved with the utilization of L-
Cys-CdSe/ZnS QDs embedded in a MIP, likely via a charge transfer induced fluorescence quenching
process from MIP@QDs to AC. The structures of QDs, MIP@QDs and NIP@QDs were characterized
by fluorescence spectroscopy, FTIR and TEM. Quenching of the photoluminescence of the synthesized
MIP@QDs enabled the determination of AC at concentrations as low as 0.34 nmol L' & over the linear
concentration range of 1.0-300 nmol L. The prepared MIP@QDs were highly selective to AC with
outstanding reproducibility (3.7%). The simple and economical preparation of the MIP@QDs, good

photostability as well as selectivity towards AC, allowed for this novel sensor material to be successfully

120



Development of novel fluorescent sensors for the screening of emerging chemical pollutants in water

applied in the analysis of nanomolar concentrations of AC in water samples with recoveries of 95% to
114%.

A CdSeTe/ZnS@MIP fluorescence sensor was synthesized and characterized using various
techniques to confirm functionalization of the QDs with the MIP polymer. Application of the sensor
towards atrazine detection showed a linear response (fluorescence quenching) with increasing atrazine
concentration in the range from 2-20 x107 mol L-'. The performance of the sensor compared to other
methods showed that the sensitivity needs to be improved in order to lower the detection limit
(0.80 x107 mol L"). A low detection limit is crucial for atrazine monitoring in environmental water
samples, where the concentrations can be as low as 0.01 to 0.19 ug L™". The World Health Organization
(WHO) guideline limit for atrazine in water is 0.1 mg L' (4.6 x 107 mol L") hence the sensor has
potential in regulatory applications. The performance was further tested in tap and lake water samples

and showed satisfactory recoveries ranging between 92-118%.

PDMS has been successfully used for the immobilization of QDs to produce thin fluorescent films. As
proof of concept, CdSeTe/ZnS QDs and graphene quantum dots (GQDs) were incorporated into the
PDMS through spin coating and red and blue fluorescent films were thus obtained. The
CdSeTe/ZnS@PDMS thin film was tested for atrazine detection and an enhanced fluorescence signal
was found. These fluorescent films hold great potential in designing reusable rapid field monitoring
sensors for targeted ECP compounds in water systems. The sensitivity and stability of QDs combined
with the inertness, flexibility, and ability of PDMS to pre-concentrate analytes will open doors for

designing sensitive and robust fluorescence sensors for routine monitoring of ECPs.

Reliable and robust analytical techniques are needed for the detection of ECPs in surface waters. A
fluorescence probe monitoring approach utilising quantum dots offers an alternative sensing technique
to traditional methods, with clear advantages including easy operation, low cost, a fast and simple
experimental process, and high sensitivity towards different molecular structures with different emission
wavelengths. In addition, MIPs were successfully used to functionalise the QDs in order to combine the
selectivity of MIPs with the sensitivity of QDs. A cost-benefit analysis of QD fluorescence sensors as
compared to conventional analytical methods was included in our previous WRC project (Development
of novel fluorescent sensors for the screening of emerging chemical pollutants in water, K5/2438),
where it was shown that our sensors may provide a 100x cost saving per analysis over GC-MS, for

example.

The synthesised fluorescent QD@PDMS thin films hold great potential in designing reusable rapid field
monitoring sensors for targeted ECP compounds in water systems. The sensitivity and stability of QDs
combined with the inertness, flexibility, and ability of PDMS to pre-concentrate analytes will open doors

for designing sensitive and robust fluorescence sensors for routine monitoring of these compounds.
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6.2 RECOMMENDATIONS

The development of South African guideline values or water quality limits for ECPs should receive
attention from policy makers in order to safeguard human health. The Department of Health and the
Department of Water and Sanitation are encouraged to partner with the Water Research Commission
to invest in the further development and ultimate use of novel monitoring technologies which can
enhance and complement the current status quo regarding water management.

As aresult of the positive outcomes of this project, further work on the optimization studies of the sensor
materials is recommended, particularly with respect to the testing thereof for real water samples in
which the presence of the target ECPs has been confirmed by traditional (chromatographic-mass
spectrometric) methods. A portable sensor device should also be developed based on these sensor
materials, to allow for on-site real-time monitoring of ECPs in surface waters. A non-targeted screening
method based on a mixture of different QDs should be investigated, as well additional compound class

type sensors, to enable early detection of overall change in water quality with respect to ECPs.
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APPENDIX: CAPACITY BUILDING & KNOWLEDGE
DISSEMINATION

CAPACITY BUILDING

The students and their research topics listed below have contributed directly to the objectives of this
project:

Hons research project report:
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Synthesising molecularly imprinted polymers (MIPs) to use as sorbents in the solid phase extraction
(SPE) of polycyclic aromatic hydrocarbons (PAHS).

BSc Hons Chemistry, University of Pretoria.

Supervisor: Prof Patricia Forbes

MSc students:

Miss Kedibone Mashale (in progress):

Monitoring of selected pesticide concentrations in South African aquatic systems using the
Chemcatcher passive sampler.

MSc Chemistry, University of Pretoria.

Supervisor: Prof Patricia Forbes

Co-Supervisor: Dr Yvette Naudé

Mr Basil Munjanja (in progress):

Comparison of pesticide deposition sampling methods for spray drift of atrazine.
MSc Chemistry, University of Pretoria.

Supervisor: Prof Patricia Forbes

Co-Supervisor: Dr Yvette Naudé

Mr Paul Myburgh (in progress):
Development of analytical methods for pesticide determinations.
MSc Chemistry, University of Pretoria.

Supervisor: Prof Patricia Forbes
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PhD theses:
Mr Sifiso Nsibande (in progress):

Novel fluorescence sensors for pesticides and polycyclic aromatic hydrocarbons.

PhD Chemistry, University of Pretoria.

Supervisor: Prof Patricia Forbes

Miss Hanieh Montaseri (Completed December 2018):
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