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Abstract

Glyphosate (N-phosphonomethylglycine) is an organophosphate compound which was
developed by the Monsanto Company in 1971 and is the active ingredient found in several
herbicide formulations. The use of glyphosate-based herbicides in South Africa for the control of
alien invasive plants and weeds is well established, extensive and currently unregulated, which
vastly increases the likelihood of glyphosate contamination in environmental water systems.
Although the use of glyphosate-based herbicides is required for economic enhancement in
industries such as agriculture, the presence of this compound in natural water systems presents a
potential risk to human health. Glyphosate and glyphosate formulations were previously
considered safe, however their toxicity has become a major focal point of research over recent
years. The lack of monitoring protocols for pesticides in South Africa is primarily due to limited

financial capacity and the lack of analytical techniques.

This study sought to determine the acute cytotoxic, genotoxic and pro-inflammatory potential of
pure glyphosate and two glyphosate formulations (Roundup® and Wipeout®) at concentrations
relevant to human exposure, using in vitro studies in a human white blood cell model
(cytotoxicity and pro-inflammatory effects), human whole blood cell model (cytotoxicity and
pro-inflammatory effects) and human cancer cell lines (cytotoxicity and genotoxicity). The
human whole blood cell model proved a more sensitive and suitable model for glyphosate
toxicological studies when compared to the human white blood cell model. Results of cytotoxic
investigations using the MTT assay in human whole blood cells, indicated that pure glyphosate
and Roundup® (Ro) demonstrated similar non-monotonic toxicological profiles, characterized by
an inverted bell-shaped dose response curve at low dose exposure from 10 pg/ml. The Wipeout®
(Wo) formulation demonstrated a monotonic (linear) dose response curve from a threshold
concentration of 50 pg/ml. Preliminary evidence suggested the potential of glyphosate and
glyphosate formulations to induce an acute inflammatory response when compared to the
untreated control. Based on data obtained from ELISA assays, exposure of human whole blood
cells to pure glyphosate (50 pg/ml), Ro (10 and 50 pg/ml) and Wo (50 pg/ml) resulted in

significant elevations in the levels of the cytokine, TNF-a. In contrast, pure glyphosate (0.1



ug/ml), Ro (0.1, 0.7 and 10 pg/ml) and Wo (0.1, 0.7 and 50 pg/ml) caused a significant reduction

in the plasma levels of the cytokine, I1L-6.

Cytotoxicity (MTT assays) conducted in the cancer cell lines, HEC1A, MCF7 and MDA-MB-
231 exposed to moderate doses (75-500 pg/ml) of glyphosate and glyphosate formulations,
indicated varied toxicity depending on the cell type. The most significant results were observed
in HEC1A cancer cells and toxicological profiles were characterized by a non-monotonic
reduction in cell viability for pure glyphosate (75-500 pg/ml) and non-monotonic proliferative
effects for Wo (75, 125 and 250 pg/ml). Genotoxicity investigations revealed the capacity of
pure glyphosate and the glyphosate formulations to incur DNA damage in the HEC1A (ER
positive) and MDA-MB-231 (ER negative) cells at the test concentration (500 wml). The
differential toxicities displayed by Ro and Wo in the HEC1A cancer cells and human whole
blood cells, suggested the role of adjuvants as possible contributing factors to glyphosate

toxicity.

Overall this study provided an important contribution to existing toxicological studies for
glyphosate and glyphosate formulations in humans and validated the need to develop a rapid and

reliable method for the detection of glyphosate in water.

This study presents the development of a novel first generation nanofiber-based colorimetric
sensor for the detection of glyphosate in water, which has to the best of our knowledge not been
reported in the literature for glyphosate. The glyphosate sensor development and assay principle
were based on a previously reported spectrophotometric detection assay for glyphosate.
Following the initial scale down (to improve the applicability of the assay towards sensor
development) of the previously reported method (to a total assay volume of 1 ml), copper doped
poly (vinyl) alcohol (cd-PVA) nanofiber sensors were produced using the electrospinning
method under optimized process parameters (PVA polymer concentration: 7.5 %, flow rate: 0.5
ml/hour, voltage: 30 kV, needle tip to collector distance: 15 cm). A two step method was
proposed for the detection of glyphosate using the cd-PVA sensor, which involved the reaction
of glyphosate with carbon disulfide for the formation of a glyphosate dithiocarbamate
intermediate and the application of the dithiocarbamate sample onto the cd-PVA nanofiber
sensor, which would result in a visual color change from blue to yellow. Results in this study
were quantified using the RGB color model, to determine effective intensity (Ax). The proof of



concept for the cd-PVA sensor system was validated for this study and the system was optimized
with respect to carbon disulfide concentration (6 %) and pH (12). The cd-PVA sensor system
was characterized by several beneficial characteristics which included, the rapid detection of
glyphosate (~ 3 seconds), a low sample volume (30 pl), good short term storage stability under
ambient conditions (~2.5 weeks), low-cross reactivity to the glyphosate structural analogs
AMPA and glycine (16 % sensor reponse and no clear visual color change) and a satisfactory
system precision (RSD value below 20 %). Calibration studies indicated a good sensitivity for
the detection of pure glyphosate (practical LOD: 0.1 pg/ml) and satisfactory sensitivity for the
detection glyphosate in Wo and Ro (practical LOD: 1.95 pg/ml), when compared to the only

colorimetric chemical sensor (filter paper-based) reported for glyphosate to date.

The ability of the sensor system to quantify pure glyphosate and glyphosate in formulation in
water was validated by good recovery data in distilled water samples (between 94.9 % + 5.86
and 112.21 % = 18.62), however recovery studies using environmental water samples (no pre-
treatment) and interference studies demonstrated the susceptibility of this sensor system to
compounds and ions commonly found in environmental waters. The pre-treatment/pre-

concentration of water samples would therefore be a requirement when using this assay.

The data obtained in this study has demonstrated several aspects that make the cd-PVA sensor
system a promising tool for application in the high-throughput screening of glyphosate in water.
The cd-PVA sensor system did, however, demonstrate some limitations, such as low
reproducibility (RSD values above 20 %) and poor long-term storage stability, therefore future
investigations should focus on further optimizing the structure and integrity of the sensor

nanostructure, towards further improving the applicability of this system.
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Chapter 1: Literature review

CHAPTER 1- GENERAL INTRODUCTION

1.1 Weeds and weed control

1.1.1 The characteristics of weeds

There are several definitions used to describe the term “weed”, but in weed science the most
common definition is an undesired or unwanted plant (Holzner, 1982; Parashar et al., 2009;
Qureshi and Bhatti, 2001). Weeds display distinct characteristics which enable this group of
plants to be ubiquitous, resilient and difficult to control. Firstly, weeds have the capacity to
reproduce at a very early stage in their life cycle which is followed by rapid maturation.
Muoghalu (2008) highlighted these characteristics in two highly invasive plants, namely Tithonia
diversifolia and Tithonia rotundifolia, which are prevalent in several African countries, including
South Africa. The results of this study confirmed rapid early growth, a short life cycle and high
reproductive capacity in T. diversifolia and T. rotundifolia (reproductive maturity was reached in

2 and 4 months, respectively).

Secondly, the resilient nature of weeds shows the competitive advantage these plants have with
respect to securing nutrients, light and water. This may be explained by some important
characteristics, including the ability to display several patterns of seed dormancy (Gressel, 1999),
large seed productions, specialized seed dispersal mechanisms (Gressel, 1999; Zimdahl, 2007)
and the ability to grow in adverse conditions (e.g. drought) (Bogaard et al., 1998; Javaid et al.,
2009).

Finally, several weed species have demonstrated the capacity to intrinsically adapt (at a genetic
level) to their environment; this is possibly due to different selection pressures (Clements et al.,
2004). Although this theory was contested by Willis et al. (2000), there has been evidence to
support this idea. Findings by Blair and Wolfe (2004) on the invasive plant species Silene
latifolia, which was introduced to North America from Europe, support the idea of genetic
adaptation. Investigations by Prati and Bossdorf (2004) showed evidence of genetic based
allelopathic changes in the invasive plant species Alliaria petiolata.
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1.1.2 Weed control methods

The importance of weed management, especially in the agricultural industry, has been well
established, as weeds are one of the main causes of the reduction in the quality, growth and yield
of produce (Datta and Knezevic, 2013; Holt, 1994; Khan et al., 2003). This highlights the
significant role of weeds from an economic perspective. Weeds also have had a variety of
negative impacts worldwide, in other areas, such as biodiversity (Eiswerth et al., 2000; Tilman,
1999; Zimmerman and Neser, 1999). There are several options available with respect to the
removal and management of weeds and these are placed in different categories, mainly
preventative measures (e.g. crop interference and crop rotation) (Jordan, 1993; Walker and
Buchanan, 1982), cultural methods (e.g. the introduction of competitive varieties) (Melander et
al., 2012), physical control (e.g. mechanical methods such as hand pulling, hoeing and tillage)
(Melander and Rasmussen, 2001; Rask and Kristoffersen, 2007), biological control (e.g. the use
of plant pathogens) (Charudattan, 2001) and chemical control (e.g. the use of herbicides) (Snipes
and Mueller, 1992). Most systems utilize integrated weed management (IWM) which is defined
as the use of many weed control tools in an attempt to produce economically feasible crop yields
while placing emphasis on environmental sustainability (Swanton and Weise, 1991). Due to the
scope of this study, focus will be placed on the chemical control of weeds with respect to

herbicides.

1.1.3 Herbicides

Herbicide is a term derived from the Latin, “herba”, meaning plant and “caedere”, meaning to
kill (Bargagli, 1999). Herbicides are one of many sub-class groups of the broad class of
substances known as pesticides (Budde, 2004). Herbicides are chemicals used to kill, control or
reduce the growth and persistence of undesirable plants in the agricultural industry, forestry and
in non-crop areas such as the gardening industry, industrial sites, lawns and roadsides (Dinelli et
al., 1996; Revitt et al., 2002).
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1.1.4 Brief history of herbicide development and use

The use of herbicides for weed control dates back to the Greek and Roman era. Although the
most prevalent weed control method in this period was hand pulling, several metals and their
salts (e.g. copper nitrate and sodium arsenate) were used to control broadleaf weeds in cereal
crops (Bargagli, 1999). In 1874 sulphuric acid and salts were used as the first inorganic
herbicides for controlling weeds by altering the pH of the soil. The first synthetic organic
herbicide, 2-methyl-4, 6-dinitrophenol (DNOC) was developed in 1892 and was initially
produced for use as an insecticide; it was then applied 1934 as a selective herbicide in cereals
(Mothes-Wagner et al., 1990). A large increase in the development and production of herbicides
was observed only after the second world war (1945) with the production of (e.g. 2,4-
dichlorophenoxyacetic acid (2,4-D)), the first herbicide to be distributed and used widely for the
control of broadleaf plants (Kaupinnen et al., 1993, McGuinness and Dowling, 2009) in wheat
(Baghestani et al., 2007), rice, oats, barley (Yadav and Jadhav, 2002) and maize production
(Jofré et al., 1996). Herbicides served as a chemical replacement to previous agronomic methods
used in agriculture to limit weed populations due to characteristics such as increased efficiency
and ease of application (Lodovichi et al., 2013); previous techniques included crop rotation,
tillage and mowing (Dinelli et al., 1996). This change in weed control methods proved
advantageous, with a reduction in overall costs and an increase in crop yield and quality being
observed (Dinelli et al., 1996; Kawahigashi et al., 2007). The production and use of herbicides
worldwide has increased significantly over the past 50 years and to date there are approximately
150 herbicide active ingredients which are formulated into commercial products (Aksakal et al.,
2013; Holt, 2013).

Herbicides are marketed and sold as formulations under trade names assigned by manufacturers.
Herbicide formulations consist of the active ingredient and adjuvants/inert ingredients such as
surfactants, wetting agents, penetrants, stabilizing agents, inorganic salts, buffering agents and
emulsifiers (Tush et al., 2013; Van Toor et al., 1994, Wang and Liu, 2007). Adjuvants/inert
ingredients are added to herbicides to increase the stability, solubility and efficacy of the
herbicidal activity of the active agent, thereby reducing the volumes and application cycles
required to achieve the desired herbicidal effect (Chahal et al., 2012; Chan et al., 2007; Garrido
et al., 2014; Hazen, 2000; Huston and Pignatello, 1999; Liu, 2004).



Chapter 1: Literature review

Herbicide classification and properties

Herbicides are commonly classified according to chemical structure, the mode of action (MOA)
and the site of action (Ohkawa et al., 1999).

Although naturally occurring and inorganic substances have been used as herbicides, most
herbicides are synthetic organic compounds (Budde, 2004). Herbicides that are grouped into
classes according to chemical structure provide information on the activity of the herbicide in
plants, animals, soil and water; however, it must be noted that herbicides from the same chemical
families do not always display similar effects in plants (Holt, 2013). Some of the major herbicide
chemical families/classes together with examples of herbicides belonging to the representative

classes and examples of marketed trade names are shown in Table 1.1.
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Table 1.1: Major classes of herbicides and examples of existent active ingredients and trade names.

Chemical class/family

Active ingredient/s

labedTrade namels

Reference

Benzoic acid
Bipyridilium
Carbamates
Dinitroaniline
Phosphoorganics
Imidazolinone
Phenoxycarboxylic acid
Phenols

Pyridazinone
Sulfonylurea
Thiocarbamate
Triazine
Triazinone
Urea (phenyl)

Uracil

Dicamba?

Paraquat, diquat
Propham, chlorpropham
Trifluralin, pendimethalin
Glyphosate

Imazamox, imazaquin
2,4-D", MCPA’
Dinoseb, bromoxynil

Norflurazon
Mesosulfuron, triasulfuron
EPTC”

Atrazine, simazine
Metribuzin

Linuron, diuron

Terbacil

Banvel, Clarity
Gramoxone Inteon, Reglone
Sprout Nip, Furloe
Treflan, Prowl
Roundup, Rodeo
Raptor, Scepter
Butyrac, Weedone
Potato Top Killer 300,
Buctril

Zorial Rapid 80
Osprey, Amber
Eptam

Aatrex, Princep
Sencor

Lorox, Karmex
Sinbar

Gonzalez et al., 2009

Mulugeta & Megersa, 2004
Crespo-Corral et al., 2008
Wang & Arnold, 2003
Eash and Bushway, 2000
Fragiorge et al., 2008
Pereiro et al., 2004

Argese et al., 2005

Sandmann et al., 1980
Fenoll et al., 2013

Wilmesmeier & Wierman, 1995

Meakins et al., 1994
Buman et al., 1992
Farré et al., 2007
Tekel et al., 1998

" Abbreviations: 2, 4-Dichlorophenoxyacetic acid (2,4-D), 4-Chloro-2-methylphenoxyacetic acid (MCPA), 5- Ethyl-
dipropyl-thiocarbamate (EPTC). * Trade names for the representative herbicides were obtained from:  The
Oklahoma co-operative extension fact sheet. Joe Armstrong (extension weed specialist). Understanding herbicide
mode of action. Division of Agricultural Sciences and Natural Resources. Oklahoma State University. ° Bayer Crop
Science, chemical product and company information, materials safety data sheet (MSDS) no: 000000000029. ©
Mosanto Imagine, History of Monsanto’s glyphosate herbicides. June 2005. “Canadian water quality guidelines for

the protection of aquatic life.

The MOA of herbicides refers to the adsorption, translocation and metabolism of the herbicide in
the plant and is defined by the physical and/or behavioral alterations in plants linked to
biological responses resulting from herbicide exposure (Spycher et al., 2004). The mode of
action of herbicides includes a sub-classification category which describes the pathway of

herbicides in plants. Systemic herbicides are mobile in plants and entry can occur via the phloem

5
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and/or the xylem (Foy, 1964; Bromilow et al., 1990). Contact herbicides exert their herbicidal
activity at the application site (Bussan and Dyer, 1999). The site of action or mechanism of
action refers to the disruption of a specific biological process within the plant (Aliferis and
Jabaji. 2011; Dayan and Watson, 2011). The MOA and site of action are often referred to
interchangeably (Zimdahl, 2007). Modes of action include the inhibition of cell division, cell

metabolism, cell growth and the inhibition light reactions in the plants (Jones, 2005).

Herbicides display three main mechanisms of action (Zimdahl, 2007). The first is the inhibition
of respiration and photosynthesis in plants. Photosynthesis and respiration are interdependent
physiological processes in plants that are essential to plant growth and maintenance (La Catoni
and Gratani, 2014). Photosynthesis, which occurs in the chloroplasts, is generally described as
the conversion of light to chemical energy utilizing atmospheric carbon dioxide and water for the
production of adenosine triphosphate (ATP) and nicotine adenine dinucleotide phosphate
(NADPH) for the reduction of carbon dioxide which allows the synthesis and formation of
carbohydrates and other compounds crucial to plant growth. Respiration, which occurs in the
mitochondria, involves the metabolism of carbon compounds for the production and of ATP
(Checchetto et al., 2013; Dayan and De Zaccaro, 2012; Noguchi and Yoshida, 2008;
Raghavendra et al., 1994). ATP plays a key role in energy dependent processes in plant cells
(e.g. sucrose synthesis and repairing photosynthetic proteins) (La Catoni and Gratano, 2014;
Roux and Steinebrunner, 2007). The respiration process in plants not only functions as a
mechanism for the production of ATP, but amongst other functions provides the carbon
structures required for biosynthetic processes and also plays a role in the regulation of reactive
oxygen species (ROS) production during plant stress (e.g. abiotic stress factors) (Van Dongen et
al., 2011).

Two distinct forms of photosynthesis exist and are described as: 1) Oxygenic photosynthesis
which occurs in higher plants, algae and cyanobacteria, utilizes water as a source of electrons
and results in the formation of molecular oxygen and 2) Anoxygenic photosynthesis is a process
that is executed by bacteria, whereby electrons are sourced from hydrogen gas, sulfur
compounds and organic materials for carbon fixation and therefore does not result in the release

of molecular oxygen (Broser et al., 2011). Considering anoxygenic photosynthesis does not
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occur in plants, further description of this process will not be detailed in this Chapter, as it falls

outside the scope of this study.

Oxygenic photosynthesis in plants is characterized by two protein co-factor complexes known as
photosystem | (PS 1) and photosystem Il (PS Il) (Laisk et al., 2014). These reaction systems are
embedded in the thylakoid membrane and act as catalysts of the initial stages of photosynthesis
(Figure 1.1).

Sunlight Sunlight ADP
ATP
NADP*
H* NADPH  H*
; Fd —> FNR :
Stoma ETCI
: ATP synthase
|
|
Thylakoid : :
membrane
! P700 ;
! PSI I
| |
| |
Lumen 1 1
1 |
water O,+ H* 1 %2 1
> e- |
| |
H+ H+ H*
*1. 2PQ 2PQH, *2. PQH, + 2Pc(Cu?*) <——> 2Pc(Cu?*) +2H*
4H*

Figure 1.1 : A schematic illustration of light reactions during oxygenic photosynthesis in plants. PSII:
photosystem 1, P680: primary electron donor in PSII, e: electrons, ETC: electron transport chain, PSI:
photosystem |, P700: primary electron donor in PSI, Fd: ferredoxin, FNR: ferredoxin-NADP"-
oxidoreductase. *1: The chemical reaction representing the conversion of plastoquinone to plastoquinol,
*2: The chemical reaction representing the e transfer from plastoquinol to plastocyanin. (This image was

adapted from Saenger et al., 2012).
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PSII utilizes energy from sunlight to oxidize water molecules releasing electrons (e") and
forming the by-product oxygen (released into the atmosphere). PSII transfers e” from water to a
mobile electron carrier known as plastoquinone (PQ) through the primary electron donor P680
(two chlorophyll a molecules), which causes the subsequent reduction of PQ to plastoquinol
(PQH). The e are then translocated through the electron transport chain (ETC) via the
intermediate electron transfer complex, cytochrome bf, which passes the electrons to
plastocyanin (Pc) (a water soluble carrier in the thylakoid lumen). The e are then transferred to
the stomal side of PS I, through the primary donor P700 (two chlorophyll a molecules) and
donated to ferredoxin (Fd) (a water soluble mobile electron carrier) which is used in the
reduction of nicotinamide adenine dinucleotide phosphate (NADP™) (this reaction is catalyzed by
ferredoxin-NADP™-oxidoreductase (FNR)). This process produces reducing equivalents, required
for the conversion of carbon dioxide to carbohydrates. The proton translocation across the
thylakoid membrane (from the stroma to the lumen) results in a pH gradient and the resulting
proton motive force drives the synthesis of ATP which is catalyzed by ATP synthase (Krauf,
2003; Regner, 2012; Saenger, 2012; Shikanai, 2014; Yao et al., 2012).

The majority of herbicide classes demonstrate herbicidal activity by the inhibition of
photosynthesis (Bowes et al., 1980; Duke, 1990) and most herbicides that display photosynthetic
inhibition interfere with electron flow in PS Il (Masojidek et al., 2011). Herbicide classes that
interfere with electron transport in the PS 1l reaction system include the triazines (e.g. atrazine
and simazine) (Droppa et al., 1981; Jursinic et al., 1991), the trizinones (e.g. metribuzin and
hexazinone) (Kennedy et al., 2012; Schwenger-Erger and Barz, 2000) and the phenylureas (e.g.
diuron and monuron) (Kennedy et al., 2012; Malakondaiah and Fang, 1978). PS Il inhibitors
block electron transport by competitively binding to a PQ binding site on the D1 protein
(functions in plastoquinone reduction by binding to quinone) in the PS 1l reaction center and thus
halting electron transport beyond plastoquinone (Bowes et al., 1980; Devine and Shukla, 2000;
Ducruet and Ort, 1988, Newton and Tyler, 1989; Wilski et al., 2006). The disruption of electron
transport by PS 1 inhibitors results in two major effects, a deficiency in reduced NADP™ which
is required for carbon dioxide fixation and the production of free radicals which causes the
photooxidation of important molecules such as the chlorophylls, carotenoids and unsaturated
lipids in the chloroplasts (Devine and Shukla, 2000; Rutherford et al., 1984; Yuan et al., 2013).
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Herbicides inhibit respiration by uncoupling mitochondrial oxidative phosphorylation (ATP
synthase), photophosphorylation and/or obstructing electron transport (Moreland and Huber,
1979). These processes are necessary for the production of energy (ATP) which is required to
drive several reactions, therefore, the interference of ATP production by these herbicides causes
alterations in biological functions related to the growth and the metabolic processes of plants
(Moreland et al., 1972b). Herbicidal carbamates (e.g. chlorpropham and barban) (Macherel et
al., 1982; Rebeiz et al., 1984), dinitroanilines (e.g. trifluralin) (Moreland et al., 1972a; Sloan and
Camper,1981) and phenols (e.g. dinoterb) (Belbachir et al., 1980) are examples of herbicidal

classes that inhibit the respiration process in the mitochondria of plants.

The second mechanism of action displayed by herbicides is the inhibition of plant growth. The
growth and development of plants is regulated by plant hormones (Miransari and Smith, 2014)
such as auxins (Finet and Jaillais, 2012), abscisic acid (ABA) (Li et al., 2011), ethylene (Igbal et
al., 2013), gibberellins (Swain and Singh, 2005), cytokinins (Choi et al., 2011) and
brassinosteroids (Bajguz and Tretyn, 2003). Herbicides act as synthetic mimics of the naturally
occurring auxin indole-3-acetic acid (IAA). Auxins target IAA and at low auxinic herbicide
concentrations a stimulation of growth (via cell division and elongation) is observed. The
concentration and effect of naturally occurring auxins is tightly regulated in plants. Upon
exposure to high concentrations of auxinic herbicides; auxin homeostasis is disrupted resulting in
an uncontrolled auxin response. This causes a series of cascade reactions involving the induction
of 1-aminocyclopropane-1-carboxylic acid synthase (ACC) (an enzyme involved in ethylene
biosynthesis) resulting in increased levels of ethylene (involved in the stress response in plants
and plays a key role in the regulation of plant growth and senescence) which stimulates the
biosynthesis of ABA (mediates stomatal closure) (Grossmann et al., 1996; Kelley and Riechers,
2007; Pirrung et al., 1998). The biosynthesis of ethylene plays a very important role in the
herbicidal effects observed in plants treated with auxinic herbicides, this is due to the release of
the co-product cyanide during ethylene biosynthesis (Grossmann and Scheltrup, 1997; Sunohara
and Matsumoto, 2008). Studies by Scheltrup and Grossmann (1995) concluded that increased
levels of ABA was an additional contributing factor to herbicidal effects observed in plants, with
a reduction in photosynthetic carbon dioxide and water consumption reported in the
dicotyledonous weed, Cleaver (Galuim aprine L), upon exposure to the auxinic herbicide,

Quinmerac. The treatment of susceptible plants with auxinic herbicides in plants results in

9
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several growth and physiological abnormalities including leaf epinasty, the inhibition of root and
shoot growth, stem curvature, chlorosis and ultimately, necrosis (Deshpande and Hall, 2002;
Sunohara et al., 2010). Herbicidal classes that act as auxinic herbicides include
phenoxycarboxylic acids (e.g. 2,4-D and MCPA) and benzoic acids (e.g. dicamba) (Mithila and
Hall, 2007; Ostrowski and Jakubowska, 2013).

The third mechanism of action displayed by herbicides is the inhibition of biosynthetic processes

which includes, amongst others:

1) The inhibition of cell division and mitosis, which involves the disruption of mitotic cell
division resulting in the depolymerization of tubulin subunits, causing the shortening or complete
eradication of microtubules (regulate cell shape and mitosis), which ultimately results in severe
defects in the elongation and development of roots (Anthony and Hussey, 1999; Lehnen and
Vaughn, 1992; Vaughn, 2006). Dinitroanilines (e.g. trifluralin) is an example of a herbicide class

that are commonly known as mitotic disrupters (Fernandes et al., 2009).

2) The inhibition of carotenoid synthesis. Carotenoids are a group of pigments found in the
thylakoid membrane and serve as protective agents against (e.g. chloroplast photo-oxidation)
(Domonkos et al., 2013). Carotenoid synthesis inhibiting or bleaching herbicides (e.g.
norflurazon in the pyridazinone herbicide class), target the enzyme phytoene desaturase that
catalyzes the desaturation of phytoene, which is required for carotenoid synthesis (Linden et al.,
1990; Millie et al., 1990; Ruizzo et al., 1992). The resultant effects of carotenoid deficiency
include the destruction of photosynthetic membranes by reactive oxygen species and the

degradation of chlorophyll, leading to plant discoloration and necrosis (Kim et al., 2004).

3) The inhibition of amino acid synthesis. Amino acids have varied and diverse functions in
plants (e.g. amino acids are the building blocks of enzymes and proteins) (Tegeder, 2012).
Glyphosate (herbicide class: organophosphate), the main focal point of this study, exhibits this
mechanism of action by targeting the enzyme 5-enolpyruvate-shikimate-3-phosphate synthase
(EPSP) in the shikimate pathway, which is a pathway responsible for amino acid production
(Gehin et al., 2005). Greater detail on this mechanism of action by glyphosate will be provided

in the sections to follow.

10
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Although herbicides are commonly classified according to chemical structure and MOA, other
criteria are also used in the classification of herbicides; these include the classification of a
herbicide based on timing (post emergence or pre-emergence) and the classification of herbicides
based on selectivity (selective and non-selective). Post-emergent is defined as the foliar
application of a herbicide on target weeds that have germinated and emerged (Lagana et al.,
2000) and pre-emergent refers to the ground application of the herbicide preceding weed
germination (Kilinc et al., 2011; Nurse et al., 2006). With respect to selectivity some herbicides
are classified as selective, which means they show greater toxicity in some plants (e.g. broad-
leafed plants) as compared to others (e.g. grasses) and the opposite holds true for non-selective

herbicides, which are toxic to all plants (e.g. broad-leafed plants and grasses) (Holt, 2013).

1.2 Glyphosate (N-phosphonomethylglycine)

1.2.1 History and discovery of glyphosate, glyphosate structure and general properties of
glyphosate based herbicides (additives and mixtures)

Glyphosate was developed by the Monsanto Company in the 1970°s (Pederson et al., 2007;
Woodburn 2000). The herbicidal potential of glyphosate was first demonstrated in 1971 (Carlisle
and Trevors, 1987), during the study of the herbicidal effects of tertiary aminomethylphosphonic
acids derived from primary and tertiary amines (Carlisle and Trevors, 1987). Glyphosate is a low
molecular weight organophosphate compound, derived from glycine and contains three ionisable
chemical groups (Figure 1.2) an amine (basic group), a carboxylate and the phosphonate group
(acidic groups) with pK, values of 10.25, 2.27 and 5.57, respectively (Anadén et al., 2009;
Coutinho et al., 2007; Schonherr, 2002).
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HO “’“
\/\ NH/\‘T_OH
0 o)

Figure 1.2: The chemical structure of glyphosate (This image was adapted from: Dzygiel & Wieczorek,
2000; Yue et al., 2008).

This compound is characterized by a very stable carbon-phosphorous bond (Kools et al., 2005)
and crystalline structural studies have indicated that solid state glyphosate exists in a zwitterionic
state with delocalization of the phosphonate proton onto the amine group (Sagatys et al., 2000).
Glyphosate is an amphoteric, non-volatile compound which demonstrates high polarity and water
solubility, however glyphosate in the free acid form shows lower water solubility due to strong
intramolecular hydrogen bonding (Schénherr; 2002; You and Koropchak, 2003). The general

physiochemical properties of glyphosate acid are shown in Table 1.2.
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Table 1.2: *A summary of the physiochemical properties of glyphosate acid

Parameter Glyphosate (acid)

Chemical name N-(phosphonomethyl)-glycine
Formula C3HsNOsP

Molecular mass 169.1

Melting point 189.5°C

Boiling Point Decomposition

Solubility in water 10.1 g/L (20 °C, pH 2, 995 g/Kg)
Relative density 1.7 (995 g/Kg)

Dissociation constant pKa 2.3 (20 °C), 5.73 (20 °C), 10.2 (25 °C)
Henrys law constant 2.1 x 107 Pa (m*/mol)

Vapor pressure 1.31 x 10° Pa (25 °C)

Organic carbon partition coefficient (Koc) 9.0-60000 (L/Kg)

Soil half-life 2-197 (days)

! Battaglin et al., 2005; European commission review report, 2002; Grunewald et al., 2001

In 1974 glyphosate was registered with the U.S. Environmental Protection Agency (USEPA),
thereafter the active ingredient was included into commercial herbicide formulation products
under the trade name Roundup® and introduced into the global market. Glyphosate was marketed
as a systematic, relatively non-selective, post-emergence herbicide (initially as a dessicant) for
the control of several annual and perennial grasses, broad leaf weeds and sedges. The expiration
of the patent held by the Monsanto Company in the year 2000 allowed a vast number of
companies to begin formulating and selling glyphosate. To date, glyphosate commercial
herbicide formulations are sold under a vast number of trade names by several companies
including Monsanto (Al-Rajab and Schiavon, 2010; Johnson et al., 2009; Linz and Homan,
2011; Mateos-Naranjo et al., 2009; Mitsis et al., 2011, Steinmann et al., 2012).

Glyphosate has become the most important and most commonly used herbicide worldwide and
predictions by the global market indicate that over a million metric tons of glyphosate will be
used before the end of this decade (Ge et al., 2012). The success and increased use of glyphosate
is due to the many factors. Glyphosate has been described as a highly effective, economical

(price reductions and increased supply due to patent expiry) broad spectrum herbicide which
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demonstrates a shorter half-life than a majority of other herbicides and is believed to cause less
ecotoxicological effects when compared to other herbicides (Binimelis et al., 2009; Mamy and
Barriuso, 2005; Shen et al., 2013). The introduction, continuous development and adoption of
genetically modified (GM) glyphosate resistant (GR) crops is an important contributor to the
increase in the global glyphosate market and has provided an alternative approach with respect to
constraints encountered in the control of weeds in various crops (Duke, 2003; Mamy and
Barriuso, 2005; Woodburn, 2000; Yu et al., 2007). Glyphosate resistant crops were introduced in
1996 and grown on 1.7 million hectares worldwide. By 2008 this number increased to 79 million
hectares (Lane et al., 2012). No tillage cropping (which entails growing crops without tilling,
thereby reducing soil erosion and nutrient leaching) requires the use of herbicides to prevent the
competitive growth of weeds and has also played an important role in the expanding use of
glyphosate-based herbicides (Helander et al., 2012).

In section 1.1.4 herbicide formulations were described as mixtures containing the active
ingredient and adjuvants, which are used to improve the overall effectiveness of the herbicide.
Commercial formulations of glyphosate are often aqueous mixtures containing between 40-79 %
glyphosate in the form of glyphosate acid (pH below 2) or glyphosate salts such as
monoammonium, diammonium, isopropylamine (most commonly used in glyphosate
formulations), potassium, sodium and trimesium (trimethylsulfonium) salts (Johnson et al., 2009;
SaitGa et al., 2012). Glyphosate salts are used in formulation due to high water solubility
characteristics, however glyphosate salts demonstrate poor lipid solubility, which reduces the
capacity for foliar penetration of glyphosate, and additional adjuvants are therefore required in

commercial preparations (Schonherr, 2002).

Glyphosate formulations consist of a surfactant and other minor components, among which
ammonium sulfate is frequently present (Green and Beestman, 2007; Kielak et al., 2011,
Mengistu et al., 2013; Piola et al., 2013, Saitua et al., 2012). Ammonium sulfate serves a dual
function. First, ammonium ions competitively bind to glyphosate via carboxyl and phosphonate
groups forming an ammonium-glyphosate complex that aids in the adsorption of glyphosate into
plants. Secondly, ammonium sulfate demonstrates the capacity to overcome the effects on

glyphosate efficacy presented by antagonistic compounds such as calcium, magnesium,
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manganese and iron which may be present in the environment (e.g. hard water) (Cakmak et al.,
2009; Mueller et al., 2006).

Surfactants make up the majority of adjuvants (26-74 %) used in herbicide formulations
(together with solvents) with non-ionic surfactants like alcohol ethoxylates, alkylphenol
ethoxylates and alkylamine ethoxylates (Figure 1.3) being primarily utilized in herbicide
formulations (Chamel and Gambonnet, 1997; Krogh et al., 2002).

[CH,CH,0], H
A Alkylamine ethoxylate

CH;-[CH,],, ;N
\ [CH,CH,0], H

B CHS'[CHZ]y_ [OCHZCHZ]' OH Alcohol ethoxylate

C R @ [OCH,CH,],-OH  Alkylphenol ethoxylate

Figure 1.3: Chemical structures of non-ionic surfactants commonly used as adjuvants in herbicide
formulations (Image was adapted from: Berryman et al., 2004; DeArmond & DiGoregono, 2013; Krogh et al.,
2003.

Non-ionic surfactants are chemical compounds that are structurally defined by the presence of a
hydrophobic moiety (often alkyl or alkylaryl in structure) and a hydrophilic moiety (most
commonly a polyoxyethylene chain) (Schramm, 2000; Van Ginkel et al., 1993). The most
frequently used non-ionic surfactant in glyphosate commercial formulations is polyoxyethylene
tallow amine (POEA), which belongs to the alkylamine ethoxylate family (Dinehart et al., 2009;
Tsui and Chu, 2003). Alkylamines are extracted from natural products (e.g. tallow oil, soya oil or
coconut oil) and reacted with ethylene under high pressure and temperature, to form ethoxylated
alkylamines (Figure 1.3) (Schreuder et al., 1986; Tush et al., 2013). Glyphosate alone does not
demonstrate the capacity to penetrate through plant cuticles, and POEA is therefore a crucial
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component in increasing the efficacy of glyphosate through the modification of physical and
biological properties of the mixture to aid the entry of glyphosate into target weeds (Gimenes et
al., 2013; Mann et al., 2009; Mbanaso et al., 2013).

1.2.2 Glyphosate uptake, translocation, mechanism of action and metabolism in plants

The efficiency of herbicidal treatments is determined by the transport to and the amount (the
concentration should be lethal dose) of the active ingredient that reaches the target site of action
(Perkins et al., 2008; Price and Anderson, 1985). In foliar applied herbicides like glyphosate, a
successful herbicidal treatment is dependent on various interconnected factors such as the
application of the herbicide, retention on the leaf surface, penetration into the tissue and
translocation to the target site (Basi et al., 2013; Knoche, 1994; Perkins et al., 2008). Of these
factors the most important are the retention of the herbicide on the leaf surface and penetration
through the leaf surface via a lipid membrane known as the plant cuticle and translocation to the
target site (Evelyne et al., 1992; Perkins et al., 2008; Stevens et al., 1988; Yanase and Andoh,
1992). This cuticular membrane acts as the primary biological barrier which controls the
penetration of xenobiotic compounds into the plant (Evelyne et al., 1992). The structure of the
cuticle and composition varies between plant species but most cuticles are 0.1-10 um thick
(Ramsey et al., 2005). The cuticle is structurally characterized by two major lipid classes. The
first is solid waxes (a mixture of long chain aliphatic compounds) and the transport limiting layer
on the outer surface of the cuticle which is composed of cutin, and a matrix of polyhydroxylated
C16/Cyg fatty acids that are cross linked by ester bonds (Dominguez et al., 2011; Evelyne et al.,
1992; Fagerstrom et al., 2013; Santier and Chamel, 1998).

Surfactants in glyphosate formulations increase droplet retention by reducing the dynamic
surface tension of the spray solutions, however mechanisms of surfactant assisted cuticular
uptake of herbicides are not fully established (Liu, 2004; Makela et al., 1996; Stevens et al.,
1988; Wang and Liu, 2007). Studies have suggested that surfactants may possibly alter the
permeability of the plant cuticle and researchers conducting studies on the mechanism of action
of surfactant assisted herbicide uptake in plants have postulated a mechanism in which water

soluble herbicides such as glyphosate penetrate the lipophilic cuticle via diffusion through a
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hydrophilic pathway (Knoche and Bukovac, 1993; Ramsey et al., 2005). This theory is however
based on studies conducted on specific herbicide active ingredients, cuticle types and surfactants
(Ramsey et al., 2005). The uptake of herbicides in the presence of surfactants is dependent on the
physiochemical properties of the active ingredient, structure and concentration of the surfactant
and the characteristics of the leaf surface of different plant species (Liu, 2004; Liu et al., 2004,
Mercer, 2007; Paterson et al., 1990; Stevens et al., 1988; Wang and Liu, 2007). The postulated
mechanism therefore provides generalized information with respect to the uptake of water

soluble herbicides in plants.

Once absorbed into the plant, glyphosate is translocated in the plant through the symplastic
pathway, primarily via phloem sieve tubes (Bromilow and Chamberlain, 2000; Geiger and
Bestman; 1990), over long distances following a pattern of source to sink (with the same
distribution pattern as photoassimilates) (Dewey and Appleby, 1983; Feng and Chiu, 2005).
Glyphosate demonstrates good symplastic mobility and this is mostly due to the ionizable
functionality of this herbicide (Bromilow and Chamberlain, 2000). Glyphosate is ultimately
transported to the plastids, where its target enzyme, 5-enolpyruvyl-shikimate-3-phosphate
synthase (EPSP synthase), an enzyme of the shikimate pathway, is located (Feng et al., 2013;
Gout et al., 1992).

The shikimate pathway (not found in mammals) is an important pathway in plants, fungi,
bacteria and algae required for the production of aromatic amino acids (phenylalanine, tyrosine
and tryphtophan) and consists of seven enzymatic steps that lead to the conversion of D-
erythrose-4-phosphate and phosphoenol pyruvate (PEP) to chorismate, a precursor to amino
acids (Acuri et al., 2004; Schmid and Amrhein, 1994) (Figure 1.4).
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D-Erythrose-4-phosphate Phosphoenol pyruvate

7-Phospho-2-dehydro-3-deoxy-D- arabinoheptulosonate
< - - 3-Dehydroquinate synthase
3-Dehydroquinate

< -- 3-Dehydroquinate dehydrogenase

3-Dehydroshikimate
< - - Shikimate-5-dehydogenase
Shikimate
< - - Shikimate kinase
Shikimate-3-phosphate
GLYPHOSATE ' == == = 22 2 2> | €-- 5-enolpyruvishikimate-3-phosphate synthase
5-enolpyruvyl-shikimate-3-phosphate

< - - Chorismate synthase

Chorismate Aromatic amino acids

Figure 1.4: The biosynthetic shikimate pathway illustrating the conversion of D-erythrose-4-phosphate
and phosphoenol pyruvate to chorismate (the precursor to aromatic amino acids) and the target site of

glyphosate. (This image was adapted from: Elandalloussi et al., 2005).

EPSP synthase is the sixth enzyme of the shikimate pathway and functions as a catalyst in the
reaction involving the transfer of the enolpyruvyl group from PEP to shikimate-3-phosphate
(S3P) forming the product 5-enolpyruvyl-shikimate-3-phosphate (EPSP) and inorganic
phosphate (Figure 1.5). EPSP is an important intermediate of the shikimate pathway for the
ultimate synthesis of aromatic amino acids. Glyphosate displays highly specific interactions with
EPSP synthase and inhibits this enzyme by forming a ternary complex with EPSP synthase and
S3P ((S3P)-EPSP synthase-(S3P)-glyphosate); this prevents the effective binding of PEP. The
interaction between glyphosate and PEP is competitive; however the interaction between
glyphosate and S3P is uncompetitive. Taking into consideration the competitive association

between PEP and glyphosate, any conformational changes (even minor) in the glyphosate
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structure significantly reduce the affinity of glyphosate for EPSP synthase. The inhibition of
EPSP synthase by glyphosate halts the production of chorismate, resulting in the reduction of
aromatic amino acid synthesis (resulting in a depletion of aromatic amino acids), reduced protein
synthesis, reduced growth and premature cell death (Ahn et al., 2004; Ali et al., 2005; Boocock
and Coggins, 1983; Caetano et al., 2013; Eason et al., 2000; Kaliannan et al., 2002; Knowles et
al., 1993).

CH, PEP

o
S3P
204P0 \Cy CH,
o COO-

COO-

A

*0;P0 OH ; *0;P0

OH Glyphosate OH EPSP

Figure 1.5: The chemical reaction catalyzed by EPSP synthase which involves the transfer of an enolpyruvyl

group from PEP to S3P. Glyphosate competes with PEP to form a complex with EPSP synthase and S3P.

(This image was adapted from Kaliannan et al., 2002).

Glyphosate has been reported to inhibit other enzymes in this pathway due to its metal chelating
properties (e.g. 3-deoxy-D-arabino-heptulosonate, 7-phosphate-synthase and dehydroquinate
synthase). No other class of herbicide has been shown to inhibit EPSP synthase or any other
enzymes in this pathway (Caetano et al., 2013; Eason et al., 2000).

The damaging effects in plants treated with lethal doses of glyphosate vary depending on the
plant species, differences in physiological mechanisms and overall susceptibility to glyphosate
(Eason et al., 2000). Considering under normal growth conditions, 20 % of carbon fixed by
plants flows through the shikimate pathway for the production of a large number of products
(including vitamins, ligands and phenolic compounds such as the phyto hormone auxin), the
indirect effects of this herbicide are widespread (Cedergreen and Olesen, 2010; Geiger et al.,
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1999). Symptoms of glyphosate treatment include stunted growth, chlorosis and bleaching; these
effects are mainly observed in metabolically active sink tissues like shoots, tips, buds, roots and
immature leaves. Plants treated with glyphosate die one or two weeks after application of the
herbicide (Eason et al., 2000; Rojano-Delgado et al., 2012).

The primary mechanism of action by glyphosate is the inhibition of EPSP synthase, but
particular interest of the role of glyphosate in the disruption of photosynthesis has been the focal
point of various studies. Geiger et al., (1986) concluded that glyphosate inhibited photosynthesis
in sugar beet leaves. Richard et al., (1979) concluded that glyphosate showed no direct effects of
on electron transport in PS | and PS 11 electron transport reaction centers in pea chloroplasts.
However, more recent studies by Huang et al. (2012) have demonstrated the direct involvement
of glyphosate in the reduction of electron transport through PS 11 and a reduction if chlorophyll a
and b in cogongrass exposed to glyphosate concentrations between 0 and 2 %. More
interestingly, Wong (2000) showed evidence of glyphosate stimulated growth, photosynthesis
and chlorophyll a synthesis in fresh water green algae exposed to low doses of glyphosate (0.2
mg/L) and inhibition of these processes at higher glyphosate doses (2 mg/L). The potential role
of glyphosate in the inhibition of photosynthesis has been demonstrated, however several studies
show contrasting results and the mechanisms of action and the importance of these effects have
not been well established (Geiger et al., 1999; Yu et al., 2007).

Knowledge on the metabolism of glyphosate in plants is limited. The first evidence of a possible
glyphosate metabolic pathway was reported in soybean (Glycine max L.), corn (Zea Mays L.);
tobacco (Nicotiana tabacum L.), wheat (Triticum astivum L.) and spruce (Picea abie L.), with
evidence indicating the presence of aminomethylphosphonic acid (AMPA), a major metabolite
of glyphosate degradation (Komofa et al.,, 1992; Sanchez-Bayo et al., 2010). AMPA is
structurally similar to glyphosate (Figure 1.6) and is a phosphoric acid analog of glycine (Fields,
1999).
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Figure 1.6: The chemical structure of aminomethyl phosphonic acid (AMPA) the primary metabolite of
glyphosate metabolism. (This image was adapted from Motojyuku et al., 2008).

Following this discovery several studies were conducted primarily in glyphosate resistant plants
to determine whether the metabolism of glyphosate was a contributor to tolerance. Literature has
proposed two possible mechanism of glyphosate metabolism in plants, the first is the cleavage of
the oxidative bond by glyphosate oxidoreductase (GOX) resulting in the production of AMPA,
and the second is the cleavage of the carbon (C)-phosphorous (P) bond by C-P lyase with AMPA
and sarcosine as end products (Ding et al., 2011a; Rojano-Delgado et al., 2012). Some reports
have stated that resistance in plants to glyphosate is aided by the presence of the GOX gene, for
the metabolism of glyphosate (Gonzélez-Torralva et al., 2012a; Jiang et al., 2013; Powles and
Preston, 2006; Zhu et al., 2013). Glyphosate metabolism in plants has been reported in some
studies (Arregui et al., 2003; Carlisle and Trevors, 1988; Gonzalez-Torralva et al., 2012b; Reddy
et al., 2004; Reddy et al., 2008). In contrast to these studies some researchers have revealed little
or no significant evidence of glyphosate plant metabolism (Dinelli et al., 2006; Feng et al., 2009;
Lorraine-Colwill et al., 2003; Zandstra and Nishimoto, 1977). This has led to the general idea
that some plants are able to metabolize this compound at varying rates and others may simply
form binding associations in different parts of the plant (Bradshaw et al., 1997; Rojano-Delgado
et al., 2012; Sandberg et al., 1980; Xiao-Ling et al., 2011).

1.2.3 Glyphosate fate, behavior and chemistry in the environment (soil and water)

Significant amounts of glyphosate can enter the soil environment during pre-plant use, in the

early stages of growth of glyphosate tolerant crops, after treatment due to direct application and
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foliar wash-off from the target plant or during post harvest applications. The behavior of
herbicides in soil is affected by different biological and physiochemical processes which directly
affect their decomposition, accumulation, retention and their transport towards other
environmental systems such as aquatic systems (Gevao et al., 2000; Mamy and Barriuso, 2005;
Mamy et al., 2005; Zabaloy et al., 2012).

The mobility and resultant leachability of a compound in soil is dependent on its sorption
characteristics (size, shape, configuration, molecular structure, solubility, polarity and chemical
functions) with strong sorption leading to immobilization and weak sorption causing the
compound to be readily leachable (De Miranda Colombo and Masini, 2011; Gevao et al., 2000).
Overall, glyphosate in soil generally demonstrates a low volatilization potential (due to high
water solubility and low vapor pressure) and fairly high sorption (>1.000 L Kg™) characterized
by the immediate and high affinity binding/adsorption to soil constituents and demonstrates a
moderate persistence in soil environments ranging from 1 to 174 days (average 47 days)
(Candela et al., 2007; Peruzzo et al., 2008; Pessagno et al., 2008; Sprankle et al., 1975a;
Torstensson and Aamisepp, 1977; Veiga et al. 2001). The sorption characteristics of glyphosate
are affected by factors such as the chemical composition of soil, the competitive effects
presented by the presence of phosphate in the soil and pH (Candela et al., 2007; Candela et al.,
2010; Zhao et al., 2009).

Glyphosate generally binds to soil constituents through the phosphoric acid group in a
mechanism similar to that of phosphate and therefore often competes with phosphate (found in
fertilizers) for sorption sites via the phosphoric acid moiety (De Santana et al., 2006; Forlani et
al., 1999; Morillo et al., 2000), however weak surface carboxyl binding with soil minerals has
also been reported (Barja and Dos Santos Alfonso, 2005). The competitive effects of phosphates
are important to consider as excessive application of phosphates (heavy application of fertilizers)
may cause the accumulation of phosphate in soil and the occupation of available adsorption sites
which would lead to a reduction in the capacity of the soil to retain glyphosate, thereby
increasing the mobility and leaching properties of this herbicide (Khenifi et al., 2010).

The effect of competitive binding to available adsorption sites demonstrated by glyphosate and
phosphate on glyphosate sorption in various soil types has been well documented in literature.

Dion et al. (2001) concluded that glyphosate sorption was highly dependent on phosphate
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additions when assessing the competitive sorption of *?P-labeled phosphate and ‘“C-labeled
glyphosate in low organic carbon systems (clay minerals dominated the available sorption sites).
Findings by Gimsing and Borggaard (2002a) in goethite, gibbsite, illite, montmorillonite and two
kaolinites with different specific surface areas, indicated that although competition was apparent,
the degree of competition was primarily based on the type of adsorbent, (i.e. goethite and
gibbsite) favored phosphate binding and in illite, montmorillonite and kaolinite competitive
adsorption was equivalent in both glyphosate and phosphate. In batch adsorption experiments
carried out on five different Danish surface soils, the adsorption of glyphosate and phosphate
was observed to be both competitive and additive and the competition was less evident than in
earlier studies in goethite and gibbsite (Gimseng and Borggaard, 2002b; Gimsing et al., 2004).
pH did not play a significant role in the competition between glyphosate and phosphate to the
extent that phosphate additions did; however, an interesting finding in this study was the effect of
pH on glyphosate adsorption, which concluded that a decrease in pH increased glyphosate
adsorption with a minimal effect of pH being observed in phosphate adsorption (Gimsing et al.,
2004). The theory of additive and competitive adsorption was further confirmed in batch
adsorption experiments conducted on four different Tanzanian soils namely; Andisol, Ultisol and
two Oxisols (with variable charge clay minerals) (Gimseng et al., 2007). Overall findings in this
study suggested that phosphate showed stronger binding to soil constituents in comparison to
glyphosate (determined by the Langmuir sorption isotherm). In sequential experiments
phosphate was only able to displace small quantities of pre-sorbed glyphosate, suggesting that
the amount of glyphosate and phosphate adsorbed was additive. However, when phosphate was
adsorbed first, this binding suppressed glyphosate binding, possibly due to increased negative

charges, which would repel negatively charged glyphosate (Gimseng et al., 2007).

The importance and influence of pH on the adsorption of glyphosate presents conflicting theories
in literature. Earlier studies by Glass (1987) found that the adsorption of glyphosate was not
entirely dependent on pH in montmorillonite saturated with cations (sodium, calcium,
magnesium, copper and iron) and proposed that the adsorption of glyphosate was based on the
complexation of glyphosate with the cations through a cation exchange mechanism. In contrast,
the importance of pH in glyphosate adsorption was demonstrated by McConnell and Hossner
(1985) in kaolinite, hematite and goethite, with an increasing pH causing an increase in the

negative charges on the mineral surfaces and glyphosate, resulting in a decrease in adsorption,
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similar to the inverse relationship between pH and glyphosate observed by Gimseng et al.
(2004). Findings by Morillo et al. (1997) in the clay mineral montmorillonite showed that
glyphosate adsorption was greater at a lower pH of 4.2 and decreased at a higher pH of 6.8.
Further studies by Morillo et al. (2000) validated earlier findings, with studies on the effect of
copper addition to glyphosate adsorption in three different soils with different characteristics.
This study concluded that the addition of copper caused a reduction in the pH of the soils,
thereby increasing glyphosate adsorption and a lower pH resulted in a glyphosate species with a
lower negative charge which would facilitate easier binding to negatively charged soil

constituents.

Glyphosate can only co-ordinate (sorb) onto variable charge surfaces (mainly through hydrogen
bonding and ion exchange) and not onto permanently negatively charged sites, as this herbicide
is in an anionic state at the general pH range of soils (pH 4-8) (Borggaard and Gimsing, 2008;
Vereecken, 2005). Therefore glyphosate co-ordinates strongly with metal ions (cations) and,
upon contact with the soil, glyphosate is primarily immobilized by the formation of surface
complexes with metal metal oxides such as iron and aliminium oxides and calcium (Khoury et
al., 2010). Other sorption sites for glyphosate include clay minerals, silica and soil organic
matter (e.g. humic substances) (Candela et al., 2010; Damonte et al., 2007). Soil composition is
an important factor in glyphosate adsorption and soils which contain a majority of permanently
negatively charged minerals (e.g. illite, smectite) demonstrate poorer glyphosate sorption than
soils containing a majority of variable charged minerals (Borggaard and Gimsing, 2008). Studies
by Morillo et al. (2000) emphasized the effect of soil content on glyphosate adsorption and
concluded that the most important contributing factors to soil adsorption were the amounts of
iron and aluminum amorphous oxides and organic matter. Yu and Zhou (2005) stated soil
organic matter as the greatest contributor to glyphosate adsorption. Studies by Albers et al.
(2009) concur with previous studies and experiments conducted in different soils and humic
substances led to the conclusion that soil organic matter was important in the adsorption of
glyphosate. Glyphosate however demonstrated weaker sorption to humic substances (desorption
occurred more readily) when compared to glyphosate sorption to amorphous aluminum and iron

oxides.
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The degradation and loss of activity of glyphosate in soil is primarily due to microbial activities,
with photodecomposition and chemical decomposition playing a minor role, due to the presence
of the carbon (C) - phosphorous (P) bond, which results in glyphosate being very chemically and
thermally stable (Patsias et al., 2001; Rueppel et al., 1977; Singh and Walker, 2006; Veiga et al.,
2001). The microbial degradation of glyphosate is considered a co-metabolic process. This is
because a majority of microorganisms, specifically bacteria, do not utilize glyphosate as a source
of carbon or nitrogen (Forlani et al., 1999; Sprankle et al., 1975b; Zabaloy et al., 2012).
However there are some fungal species that have been reported to use glyphosate as a source of
nitrogen (Singh and Walker, 2006). The degree of mineralization of glyphosate is strongly
dependent on the microbial activities as well as the biomass of soil microorganisms and climatic
conditions (e.g. temperature) (Araujo et al., 2003; Laitinen et al., 2009; Stenr@d et al., 2006) and
microbial degradation is considered the most important glyphosate conversion process in soil
that dictates the overall persistence and accumulation of glyphosate in soil (Singh and Walker,
2006). Generally, microbial degradation of glyphosate leads to the production of the primary
metabolite AMPA and complete degradation ultimately results in the production of water and
carbon dioxide (Aradjo et al., 2003; Forlani et al., 1999). Several microorganisms (bacterial and
fungal) have the capacity to degrade glyphosate and include Pseudomonas species (Kishore and
Jacob, 1987), Rhizobium species (Liu et al., 1991), Anthrobacter species (Pipke and Amrhein,
1988), Penicillium species, Tricoderma viridae and Aspergillus niger (Krzysko-Lupicka and
Orlik, 1997).

Glyphosate metabolism in soil occurs through the C-P lyase pathway (Ternan et al., 1998)
through two mechanisms outlined in Figure 1.7 (similar mechanisms have been proposed as a
possible glyphosate degrading pathways in plants see section 1.2.2). The initial mechanism
involves the cleavage of the C-P bond by C-P lyase, resulting in the production of sarcosine and
the second mechanism involves, the conversion of glyphosate to AMPA, followed by the
dephosphorylation of AMPA by C-P lyase, which is then further broken down to carbon dioxide
and ammonium (Castro et al., 2007; Dick and Quinn, 1995; Lerbs et al., 1990; McAuliffe et al.,
1990). The kinetics of glyphosate degradation are affected by the sorption and desorption of
glyphosate specifically in soils that show high mineralization capacity, as this directly influences
the availability of glyphosate to microorganisms. Therefore, glyphosate degradation is often

characterized by an initial rapid rate of degradation of available/unsorbed glyphosate, followed
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by a slower rate of mineralization of glyphosate sorbed to soil (Gimsing et al., 2004; Singh and
Walker, 2006; Veiga et al., 2001). The degradation time of glyphosate (due to microbial activity)

varies from a few days to several months and in some instances years (Laitinen et al., 2009).
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Figure 1.7: The metabolic degradation pathway of glyphosate by microorganisms in soil. (This image was
adapted from Borggaard and Gimsing, 2008; Williams et al., 2000)

Some researchers have suggested that the chemical and physical properties of glyphosate results
in low mobility (due to its high adsorptive capacity), causing a minimal possibility for the
compound entering water systems through leaching and surface runoff, with some studies
reporting no detectable glyphosate or AMPA residues in surface and groundwater (Battaglin et
al., 2005; Comes et al., 1976; Malaguerra et al., 2013; Miller et al., 1995; Ravanel et al., 1999;
Roy et al., 1989; Tatum, 2004). It is however important to consider the type of soil in which
glyphosate is applied, as evidenced by the literature presented in this section: glyphosate shows a

variation of behavior depending on the soil system and the mobility of this compound is
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extremely dependent on the extent of soil binding (e.g. soil half-life, the soil partition coefficient

(Koc)) and the level of microbial activity (Huang et al., 1994).

The migration of herbicides (e.g. glyphosate from terrestrial to aquatic ecosystems) can occur
through diffuse (indirect entry) sources from agricultural applications and involves the
compound moving through soil layers in solution or sorbed to particles (glyphosate displays a
similar mobility to phosphates when sorbed to soil particles) and entering water systems through
surface (surface runoff) or sub-surface flow (leaching) (Borggaard and Gimsing, 2008; Carter,
2000; Hu et al., 2011; Schwarzenbach et al., 2006). Herbicides can also be transported to water
systems through spraydrift from agricultural areas in relative close proximity (Huber et al., 2000;
Peterson and Batley, 1993). Leaching compounds may subsequently travel directly to
groundwater, specifically in cases where the groundwater level is close to soil surfaces and rivers
(Coleman et al., 2002; Gregoire et al., 2009). Together with soil properties surface runoff is
dictated by climatic conditions (e.g. rainfall and land characteristics such as slope and distance
from the point of application to the water body) and occurs when the rate of water application to
the soil surface exceeds the storage capacity and infiltration rate of the soil (Bermidez-Couso et
al., 2013; Holvoet et al., 2007). Surface runoff is considered the major route of herbicide transfer
from terrestrial to aquatic ecosystems (Rasmussen et al., 2011) and herbicides transported via
surface runoff are often transported to open water catchment areas including streams, rivers and
lakes (Gregoire et al., 2009).

Point source entry (direct entry) of herbicides into water systems occurs through either the direct
application of the herbicide to the water system, improper management practices such as spillage
and improper disposal of packaging material, and in urban areas by the application of herbicides
to impervious surfaces like roads and sidewalks (Botta et al., 2012; Gerecke et al., 2002;
Neumann et al., 2003; Pitt et al., 1999). These practices may directly deposit herbicides into
sewage systems which commonly feed into surface water bodies (Gerecke et al., 2002; Paul and
Meyer, 2001; Ritter et al., 2002).

Glyphosate is chemically stable in water systems with negligible susceptibility to photolysis.
Studies by Anton et al. (1993) have indicated that glyphosate was stable in sunlight for 78 days
(the entire duration of the study) with no statistically significant degradation occurring within the
experimental period. Kylin (2013) suggested that the effects of light on glyphosate degradation
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were most likely linked to increased metabolic activity. Similar to its behavior in soil, glyphosate
displays sorption to sediments in water and is degraded primarily by microorganisms (the
degradation pathway by microorganisms is illustrated in Figure 1.7), the extent to which is
controlled by factors such as pH (an increase in acidic conditions increases glyphosate stability
due to a reduction in microbial activity) and temperature (increased temperatures increase
glyphosate degradation due to enhanced microbial activity) (Mallat and Barcelo, 1998; Petit et
al., 1995). The persistence of glyphosate in water is generally shorter than in soils and is
considered to have a half-life ranging between 7-10 weeks in natural water systems (Struger et
al., 2008).

The propensity of glyphosate to contaminate ground water and open water systems through
leaching and surface runoff has been evaluated and transport and mobility studies conducted by
Landry et al. (2005) and Huang et al. (1994) in the soil types of chosen environments have
demonstrated the potentially high leaching and surface runoff capacity of glyphosate. Desorption
experiments by Alrajab and Schiavon (2010) showed the possibility of remobilization of
herbicide residues (i.e. glyphosate does not remain permanently bound to soil constituents).
Results in this study suggested that the possibility of contamination of groundwater by
glyphosate was high over a long-term period, especially in soils with high adsorption capacity
characteristics and low microbial activity. Hagner et al. (2013) hypothesized that glyphosate
leaching was increased in the presence of plants, due to the transport of glyphosate from shoots
to roots and ultimately to soil because of root exudates and plant decay. This study also
demonstrated the role of climatic events such as rainfall on glyphosate mobility and concluded
that heavy rainfall events increased glyphosate leaching in soil. A summary of studies that have
indicated detectable glyphosate residues in both surface and groundwater are outlined in Table
1.3.
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Table 1.3: A summary of selected studies showing glyphosate residue (pg/ml) detected in ground and

surface waters in various countries.

Country Site Glyphosate Study duration  Method detection  Reference
(ng/ml) limit (pg/ml)

Canada Urban riparian 1.4-4.2x107 NR 1.0x 10°-1.0x 10°  Van Stempvoort et
groundwater al., 2014

Hungary Danube river &  5.4- 7.6x 10 2 years 5.0x 10°-1.2x 10*  Moértl et al., 2013
Lake Velencei

Switzerland Small catchment 6.0 x 10°- 4.2x 102 1 year 2.0x 10° Hanke et al., 2010
(25 Km?)

Germany River Havel 1.0x 10%-2.0x 10° NR 2.0-5.0x 10® Litz et al., 2011

Germany River Ruhr 6.5 x 10°-5.9x 10* 1 year 2.5x 10° Skark et al., 1998

Denmark Esrtrup Avg.! 35x 107 8 months <1.0x 10® Kjaer et al., 2011
(drainage water)

America St. Josephriver ~ Max.?1.8 x10% & 1 year 2.0x 10° Warnemuende et
watershed 2.3x10" al., 2007

New Zealand Estuaries 5.8 x10% 9.5x10" NR NR Stewart et al., 2014

Spain Surface water Max. 2.7x 107 1 year 1.0x 10° Hernandez et al.,
(Valenciana) 1996

Austria River water Max. 6.7x 10 10 months 4.2 x10% Popp et al., 2008

Canada Rural Ponds 4.2 x102-1.1 x10* 15 years NR Frank et al., 1990

NR: not reported, *Avg: average glyphosate residue concentration, “Max: maximum glyphosate concentration

Herbicides are particularly important pollutants of water systems. Worldwide, several

compounds are synthesized and manufactured yearly and a third of these compounds end up in

the environment (Biziuk et al., 1996). Based on the literature reviewed in this section the

potential of glyphosate as an environmental contaminant has been confirmed; however, of

greater relevance are the possible toxicological effects it may display upon exposure to non-

target living organisms. The toxicological potential of glyphosate is discussed in the subsequent

section.
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1.2.4 Toxicological properties of glyphosate

Glyphosate is generally considered to be a relatively environmentally friendly herbicide because
of its degradation capacity and its high affinity adsorption to soil particles (Brake and Evenson,
2004; Zhao et al., 2009). Glyphosate targets the shikimate pathway (reviewed in section 1.2.2), a
metabolic process which only occurs in plants, bacteria and fungi and the toxicological potential
of glyphosate in humans and animals is therefore believed to be relatively low (Aparicio et al.,
2013). Environmental regulatory agencies such as United States Environmental Protection
Agency (USEPA) and the World Health Organization (WHO) classify herbicides into categories
based on acute toxicity studies carried out in various mammals (rats and mice are the more
frequently used models) to determine the lethal median dose or LD50 which is representative of
the quantity of compound required to cause the death of 50 % of a test population (Dost, 2003).
These tests are often conducted as part of risk management and hazard identification protocols
with respect to the production, use and handling of herbicides. Acute toxicity is defined as an
immediate (often within 24 hours of exposure) adverse effect occurring after the exposure of a
single dose or short term exposure to a compound and chronic exposure (adverse effects
observed over long periods of time) studies usually begin as dose response studies under acute
conditions (Walum, 1998).

Glyphosate has been classified as a category I1l herbicide by USEPA, with category | designated
to herbicides that demonstrate high level of acute toxicity and category IV consisting of
herbicides that demonstrate the lowest toxicity. Acute oral studies in various mammals indicated
a glyphosate LD50 ranging between 3500-5000 pg/ml, primarily due to the low adsorption of
glyphosate in the digestive tract. Dermal studies in rabbits (rabbits have the most permeable skin
in comparison to other mammals) indicated concentrations of glyphosate as high as 5000 pg/ml
only caused slight irritation and, with respect to carcinogenicity and reproductive toxicity,
glyphosate has been classified as a category E (no evidence of carcinogenicity and reproductive
toxicity risk in humans) (Dost, 2003; USEPA, 1993; WHO, 2004). LD50 is a common measure
of acute toxicity, however it does not represent adverse effects (acute and chronic) that may

occur at sub-lethal concentrations (Walum, 1998).
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Several ecotoxicological studies have challenged the idea that glyphosate demonstrates low
toxicity and have confirmed the deleterious effects of glyphosate and glyphosate based
herbicides at sub-lethal concentrations in aquatic and terrestrial organisms. Examples include
amphibian species such as Xenopus laevis (frog) (Gungoérdi, 2013; Hedberg and Wallin, 2010),
fish species such as Prochilodus lineatus (neotropical fish) and Caiman latirostris (broad
snouted caiman) (Langiano and Martinez, 2008; Poletta et al., 2009), terrestrial organisms such
as Eisenia andrei (earthworms), Chordodes nobilii (horsehair worms) and Biomphalaria
glabrata (snails) (Achiorno et al., 2008; Mona et al., 2013; Piola et al., 2013). Of particular
interest in this study is the effect of this herbicide in humans at environmentally relevant
concentrations and concentrations that humans are generally exposed to. Herbicides may target
some organisms more specifically than others (however absolute selectivity is rare) and, due to
their inherently toxic nature, herbicides pose a potential risk to human health (Bolognesi, 2003).

The extent of adverse health effects observed due to a specific herbicide is based on several
factors such as the chemical class, exposure route, dose and exposure period (acute or chronic)
(Hernandez et al., 2013). Human exposure to glyphosate residues may occur through various
pathways including agricultural practices, contamination of surface and ground waters and entry
into the food chain and routes (e.g. dermal oral and inhalation) (Hernandez et al., 2013; Richard
et al., 2005). The majority of herbicidal compounds have been reported to cause sub-lethal
deleterious effects. Human health effects associated with acute and chronic exposure pesticide
exposure include reproductive/teratogenic effects (Jacobsen et al., 2012; Martenies and Perry,
2013), carcinogenic/oncogenic effects (Parron et al., 2013; Perez-Carreon et al., 2009),
genotoxic and neurotoxic effects (Dunkelberg et al., 1994; Tuschl and Schwab, 2003) and

immunotoxic effects (see review by Corsini et al., 2013).

Human toxicity studies commonly use in vivo and in vitro assessments as measures of toxicity.
In vivo experiments generally entail the use of whole, living organisms and data obtained on the
acute toxicity effects of glyphosate is generally collected using animals models (e.g. rats)
(Dalkvist et al., 2009; Du et al., 2013). The main disadvantages of in vivo testing relate to high
costs associated with animal testing and a limited predictive power in context to extrapolating
effects observed in whole animal models to human toxicity (Du et al., 2013; Hartung, 2011;

Olson et al., 2000). In vitro the methods were selected for this study and involve the use of
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components that have been isolated from an organism, (e.g. cells and cell lines, tissues and
organs) which provide a more directed and convenient investigation (Du et al., 2013). The
advantages of in vitro analysis include the simplification of the system being studied and the
avoidance of ethical issues presented when using animals (Scholz et al., 2013). In the last
decades in vitro toxicology has become increasingly used as an alternative to in vivo toxicology
and has shown many practical applications, including being used as a screening tool and in the
determination of effects of several different compounds (Bakand and Hayes, 2010; Scholz et al.,
2013).

A few studies have suggested that glyphosate displays low toxicity in humans. Vigfusson and
Vyse (1980) demonstrated the low genotoxic potential by glyphosate in human lymphocytes and
a more recent study by Mladinic et al. (2009) reported no apparent dose dependent effects in
genotoxic and oxidative potential studies in human lymphocytes at glyphosate concentrations
relevant to residential and occupational exposure. Pieniazek et al., (2004) reported similar
findings in human erythrocytes with the conclusions of the study suggesting glyphosate and its
formulation Roundup® presented no potential toxic threat towards human erythrocytes. Several
studies have, however, confirmed the toxic potential of glyphosate and glyphosate based
herbicides in humans at sub-lethal concentrations. A summary of these studies is outlined in
Table 1.4.
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Table 1.4: A summary of in vitro and in vivo studies demonstrating the toxic potential of glyphosate and

glyphosate based herbicides in human cell lines, human lymphocytes, human blood and rat models at

concentrations (ug/ml) reported in the environment and concentrations generally exposed to humans.

A. Human cell lines and organ tissues

Agent/Formulation

Glyphosate

Glyphosate

Glyphosate / 7
Roundup®
formulations
Glyphosate

Glyphosate IPA

formulation”

Glyphosate/Roundup®

Glyphosate

Glyphosate IPA”™ /
Roundup (Bioforce®)

Cell line (type)

MDA-MB-231
& T47D (breast
cancer)

HaCaT &
keratinocytes
(human
epidermal)
MDA-MB453-
kb2 (breast
cancer) &
HepG2 (liver)
HeLa (breast
cancer) &
HepG2 (liver)
3T3-L1
(fibroblast)

JEG3 (human

placental)

HepG2 (liver)

293 (human
placental kidney)
& JEG3
(placental)

Glyphosate

(Hg/ml)
Sl

0-11837

5-10

0.1-1.0

SZ

S3

507-2537

36-7200 &
48-9600

Exposure

time (hours)

6&24

0.5t018

24 & 48

48

18, 24, 48

1,24,48,72

Toxicity

Endocrine

disruption

Apoptosis,
mitrochondrial
membrane
dysfunction
Endocrine

disruption

Alteration in
cysteine/glutathione
metabolism
Inhibition of
proliferation,
differentiation,
apoptosis
Disruption of
aromatase activity
and mRNA levels

Genotoxicity

Possible alterations
in human
reproduction &

fetal development

Reference/s

Thongprakaisang
etal., 2013

Heu et al., 2012

Gasnier et al.,
2009

Hultberg et al.,
2007

Martini et al.,
2012

Richard et al.,
2005

Mafias et al.,,
2009a
Benachour et al.,
2007
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B. Human lymphocytes (HL) and human blood (HB)

Agent/Formulation Sample number  Glyphosate Exposure Toxicity Referencels
(n) (ng/ml) time
Glyphosate n= 3 (HL) 0.8-8.6 72 hours Chromosome Lioi et al., 1998
aberrations,
oxidative stress
Glyphosate & n=2 (HL) 30-6000 72 hours Induction of sister Bolognesi et al.,
Roundup® chromatid 1997
exchanges
Glyphosate Serum pool (HB) 5073-338200 1 Inhibition of serum El-demerdash et
AchE, LDH, AST, al., 2001
ALT, AIP
C. Mammalian toxicity (rat model)
Agent/Formulation Study sample Glyphosate Exposure Toxicity Reference/s
(ng/ml) time
Glyphosate Wistar rats 07&7 30-90 days Biochemical Larsen et al.,
(oral dose) alterations 2012
Glyphosate/ Leydig , Sertoli 1-10000 48 hours Endocrine Clair et al., 2012
Roundup® & germ cell disruption
(testes)
Glyphosate Liver, serum 20 21 days Excessive lipid Beuret et al.,
peroxidation 2005
Glyphosate/ Sertoli cells 36 30 minutes Oxidative stress, De Liz Oliveira
Roundup® calcium overload, Cavalli et al.,
cell signaling 2013
misregulation
Roundup® Liver 0-3382 NR Uncoupling of Peixoto, 2005
mitochondria oxidative
phosphorylation
Glyphosate/ Swiss albino 25 1-3 weeks Tumor promoting George et al.,
Roundup® mice (skin activity 2010
application)
Glyphosate Liver & brain 10 5 weeks Oxidative stress Astiz et al., 2009
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D. Human organs

Agent/Formulation Organ /System  Case study Exposure Toxicity Reference/s
time
Glyphosate Brain & nervous  Healthy 54 30 minutes Parkinsonian Barbosa et al.,
system year old man: syndrome, lesions 2001
accidental on globus pallidus
exposure and substantia nigra

while spraying
glyphosate in

his garden

S: Starter concentration not reported, concentrations reported as dilution factors only (S*: 10°-10™%; S%: 1:1000-
1:10000; S 0.05-2 %). "Glyphosate IPA formulation: glyphosate isopropylamine salt formulation, trade name not
specified. “Glyphosate IPA: glyphosate isopropylamine salt. AchE: acetylcholineesterase, LDH: lacatate

dehydrogenase, AST: aspartate amino transferase, ALT: alanine aminotransferase, AIP: alkaline phosphatases.

Herbicides are applied as formulations and the adjuvants present were generally considered
“inert” but recently the role of adjuvants found in herbicide formulations in toxicity studies has
been highlighted, as humans are exposed to these “inert” ingredients as well as the active
compound (Hernandez et al., 2013; Mesnage et al., 2013). Inert ingredients are known to
increase the toxicity and exposure of pesticides (including herbicides) with severe and expansive
implications to human health (see review by Cox and Surgan, 2006).

Current toxicological research has suggested that the presence of these adjuvants in glyphosate
herbicidal formulations are important contributors to the enhancement of glyphosate toxicity.
Benachour and Seralini (2009) implicated the surfactant POEA, a known adjuvant in glyphosate
formulations such as Roundup®, in the alteration of human cell permeability and as an amplifier
of glyphosate toxicity in human umbilical, embryonic and placental cells. Mesnage et al. (2013)
concurred with the findings reported by Benachour and Seralini (2009) who proposed a possible
mechanism for POEA toxicity in human liver, kidney and placental cells, which involves the
disruption of cellular membranes during micellization, followed by the induction of extreme

mitochondrial alterations. Evidence provided by many other researchers supports the
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observations and conclusions reported by the aforementioned studies (Chan et al., 2007; Hedberg
and Wallin, 2010; Moreno et al., 2014; Peixoto, 2005; Poletta et al., 2009).

The ongoing debate surrounding the safety of glyphosate highlights the importance of glyphosate
toxicology in humans. Considering this study was localized in South Africa the following section
will address the issue of glyphosate and glyphosate based herbicides within a South African

context.

1.2.5 Glyphosate and glyphosate based herbicides in a South African context

In sub-Saharan Africa, South Africa stands out as the leading country for pesticide use, primarily
in the agricultural sector (Dalvie et al., 2009; Rother et al., 2008). Glyphosate-based herbicides
are well established in the South African market with approximately 26 companies currently
producing (e.g. Dow Agrosciences, Volcano Agroscience and Syngenta) glyphosate-based
herbicide products, including the most popular formulation Roundup® (Mensah, 2013).
Glyphosate based herbicides are used in South Africa primarily to control weeds and alien
invasive plants and have become one of the principal products used in the country (Mensah,
2013). Monsanto has played a significant role in the South African agrochemicals (herbicides,
fungicides and insecticides) industry since 1968 and entered the agricultural seed market in 1998
(Masifunde Education and Development Project Trust, 2010). In 1998, South Africa was the first
country in the world to produce a genetically modified version of the country staple food, maize
(African Centre for Biosafety, 2013). To date, Monsanto controls 50 % of the South African
maize market (maize is the most important and most widely produced crop in South Africa).
Sixty four % of all maize grown in South Africa is GM-GR (Genetically Modified-Glyphosate
Resistant) and the continuous cultivation of GM- GR maize (GM-GR crops have been found to
be heavily reliant on herbicide input despite contrasting reports) has subsequently resulted in the
increased use of glyphosate based herbicides in the country. It has been reported that the overall
use of glyphosate has increased from 12 million liters in 2005 to 20 million liters in 2012
(African Centre for Biosafety, 2012; African Centre for Biosafety, 2013). The only other
commercialized South African GM-GR crop varieties are cotton and soybean (African Centre for
Biosafety, 2012).
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The success and ever increasing use of glyphosate herbicides in South Africa is also due in part
to the promotion of glyphosate-based herbicide and GM-GR crop use by commercial farmers,
public and private organizations and the government initiated Working for Water Programme,
(founded in 1995) which promoted the use of glyphosate based herbicides in controlling alien
invasive terrestrial and aquatic plant species (Binns et al., 2001; Friends of the Earth
International, 2008; Mensah, 2013). Project initiatives such as the Green Revolution
programme/Massive Food Production Programme which was implemented in 2003 by Monsanto
together with the South African government as a response to declining agricultural production in
the Eastern Cape Province and involved the free distribution of GM-GR seeds to emerging
farmers also ensures the continuous use of large quantities glyphosate based products (African
Centre for Biosafety, 2008; Mtero, 2012).

South Africa is a semi-arid, water stressed country with scarce natural water resources (DWA,
2004). Surface and groundwater pollution are one of the most important problems facing South
Africa to date and statistics indicate that before 1994 over 21 million people in South Africa
were consuming and using poorly or unsanitized water (rural areas accounted for the greatest
percentage of this total, resulting in 43,000 deaths per annum relating to contaminated water
use). This alerted the South African government and even though significant changes have been
made to improve water management and treatment; in 2004 five million South Africans were
still using rivers and springs as a source of water (Momba et al., 2006). The published South
African Census report for 2011 indicates that currently a large majority of people living in rural
areas still do not have access to treated water and are still heavily dependent on natural water

resources including surface waters (e.g. river water and groundwater) (StatsSA, 2012).

Pesticide contamination of natural water sources poses a serious threat with respect to
environmental and human health, however pesticide monitoring programs in South Africa are
limited, primarily due a lack of analytical methods/techniques and limited finances (Dabrowski
et al., 2002; Dabrowski et al., 2005; Dabrowski and Balderacchi, 2013; Dalvie et al., 2006).
Although South African data on pesticide contamination in aquatic environments is minimal in
comparison to other developing countries (Ansara-Ross, 2012), there are some studies that have
reported on the presence of pesticides in South African surface and groundwaters (Bollmohr et
al., 2007; Humphries, 2013; Schulz, 2001; Thiere and Schulz, 2004). Research on the
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contamination of glyphosate in surface waters and groundwater in South Africa is therefore
extremely limited. Studies conducted in the Hex River Valley (a grape farming area in the
Western Cape Province of South Africa characterized by intensive agricultural practices)
reported significantly high concentrations of glyphosate since the 1990s (Dalvie et al., 2011,
Maharaj, 2005; Meinhardt, 2009). The significance of pesticide pollution in water has not been
prioritized by South African policy makers and regulatory bodies to the same extent as
microbiological water contamination, as is evident in the South African water quality guidelines
for drinking water (London et al., 2005). Rigorous standards have been implemented for
coliform concentrations and inorganic compounds for water systems (DWAF, 1996) but with
only one standard existing for pesticides (atrazine) (DWAF, 1996; London et al., 2005). The
absence of drinking water quality guidelines for glyphosate (considering its extensive use)
highlights the lack of regulation for glyphosate use in South Africa and the limited ability of
South Africa to address issues of possible water contamination by this herbicide and potential
public health issues (due to the high dependency on untreated water sources such as river water
and groundwater, especially in poorer rural communities) which may arise due to human
exposure. Dabrowski et al. (2014) prioritized and ranked pesticides in South Africa based on
four indices. The first is the quantity index (QI) defined by the quantity of use. The second index
was the toxicological potential (TP), which was defined by the potential pesticides to cause five
main health effects (hamely, endocrine disruption, carcinogenicity, tetragenecity, mutagenecity
and neurotoxicity). The third index was the hazard potential (HP) defined by the exposure
potential as an indication of an environmental hazard and the fourth index was defined as the
weighted hazard potential (WHP) which multiplies the HP in context to the ratio of pesticide use
to the total use of pesticides in the whole country. The top 25 pesticides in each category were
defined as priority pesticides and, based on the findings in this study; glyphosate was ranked 1°
and 6" in the QI and WHP category. Recently Mensah et al. (2013) derived South African water
quality guidelines for the most popular formulation Roundup® in aquatic ecosystems, based on
species sensitivity distribution in indigenous aquatic organisms. The short-term and long-term
derived water standards for Roundup® were 0.250 and 0.002 pg/ml, respectively. The
abovementioned studies highlight the importance of glyphosate-based herbicides in South Africa
and provide a step forward towards including glyphosate-based herbicides into integrated water

resource management.
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In contrast to South Africa, international regulations for pesticides in drinking water are more
stringently regulated. Drinking water quality guidelines (WQG) or maximum residues levels
(MRL) for pesticides are set based on health risk assessments by agencies (e.g. WHO and
USEPA, see section 1.2.4) (London et al., 2005). The USEPA has set the MRL for glyphosate in
drinking water at 0.7 pg/ml and MRLs for water in the European Union, Canada and Brazil are
0.1 pg.l*, 0.28 pg/ml and 0.5 pg/ml, respectively (Coutinho et al., 2008; Miro et al., 2012).

The typical concentration range of glyphosate in natural water systems is still relatively unknown
to a large extent (Miro et al., 2012). The varied behavior of this herbicide in soil and water may
likely be a causative factor (see section 1.2.3), however several methods have been developed for
glyphosate detection and AMPA is often included in analytical methodologies because it is a
major metabolite of glyphosate (Sadi et al., 2004). Section 1.2.6 provides a general overview of

the reported literature with regards to glyphosate detection methods.

1.2.6 Methods developed for glyphosate determination in water

Analytical methods used for the detection of glyphosate in water generally have to demonstrate
high sensitivity due to the regulatory MRLs for glyphosate in drinking water (see section 1.2.5)
(Ibafiez et al., 2006; Lee et al., 2013). Developing simple and rapid methods for the extraction
and determination of glyphosate at the appropriate levels presents many challenges due to the
complex behavior glyphosate displays (i.e. this compound is amphoteric and extremely soluble
in water, demonstrates high polarity, insolubility in inorganic solvents and low volatility)
(Corbera et al., 2005; De Llasera et al., 2005; Dimitrakopoulos et al., 2010). To date, the
literature available on glyphosate detection methods are well established and a variety of
analytical techniques have been developed for glyphosate detection in water and other
environmental matrices (Ghanem et al., 2007). Stalikas and Konidavi (2001) provide a
comprehensive review on the characteristics of available analytical methods used for the
detection of glyphosate and related compounds in water and other matrices.

Initial methods developed for glyphosate detection involved thin liquid chromatography
techniques (Rodrigues et al., 1982; Sprankle et al., 1978; Young et al., 1977). More recently the
majority of methods reported for glyphosate detection include gas chromatography (GC), liquid
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chromatography (LC), capillary electrophoresis (CE) and immunoassays (Chen et al., 2013a;
Guo et al., 2005; Khrolenko and Wieczorek, 2005). Table 1.5 summarizes the GC, LC and CE
techniques used for the detection of glyphosate and AMPA in water. GC and LC methodologies

offer high detection sensitivity (Table 1.5) and are often coupled to other detection systems for

the improvement of detection sensitivity/specificity/selectivity with examples of the detection

systems commonly including mass tandem spectrometry (MS) (Royer et al., 2000), flame

photometric detection (FPD) (Kataoka et al., 1996), nitrogen phosphorous detection (NPD) (Hu
et al., 2008) and electron capture detection (ECD) (Eberbach and Douglas, 1991). Overall,

however, these chromatographic methods are complex, costly and require large laboratory

equipment with skilled technicians (Jenkins et al., 2001).

Table 1.5: A brief summary of GC, LC and CE methods used for the detection of glyphosate /AMPA in

water.

Compound Sample Method Detection LOD (ug/ml) Reference

Glyphosate & AMPA Drinking water GC MS 1.0 x 107 Alferness & Iwata, 1994

Glyphosate & AMPA Ultrapure water GC MS/MS™ 5.0 x10° Royer et al., 2000

Glyphosate & AMPA River water GC FPD ++ Kataoka et al., 1996

Glyphosate & AMPA Tap water LC (HPLC) FL™ 2.0 x 10° Gauch et al., 1989

Glyphosate Environmental water ~ LC (HPLC) UV™ 9.0 x 10™ Qian et al., 2009

Glyphosate & AMPA Drinking & surface LC (HPLC) (EI)MS™ 3.0x10° Vreeken et al., 1998
water

Glyphosate & AMPA Surface & LC MS/MS 2.0x10°® Hanke et al., 2008
groundwater

Glyphosate River water CE LIF 2.7%x 10" Jiang and Lucy, 2007

Glyphosate & AMPA Natural water CE NR 8.5&6.0x10°  Corbera et al., 2005

Glyphosate & AMPA Water CE ECL 3.0x10*& Hsu and Whang, 2009

3.0 x 10

++: limit of detection 8 & 12 pg "MS/MS: tandem mass spectrometry , "2FL: fluorescence detection , UV: UV-

VIS detection, “(EI)MS: electrospray ionization mass spectrometry, “ECL: electrochemiluminescence NR: not

reported
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GC methods require extensive, time consuming and tedious chemical derivatization steps (all
ionic groups require derivatization) with varying reagents such as trifluoroacetic anhydride
(TFAA) and trifluoroethanol (TFE) for the formation of (e.g. N-trifluoroacetyltrifluoroalkyl ester
derivatives) (Alferness and Iwata, 1994; Ibafiez et al., 2006; Konar and Roy, 1990; Tsunoda,
1993; Wei et al., 2013) which function in decreasing the polarity of the glyphosate compound,
increasing volatility, thereby improving chromatographic separation and ultimately resulting in

increased sensitivity during detection (Guo et al., 2005; Motojyuku et al., 2008).

LC methods, particularly high performance liquid chromatography (HPLC), for glyphosate
detection are well established (Vreeken et al., 1998) and are primarily based on cation and anion
exchange separation which presents greater suitability with respect to the ionic properties of
glyphosate and are often the preferred methods over GC (Hanke et al., 2008). Glyphosate is
however structurally similar to amino acids and lacks the appropriate chemical groups (e.g.
chromophores and fluorophores) for detection using conventional systems (Qian et al., 2009).
Therefore, pre-column and post-column derivatizations are required in this methodology, to
enable ease in the isolation, separation and detection of glyphosate which leads to the
enhancement of detection sensitivity and selectivity (Botero-Coy et al., 2013; Corbera et al.,
2005; Royer et al., 2000). Fluorenylmethylchloroformate (FMOC-CI) is the most commonly
used pre-column derivatization reagent used in combination with LC techniques (e.g. HPLC) for
the formation of a fluorescent derivative, which improves both detection and chromatographic
retention (Hanke et al., 2008, Kawai et al., 1991, Patsias et al., 2001). Post-column
derivatization commonly uses reagents such as o-phthalaldehyde (OPA) and mercaptoethanol or
OPA and N,N-dimethyl-2-mercaptoethylamine with fluorescence detection and ninhydrin with
UV detection (Hogendoorn et al., 1999; Ibafiez et al., 2005).

Capillary electrophoresis (CE) has become a more frequently used method in recent years due to
its high resolving power and speed (Chang and Liao, 2002; Khrolenko and Wieczorek, 2005),
however the major drawback of CE analysis is its low detection sensitivity, primarily due to the
limitations encountered with the injection volume (Sadi et al., 2004). This method also requires
the use of pre and post column derivatizations when coupled to UV and fluorescence detection
(See et al., 2010), however non derivatization procedures such as indirect absorptiometric

detection (Cikalo et al., 1996), indirect laser induced fluorescence (LIF) detection (Chang and
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Liao, 2002) electrospray ionization mass spectrometry (ESIMS) (Safarpour and Asiaie, 2005),
amperometric detection (Sato et al., 2001), inductively coupled plasma mass spectrometry (ICP-
MS) (Sadi et al., 2004; Wuilloud et al., 2005) and electrospray nucleation light scattering
detection (You et al., 2003) have been reported in literature for HPLC and CE methods.
Literature has also reported on a few other methods which circumvent the need for derivatization
and these include suppressed conductivity ion chromatography (IC) (Zhu et al., 1999) and *H
and *'P NMR spectroscopy (Cartigny et al., 2004). Amongst these methods indirect methods
often suffer from low sensitivity, whereas the other methods are limited by expense and
equipment availability. Some methods have not proven suitable in complex matrices (Chen et al
2013a; Chiu et al., 2008, Coutinho et al., 2008, Hao et al., 2011; Hui-Min et al., 2013,Y oshioka
etal., 2011).

Analysis of low concentrations of glyphosate is facilitated through extraction/pre-concentration
procedures and these analytical tools play a pivotal role in the methodologies presented thus far
(Hsu and Whang, 2009). Sample preparation techniques for the isolation/pre-concentration of
glyphosate from different matrices include liquid-liquid extraction (LLE) (reviewed by
Lambropoulou and Albanis, 2007), supported liquid membrane extraction (SLM) (Dzygiel and
Wieczorek, 2000), liquid-solid extraction (LSE) (Andreu and Picd, 2004), solid-phase extraction
(SPE) (reviewed by Hennion, 1999) and metal ion affinity chromatography (IMAC) (Rios et al.,
2004).

Currently, research into glyphosate detection has shifted focus, with greater attention being
placed on detection systems that are dependent on basic biochemical principles such as selective
immunoassays (Jenkins et al., 2001). The development of enzyme linked immunosorbent assays
(ELISA) for glyphosate detection has overcome the need for sample preparation, allowed for
high detection sensitivity and specificity and was shown to be complimentary to and more cost-
effective than available chromatographic techniques (Byer et al., 2008; Mortl et al., 2013). Both
direct (including a derivatization step with acetic anhydride for increased detection sensitivity)
(Mortl et al., 2013) and indirect ELISA (not requiring derivatization) protocols (Clegg et al.,
1999) have been developed for glyphosate detection. Rubio et al. (2003) reported a detection
limit as low as 0.6 ng.ml™* for glyphosate in nanopure, tap and river water samples with direct

ELISA involving the use of antibody-coupled magnetic particles and acetic anhydride
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derivatization. The reported LOD using this direct ELISA method was 500-fold lower than the
LOD of the comparative HPLC method. A linker assisted-ELISA method developed by Lee et
al. (2002) indicated a good correlation (r= 0.97) with the comparative HPLC-MS method studies
conducted on surface and groundwaters and demonstrated a high sensitivity (0.084 ug.L™). A
multiplexed covalent microbead immunosorbent assay (FCMIA) developed by Biagini et al.
(2004), which includes a derivatization step for glyphosate and AMPA determination in water
and urine, further demonstrated the potential of immunoassays, with no evidence of cross-
reactivity being reported and a high glyphosate detection sensitivity being observed in water
samples. There are several advantages to immunoassay methods; however these assays are often
limited by the availability and cost of antibodies, stability and irreversible binding which

prevents reusability (Jenkins et al., 2001).

The direct ultraviolet-visible spectrophotometric (UV-VIS) detection of glyphosate has not yet
been described in literature (Da Silva et al., 2011), however indirect methods have been
established involving initial derivatization procedures. An earlier report by Glass (1981)
describing the colorimetric detection of glyphosate involved the formation of a
phosphomolybdate heteropoly blue complex that could be detected at 830 nm after the oxidation
reaction of glyphosate combined with hydrogen peroxide. More recently Jan et al. (2009)
reported the detection of glyphosate at 435 nm after a derivatization step with carbon disulphide
for the formation of a dithiocarbamic acid intermediate which was followed by a complexation
reaction with copper to form a yellow colored complex. Glyphosate was determined with a limit
of detection of 1.1 pg/ml and the method was validated for use in various environmental
matrices including water. Bhaskara and Nagaraja (2006) developed a colorimetric detection
system for glyphosate in environmental waters, which was based on the reaction of glyphosate
with the chromogenic reagent ninhydrin in the presence of the catalyst sodium molybdate, which
resulted in the formation of a purple product which could be detected at 570 nm. The Sandells
sensitivity reported for this system was 5.2 ng.cm™. Spectrophotometric methods are simpler and
more cost effective than chromatographic methods, however they demonstrate lower sensitivity

and a narrower detection limit range (Zelaya et al., 2011).

Although there are a vast number of different methodologies available for glyphosate detection,

which have been outlined in this section, there is a continued need for the development of a
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reliable, sensitive, rapid, portable and cost effective detection system for glyphosate in water,
especially when placed in a South African context, where biomonitoring protocols for glyphosate
in environmental waters are extremely limited. Advances in polymer sciences and
nanotechnology have lead to investigations into (e.g. molecular imprinted polymers), which are
synthetic materials which mimic biological receptors and polymer supported nanocomposites.
Both systems are attractive alternatives to current methodologies and show great potential as
sensing technologies in environmental applications such as remediation and the sensing of
environmental pollutants such as glyphosate (Jenkins et al., 2001, Lanza and Sellergren, 2001;
review by Zhao et al., 2011a, Zhao et al., 2011b). For this study nanofiber technology was

selected for the development of a chemosensor for glyphosate detection in water.

1.3 Nanofiber technology and chemical sensors

1.3.1 Chemical sensors based on nanofiber technology

Nanofibers are materials defined as one-dimensional nanosized aggregates that can be linear or
helical in structure and can be produced from a wide variety of available polymers (Hui and
MacLachlan, 2010; Jian et al., 2008). Polymer nanofibers have been the focal interest of
extensive research due to their distinctive properties and varied applications (Li and Xia, 2004)
in areas such as biomaterial (Raveendran et al., 2013; Toskas et al., 2013), electronic and
magnetic materials production (Park et al., 2013; Yu et al., 2014), chemical catalysis (Muller et
al., 2014) and enzyme immobilization (Lee et al., 2008). Current research efforts have focused
on the use of polymeric non-woven nanofibers in chemical sensor (also known as chemosensor)
development (Kim et al., 2006).

A good sensor is characterized by high sensitivity, selectivity, a rapid response time, small
dimensions or potential for minaturization and low production costs (Jian et al., 2008). This
enables chemosensor technology to take advantage of the attractive features presented by
polymeric non-woven nanofibers, including a large surface area to volume ratio, high porosity,
small pore size and diverse physical and chemical properties (Frey and Li, 2007). These features
could prove to be beneficial in the improvement of the sensing characteristics of a chemical

sensor (e.g. an increased surface area to volume ratio allows for an increase in the contact ratio
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between the sensing material and the analyte of interest), which would result in increased
sensitivity and an improved response time (Hua et al., 2013; Li et al., 2008; Lv et al., 2013).
Polymer nanofibers can therefore serve as ideal supports or scaffolds for chemical sensing
systems (Min et al., 2013).

Several processing techniques have been developed for nanofiber preparation, such as molecular
self assembly (Huang et al., 2011), meltblown (Hassan et al., 2013) and phase separation
(Rajabzadeh et al., 2012). Amongst the various processing techniques electrospinning is the most
commonly employed method. Electrospinning is a simple and versatile process for small and
large scale nanofiber fabrication and proves advantageous in comparison to other methods with
respect to the cost and the time required for the production of nanofibers (Huang et al., 2003;
McCann et al., 2004).

The basic apparatus required for the electrospinning process in shown in Figure 1.8 and is
compromised of three main components namely: a high voltage power supply, a capillary feed
tube containing the polymer solution with a metal needle/nozzle attachment and a grounded
collection screen (Frenot and Chronakis, 2003). The presence of an electrical field causes the
drop at the needle tip to distort into a conical shape known as the Taylor cone (Figure 1.8), due
to repulsive forces resulting from the induced charge distribution on the drop surface and the
surface tension of the polymer solution (Deitzel et al., 2001). At a high voltage (critical voltage)
electrostatic forces cause the ejection of a liquid jet from the Taylor cone. The liquid jet displays
bending instabilities due to repulsive forces inside the jet and interactions with the external
electrical field, causing it to elongate and become thinner followed by solvent evaporation which
results in the formation of solid fibers (Chronakis, 2005; Kim and Reneker, 1999; Matthews et
al., 2002). The majority of electrospun nanofibers are deposited on the collection screen in a
random fashion, forming a non-woven mat (Jian et al., 2008). However, in some cases,
controlled deposition techniques (e.g. atomic layer deposition are utilized for the formation of
aligned fibers) (Donmez et al., 2013; Hellmann et al., 2009).
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Figure 1.8: A schematic representation of electrospinning apparatus used during the electrospinning
process. The key components of this system are: a high voltage power supply, a capillary feed tube with a
metal needle attachment, and a grounded collection screen. (This image was adapted from Katepalli et al.,
2011).

To date more than 100 natural and synthetic polymers have been successfully electrospun (Feng
et al.,, 2013) and a few examples include poly (vinyl) alcohol (PVA) (Wu et al., 2005),
polystyrene (Casper et al., 2004), poly (ethylene) oxide (PEO) (Wan et al., 2006), nylon
(Bergshoef and Vancso, 1999), chitosan (Bhattarai et al., 2005) and poly (ethylene) terepthalate
(PET) (Ma et al., 2005) and the electrospinning process using available polymers can result in
variety of different fiber morphologies (Ramakrishna et al., 2006) (e.g. polymeric hollow (Li and
Xia, 2004) and core-sheath (Wei et al., 2005)). The ideal non-woven mat should however
demonstrate particular characteristics, including a fiber surface with no defects (bead formation)
and the resultant non-woven mat should be collectable (Fong et al., 1999; Huang et al., 2003).
Obtaining a completely ideal nanofiber mat still remains a present challenge and this topical

issue is outlined in greater detail in the review by Huang et al. (2003).

There have been several approaches used in the development of chemical sensors based on

nanofibers, including the application of the sensing material on the nanofiber surface through
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coating/grafting and the inclusion/incorporation of the sensing material into the polymer solution
prior to electrospinning. Jian et al. (2008) and other reports in literature have demonstrated the
use and potential of nanofiber-based chemosensors for the detection of various compounds.
Wang et al. (2006) reported on the formation of composite nanofibers produced by the
incorporation of tungsten isopropoxide sol-gel into poly (vinyl) acetate/dimethyl formamide
(PVA./DMF) polymer solutions for the detection of ammonia. Liao et al. (2011) highlighted the
potential use of polyaniline/single-walled carbon nanotube composite nanofibers as a gas
chemosensor, with results demonstrating sensor reponses at hydrochloric acid and ammonia
vapor at concentrations as low as 100 ppb. The practical utility of an electronic tongue developed
by Oliveira et al. (2012) for the detection of the pesticide paraoxon in water has been
demonstrated. This system was based on the use of electrospun nylon nanofibers modified with
layer-by-layer polypyrrole (PPy) and assembled onto graphite interdigitated PET substrates and

connected to a flow analysis system.

Several analytical techniques have been developed for glyphosate detection in water, however
nanofiber-based chemosensors may provide several advantages including portability, operational
simplicity and cost effectiveness (Min et al., 2013). The potential applications of solid state
sensor materials are vast and include applications in basic laboratory assays, for field

measurements and as commercial indicator Kits in households (Min et al., 2013).
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CHAPTER 2- PROBLEM STATEMENT, AIMS & OBJECTIVES

2.1 Problem statement

South Africa has limited natural water resources and, due to high evaporation rates, only 8% of
overall rainfall is converted into usable water sources (Metcalf-Wallach, 2007). Surface and
ground water pollution is one of the most serious environmental problems facing South Africa to
date, more specifically for rural communities who remain heavily reliant on natural water
resources such as surface and groundwaters (Nkwonta and Ochieng, 2009). These rural
communities and settlements are spread over approximately 65% of South Africa (Momba and
Mngumevu, 2000). The potential human health and environmental impacts of glyphosate
pollution in South African water resources are largely unknown and generally pesticide pollution
has not been fully prioritized and integrated into water resource management strategies. Intensive
monitoring and sampling for pesticide identification is limited by cost and the availability of

analytical techniques.

Analytical techniques available for the detection of glyphosate are often complicated and require
the use of expensive equipment. This highlights the need to develop a cost effective method that
offers operational simplicity and reliability. The development of a nanofiber-based chemical

sensor may prove to be a simpler strategy for glyphosate determination in water.

The ongoing debate on the potential hazardous effects of glyphosate on human health highlights
the need to further assess the potential deleterious effects of glyphosate and glyphosate-
herbicides in humans, more specifically at concentrations that represent concentrations likely to

be encountered by humans.
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2.2 Hypothesis

Glyphosate and glyphosate formulations are toxic to humans at low to moderate dose

exposure.

Nanofiber technology can be used to improve the detection of glyphosate (pure and in

formulation) in water.

2.3 Aims and objectives

The overall aims and objectives of this study were as follows:

To determine the cytototoxic, genotoxic and pro-inflammatory response effects of
low dose acute exposure to glyphosate and glyphosate-based herbicides in humans
using well established techniques including the Comet assay and ELISA.

To scale down, optimize and characterize a colorimetric spectrophotometric detection
system documented in literature as the basis towards developing a nanofiber-based
chemical sensor.

To optimize and produce nanofibers (with the sensing material incorporated) using
the electrospinning process.

To develop and optimize a nanofiber-based chemical sensor for the detection of
glyphosate and glyphosate-based herbicides in water and compare it to the scale-
down system (micro-assay) and other colorimetric detection systems developed for
glyphosate.

To characterize the sensing properties of the nanofiber-based chemical sensor with

respect to sensitivity, reproducibility, stability, selectivity and application.
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CHAPTER 3- THE ACUTE TOXICITY OF GLYPHOSATE AND
GLYPHOSATE FORMULATIONS IN HUMANS AT LOW/MODERATE
DOSE EXPOSURE (IN VITRO STUDIES)

3.1 Introduction

Glyphosate and glyphosate formulations were previously regarded as safe and relatively non-
toxic to humans and other organisms; however evidence continues to accumulate that glyphosate
exposure is linked to impaired health. The toxicological properties of glyphosate were reviewed
in Chapter 1 section 1.2.4. Considering the potential impact of glyphosate on human health and
the continued debate around its safety, assessing the toxicity of glyphosate and glyphosate

formulations has become a focal point of several research studies over recent years.

The first aim of this study was to present preliminary evidence of the cytotoxicity, genotoxicity
and pro-inflammatory potential of glyphosate in humans as an important factor for the validation
of developing a chemosensor for the rapid detection of glyphosate in water. In this study focus
was placed on acute, low to moderate glyphosate exposure as these levels are more often within
the range likely to be encountered by humans (Vom Saal and Welshons, 2006) and may provide
critical information for future prolonged (sub-chronic or chronic) exposure (in vivo and in vitro)
studies. No regulatory limits have been set for glyphosate in South African water systems,
therefore concentrations selected were based (included, below or within the range) on the short
term water standards (0.250 pg/ml) for Roundup® (Ro) in South African aquatic systems derived
by Mensah et al. (2013), the maximum residue limits (MRL) for glyphosate in drinking water set
by the USEPA (0.7 ug/ml), the health based values for glyphosate in drinking water set by the
World Health Organization (0.9 pg/ml) and the MRL for glyphosate in drinking water
established in Brazil (0.5 pg/ml) by the Agéncia Nacional de Vigil4cia Sanitaria (ANVISA)
(Coutinho et al., 2008; WHO 2004). In developing countries exposures to pesticides is generally
higher (Ecobichon, 2001) and considering the extensive and poorly regulated use of glyphosate
in South Africa, this study also undertook the evaluation of moderate exposure concentrations

which were based on occupational and residential exposure levels (maximum 580 pg/ml) tested
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by Mladinic et al. (2009) and exposure doses below the reported acute oral LD50 in in vivo rat
(greater than 5000 pug/ml) toxicological studies (WHO, 1994).

The immune system acts as the defence system for the human body against pathogenic
organisms, foreign chemicals and also functions in the repair of damaged tissue after injury
(Watkins et al., 1995). Upon direct contact of a foreign compound/antigen lymphocytes are
activated, which is consequently followed by the production and release of several cytokines
such as tumor necrosis factor alpha (TNF-a), interleukins 1 (IL-1), 6 (IL-6) and 8 (IL-8)
(Watkins et al., 2007). Cytokines act on, amongst other systems, the cell immune system,
producing a large range of inflammatory effects which instigate several different processes (e.g.
general tissue repair) (Watkins et al., 1995). The pro-inflammatory cytokines TNF-a, IL-1p and
IL-6 were evaluated in this study in human white blood cell and human whole blood as
representative models of an immune response. These biological models were selected for this
work as they have been utilized extensively in studies regarding chemical/compound/agent
effects on the inflammatory response (commonly used as a measure of immunotoxicity) and both
models contain the specific cells (e.g. macrophages) required for the production/ release of
cytokines (Johnson et al., 1996; Kawasaki et al., 1999: Richardson et al., 1989; Tracey 2002).
TNF-0, IL-1B and IL-6 were selected for this study because they are hallmarks of acute
inflammation responses. The acute inflammatory process occurs within seconds, hours or days
and can therefore represent the short term effects of a toxin. TNFa and IL-1f (stimulated and
released from macrophages) are highly important mediators of acute inflammation and are often
the first cytokines to be upregulated in response to a toxin. The secondary inflammatory function
displayed by these two cytokines involves the induction of IL-6 (produced by macrophages)
synthesis, which regulates pro-inflammatory cytokines (Feghali et al., 1997; Watkins et al.,
2007).

The human cell lines investigated in this study were the MCF-7, HEC1A estrogen receptor
positive (ER positive) breast cancer and endometrial cancer cell lines and the MDA-MB-231
estrogen receptor negative (ER negative) breast cancer cell line. The MCF-7 and MDA-MB-231
breast cancer cell lines were selected because they have been shown to be suitable models for
investigating the potential endocrine disruptive effects of xenobiotics in previous studies

(Buteau-Lozano et al., 2008; Markaverich et al., 2002). The endocrine system is an intricate web
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of cells, glands and tissues which produce/secrete several hormones which regulate several
processes including metabolic activity, reproduction and growth and development (Maitra et al.,
2008; Solomon and Schettler, 2000). Endocrine disrupting compounds are described as
exogenous compounds which can alter the normal functioning of the endocrine system at the
level of the organism, progeny or sub-population which leads to several adverse effects
(Birnbaum et al., 2003).

The HEC1A cell line was selected for this study as it may prove a suitable model for glyphosate
toxicological studies. Castro-Riveria and Safe (1998) indicated that the HEC1A cell line
expressed the wild type form of the estrogen receptor and was estrogen (17p-estradiol)
responsive, therefore this cell line may provide insight into ER associated glyphosate
mechanisms of action. HEC1A is also linked to fertility and may in future provide additional
insight into possible deleterious effects in human reproduction. Adverse effects on reproduction
by glyphosate and glyphosate formulations have been reported in literature in placental derived
JEG3 and human embryonic 293 cells (Benachour et al., 2007).

Genotoxic studies were conducted as an assessment of DNA damage using the Comet
assay/single cell gel electrophoresis assay which provides a powerful screening tool (Anwar,
1997). This method is an electrophoretic and fluorescence microscopy assay which provides
several advantages including the simple, rapid and sensitive evaluation of DNA strand breaks at
a single cell level (Fairbairn et al., 1995). The main principle of the Comet assay is based on the
migration of lysed, damaged or fragmented DNA strands (due to strand breaks) under
electrophoresis, forming a migration pattern that assumes the shape of a comet, with the amount
of DNA in the tail in comparison to the head and the length of the tail relating to the extent of
DNA damage (Anderson et al., 1998; Hovhannisyan, 2010; Moller et al., 2000; Tice et al., 2000;
Yared et al., 2002). Comet assay results can be analyzed using visual scoring, however image
analysis systems are considered more consistent measures of DNA damage/migration (Faust et
al., 2004, Kumaravel and Jha, 2006). Parameters commonly used as a measure of DNA damage
are the olive tail moment (OTM), which is a product of the tail DNA, the distance between the
head and tail, the tail length (TL, pm), and the %tail DNA (TDNA), the proportion of DNA in
the comet tail (Duez et al., 2003).
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The second aim of the current study was to assess the contribution of adjuvants to glyphosate
toxicity in humans and the glyphosate formulations Ro and Wipeout® (Wo) were included in this

study.

3.2 Objectives

e To determine the cytotoxic and pro-inflammatory potential of glyphosate and glyphosate
formulations in human white blood cells and human whole blood using the 3-(4,5-
dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide (MTT) assay and the enzyme-
linked immunosorbent assay (ELISA).

e To determine the cytotoxic and genotoxic potential of glyphosate and glyphosate
formulations in human breast and endometrial cancer cell lines using the MTT assay and
the Comet assay.

e To evaluate the comparative toxicities of glyphosate and two glyphosate formulations
using non-linear regression modeling and the standard statistical procedure, analysis-of-
variance (ANOVA) in Microsoft® Excel® 2007.

3.3 Methods and materials

3.3.1. Materials

Please refer to the chemical list in Appendix | for all materials and chemical suppliers used in
this study. Standard methods were used to prepare primary stock solutions of Ro (glyphosate
concentration: 360 g/L), Wo (glyphosate concentration: 500 g/L) and pure glyphosate (M,:
169.08, purity: 99.5 %) containing equivalent concentrations of glyphosate acid (1000 pg/ml).
For all experiments, glyphosate and glyphosate formulation stocks were freshly prepared.
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3.3.2 White blood cell isolation, cell culture and exposure

Blood was collected by venipuncture (ethical clearance was obtained for use of human blood
samples) from healthy volunteers (n= 5, 16 ml/person) in ethylenediaminetetraacetic (EDTA)
acid vacutainers. White blood cell isolation was carried out within 5 hours of collection. The
blood samples were centrifuged twice at 500 x g and 2000 x g in an Eppendorf Centrifuge 5702
(Merck) for 10 minutes and the supernatants was retained (contained platelets, plasma and white
blood cells/buffy coat). Lysis buffer (0.16 M NH4CI, 0.01 M KHCO3, 0.006 M EDTA) was
added to the supernatants in a 1:9 ratio (blood: lysis buffer) and the mixtures was vortexed for 10
seconds (Vortex V1 plus, BOECO) and incubated at 23 °C for 3 minutes. Mixtures were
subsequently centrifuged at 2,000 x g for 10 minutes (Eppendorf Centrifuge 5702, Merck) and
pellets containing white blood cells were retained. Pellets were washed twice with lysis buffer (3
ml) and each wash step was followed by centrifugation at 1,000 < g (Eppendorf Centrifuge
5702, Merck) for 5 minutes. The isolated white blood cells were diluted in RPMI 1640 medium
(+ 25 mM hepes, + L-glutamine) supplemented with 5 % heat inactivated fetal bovine serum
(FBS), 50 U/ml penicillin and 50 pg/ml streptomycin. White blood cells were stained with
tryphan blue (0.4 %) and counted using a heamocytometer. Cells were seeded (180 pl/well, 250
000 cells/well) in 96 well cell culture plates (CELLSTAR®, greiner bio-one) and exposed to
varying concentrations (20 pl, 0-1000 pg/ml) of pure glyphosate, Ro and Wo for 18 hours at 37
°C (standardized lab protocol). Samples were then centrifuged at 1000 x g (Eppendorf
Centrifuge 5804 R, Merck) and the supernatants were retained and stored at -20 °C for cytokine
analysis. The positive control for this study, lipopolysaccahride (5 pg/ml LPS) is an endotoxin
found in gram negative bacteria and was selected for this study as it has been reported to induce
inflammatory responses (Ertel et al., 1995; Stoddard et al., 2010). Pyrogen free water was used

as the untreated control.

3.3.3 Whole blood cell culture and exposure

Blood was collected by venipuncture from healthy volunteers (n= 5, 16 ml/person) in heparin
containing vacutainers. Samples were diluted in 1:10 in RPMI 1640 medium (+ 25 mM HEPES,

+ L-glutamine) supplemented with 5 % heat inactivated fetal bovine serum (FBS), 50 U/ml

54



Chapter 3: The toxicity of glyphosate and glyphosate formulations in humans

penicillin and 50 pg/ml streptomycin, within 5 hours of collection. Blood (1 ml) samples were
exposed to varying concentrations of pure glyphosate, Ro and Wo (100 pl, 0-500 pg/ml) for 18
hours at 37 °C (standardized lab protocol). Samples were then centrifuged at 900 x g for 5
minutes (Eppendorf Centrifuge 5804 R, Merck) and the supernatants were retained and stored at
-20 °C for cytokine analysis. LPS and pyrogen free water were the positive and untreated

controls used in this study respectively.

3.3.4 Breast cancer and endometrial cancer cell line culture

The MCF-7 and MDA-MB-231 breast cancer cell lines were obtained from the American Type
Culture Collection (ATCC), USA. The HEC1A endometrial cancer cell line was kindly donated
by Dr. H. Davis (Nelson Mandela Metropolitan University, Eastern Cape, South Africa). Cell
lines were grown in Dulbeco’s Modified Eagle’s medium (DMEM) (+ 4.5 g/L glucose, + L-
glutamine, phenol red) supplemented with 50 U/ml penicillin, 50 pg/ml streptomycin and 5 %
heat inactivated fetal cal serum. Cell cultures were previously cultured in phenol containing
DMEM medium, therefore for the present study cells were not cultured in phenol free medium to
maintain a stable estrogen-sensitive phenotype, as the cells may still present steroid memory
effects (Glover et al., 1988). Cells were routinely maintained under standard culture conditions at
37 °C, 90 % humidity and 5 % CO,. Confluent cells (70-80 %) were split and seeded at 100 000
cells/ well (1 ml) into 24-well plates (CELLSTAR®, greiner bio-one) and allowed to attach
overnight at 37 °C. Once attached, the three cell lines were exposed to varying concentrations (0-
500 pg/ml) of pure glyphosate, Ro and Wo (100 pl) for 24 hours at 37 °C (standardized lab
protocol). The DNA topoisomerase inhibitor camptothecin (35 pg/ml) was used as a positive
control (Hsiang et al., 1985) in this study. All the data obtained was normalized relative to the
untreated control (pyrogen free water).

3.3.5 Methylthiazol tetrazolium (MTT) assay (cytotoxicity assay)

The MTT cell viability assay is based on the cleavage of the MTT tetrazolium salt by

metabolically active cells via the enzyme succinate dehydrogenase forming a purple formazan
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product (Denizot and Lang, 1986). After the relevant exposure periods samples were incubated
in MTT reagent (0.5 mg/ml, in the appropriate media) for 3 hours (white blood cells), 30 minutes
(whole blood) or 3 hours (cancer cell lines) at 37 °C (standardized lab protocol). Color formation
was analyzed spectrophotometrically at 560 nm in a Biotek Powerwave XS microplate reader.

3.3.6 Pro-inflammatory response study

Cytokine (TNF-a, IL-1pB and IL-6) production and release was determined using commercial
ELISA Kkits (eBioscience) and the assay was conducted according to the manufacturer’s
instructions. Briefly, 96-well microtitre plates were coated with TNF-o, IL-1p and IL-6 in
coating buffer overnight at 4 °C. Following a wash step using wash buffer containing phosphate
buffered saline (1 x PBS, ) and 0.05 % Tween-20, cells were blocked (eBioscience assay
diluents) at 23 °C for 1 hour. Test samples, untreated controls, positive controls and cytokine
standards (Appendix I1) were incubated in the plates at 23 °C for 2 hours. After a wash step the
biotin-conjugated detection antibody was added to the wells and incubated at 23 °C for 1 hour.
Following another wash step Avidin-HRP was added and incubated at 23 °C for 30 minutes. The
wells were washed the substrate solution tetramethylbenzidine (TMB) was added and allowed to
develop for 15 minutes at 23 °C before the reaction was stopped with 1 M sulphuric acid
solution. Absorbance values were determined spectrophotometrically at 450 nm (reference
wavelength: 570 nm) using a Biotek Powerwave XS microplate reader. LPS (5ug/ml) was the
positive control used in this study and pyrogen free water was used as the untreated control.

3.3.7 Cancer cell line exposure and the Comet assay (single cell gel electrophoresis)

The exposure concentrations chosen in this study were based on cell viability data and a positive
control reference concentration was incorporated based on the glyphosate cytotoxicity results
presented in literature in the HepG2 human liver cell line. The MCF-7, HEC1A and MDA-MB-
231 cancer cell lines were exposed to pure glyphosate (500 pg/ml and 1000 pg/ml) Ro and Wo
for (500 pg/ml and 800 pg/ml) for 4 hours at 37 °C. After exposure cells were prepared for the
Comet assay, media was aspirated and cells were trypsinized with 2.5 % trypsin for 5 mins at 37

°C. All Comet assay procedures were conducted under dark conditions.
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The Comet assay was conducted using the commercial kit, OxiSelect™ Comet Assay kit (Cell
Biolabs, INC). Trypsinized cells were pooled (n= 3) and centrifuged at 700 x g for 2 minutes
(Merck Minispin Eppendorf AG Centrifuge, Merck). The pelleted cells were retained and
washed with ice-cold PBS (without Mg** and Ca?*) and centrifuged at 700 x g (Merck Minispin
Eppendorf AG Centrifuge, Merck). Cells were resuspended at 100 000 cells/ml in ice cold PBS

for the commencement of the assay.

Briefly 100 ul of molten agar (comet agarose was heated at 95 °C for 20 minutes and maintained
at 37 °C until use) was added to together with 10 pl of resuspended cells. The mixture (75
ul/well) was immediately placed onto an OxiSelect™ comet slide. Slides were incubated at 4 °C
for 15 minutes to allow the agarose to set. Once set slides were treated with lysis buffer (pre-
chilled, pH 10) for 60 minutes at 4 °C and subsequently treated in alkaline solution (pH 13) for
30 minutes at 4 °C. Slides were subjected to alkaline electrophoresis for 18 minutes (300 mA)
followed by neutralization in pre-chilled dionised water (DI H,0), which was carried out twice
for 2 minute intervals and washed with cold 70 % ethanol for 5 minutes. The slides were then air
dried and once dried the slides were incubated with 100 pl of 1 x Vista Green dye prepared in
TE buffer (10 mM Tris, pH 7.5, 1 mM EDTA) for 15 minutes at room temperature.

Comet assay slides were visualized with the Zeiss Axio Vert. Al fluorescence microscope (5%)
using a fluorescein isothiocyanate (FITC) filter (7 %). Images were obtained using an AxioCam
MR3 Camera (stored in the Axio vision Rel.4.8 program). Image J Macro with a Comet assay
plugin was used to calculate the tail length (um), olive tail moment (arbitrary units) and tail DNA
(%). Data analysis was conducted according to the Comet assay guidelines outlined by Tice et al.
(2000) for in vitro genotoxicity testing. Briefly, 50 cells were analyzed from pooled cell cultures
(n=3), per experimental treatment. Based on the fact that samples had been pooled, the 50 cells

were analyzed on one slide.

3.3.8 Data analysis

All data were presented as means + standard error of the means (SEM). ANOVA single factor
analysis (Microsoft Excel) was used to determine significant differences between test sample
groups relative to the untreated control, with 95 % (P<0.05) or 99 % confidence (P<0.01).
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Where appropriate, the Shapiro-Wilk W test for data distributional assumptions and non-
normality using the numerical analysis for Excel (numXL) add in, was applied. It is assumed that
a P value below the alpha level (0.05) suggests that the data exhibits non-normal distribution
(non-Gaussian) (Royston, 1992; Shapiro and Wilk, 1965).

Non-linear least square regression models were applied to cytotoxicity data in human whole
blood exposed to varying concentrations of pure glyphosate, Ro and Wo, using the Graphpad
Prism 6 software package (San Diego, CA). Goodness of fit was assessed using R?, Rzadjusted
values and by the assessment of upper and lower 95 % confidence limits associated with the
model fit. The Wald-Wolfowitz (runs) test was used to establish the deviation of the non-linear
regression model from the experimental data. The models were used to approximate the
concentration of glyphosate and glyphosate formulations required to cause a half maximal

response (half maximal effective concentration, EC50).

3.4 Results

3.4.1 Cytotoxic and pro-inflammatory response in isolated human white blood cells exposed
to glyphosate and glyphosate formulations Ro and Wo

The acute cytotoxicity and pro-inflammatory effects in isolated human white blood cells exposed
to pure glyphosate and the glyphosate formulations Ro and Wo for 24 hours were assessed using
the MTT reduction assay and the ELISA method. The results of this study are presented in
Figures 3.1 and 3.2. The concentrations chosen for this study were based on the regulatory
drinking water standards for glyphosate (low dose), concentrations relevant to residential and
occupational exposure (moderate dose) and the two highest concentrations tested for this study
were approximately 5 and 6.6-fold lower than the reported LC50 reported for in vivo studies in

rats (moderate to high dose exposure).
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Figure 3.1: The effect of pure glyphosate (99.5 %) and glyphosate-based herbicides Ro and Wo on the
cell viability of human white blood cells (A). The cells were exposed at 37 °C over a 18 hour period (250
000 cells/well) at varying herbicide concentrations (0-1000 pg/ml). Lipopolysaccharide (LPS, 5 pg/ml)
was used as a positive control in this study. Values are presented as mean values £ SEM (n=5). ANOVA
single factor analysis was used to determine significant differences from the untreated control (not shown)
P < 0.05, *P < 0.01. Frequency plots (B) showing the distribution of data for the different experimental
treatments B1: pure glyphosate, B2: Ro and B3: Wo.
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The Wo formulation showed no significant effects on the cell viability of human white blood
cells as compared to the untreated control, however pure glyphosate and Ro treatments caused
significant cell toxicity, with reductions (P < 0.05, *P < 0.01) in cell viability being observed at
0.7 (80.3 £1.3), 50 (79.2 + 3.1), 250 (70.1 £ 10.8), 750 (73.0 + 5.6), 1000 (80.0 + 1.8) ug/ml and
0.1, 0.7 (86.2 £ 4.9), 250 (82.0 + 4.6), 250 (93.0 + 4.9) , 500 (75.1 + 5.8), 750 (81.3 + 3.2), 1000
(78.4 £ 1.4) pg/ml pure glyphosate and Ro concentrations, respectively (Figure 3.1 A). No clear
dose-dependent relationship was observed and the data obtained suggested a non-monotonic
dose relationship.

Non-linear regression modeling applied to the present data (for pure glyphosate and Ro) did not
lead to successful convergence and EC50 values were not determined for this experimental
study. Regression analysis (linear and non-linear) is based on the assumption that the scatter of
data follows a Gaussian/normal/ bell-shaped and although biological data often does not follow
the ideal bell-shape the scatter should be close enough to Gaussian to satisfy the use of
regression analysis (Motulsky and Christopoulos, 2003). Figure 3.1 B3 clearly indicates that the
data distribution was non-Gaussian, however frequency plots obtained for pure glyphosate
(Figure 3.1 B1) and the Ro formulation (Figure 3.1 B2) were less clear, therefore the Shapiro-
Wilk normality test was applied to the data and this confirmed the non-Gaussian distribution of
data obtained for the pure glyphosate treatment (P = 0.02) and the Ro formulation (P = 0.0).
Results of the distribution plot and Shapiro-Wilk normality test for the pure glyphosate and Ro
treatments suggests that the data obtained for human white blood cells may not have been

suitable for non-linear regression modeling.

The positive control, LPS (5 pug/ml) demonstrated no significant cytotoxic effects in human

lymphocyte cells for the exposed dose.

The dose-response curves obtained for pure glyphosate and Ro in human white blood cells
indicated cytotoxic effects at concentrations falling within the USEPA MRL for glyphosate in
drinking water, therefore this study selected concentrations between 0 and 50 pg/ml to assess the

inflammatory response potential of pure glyphosate, Ro and Wo at these low levels of exposure.
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Figure 3.2: The pro-inflammatory effect of pure glyphosate and glyphosate based herbicides Ro and Wo

on cytokine production/release in human white blood cells. A: IL-1B, B: TNF-a, C: IL-6. The white

blood cells were exposed at 37 °C over a 24 hour period at varying herbicide concentrations (0-50 ug/ml).

Lipopolysaccharide (LPS 5ug/ml) was used as a positive control in this study. Values are presented as

mean values £ SEM (n= 3). ANOVA single factor analysis was used to determine significant differences

from the untreated control "P < 0.05, *P < 0.01.

The exposure of human white blood cells to varying herbicide concentrations (0-50 pg/ml) did

not result in the significant induction in any of the three pro-inflammatory cytokines (IL-1p,
TNF-o and IL-6) evaluated in this study (Figure 3.2). The positive control LPS (5ug/ml) only

caused a significant induction in IL-1B (575 pg/ml £ 29) and, a non-significant induction was

observed in TNF-a (22 pg/ml + 2.6, P= 0.06). Interestingly, no TNF-a was detected at herbicide

concentrations between 0.1 and 10 pg/ml and only a small amount (non-significant) was released

at pure glyphosate (0.85 * 2.4) and Ro (1.41 £ 3.4) concentrations of 50 pug/ml (Figure 3.2).
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3.4.2 Cytotoxic and pro-inflammatory response in human whole blood cells exposed to

glyphosate and glyphosate formulations Ro and Wo

The effects of pure glyphosate, Ro and Wo on cell toxicity in human whole blood after an 18
hour exposure period were assessed using the MTT reduction assay (Figure 3.3A, 3.3B, 3.3C)
and the half maximal responses (EC50) (Table 3.1) for the different herbicidal treatments were
determined using non-linear regression models (Figure 3.3a, 3.3b, 3.3c). This experimental study
also investigated the effects of pure glyphosate, Ro and Wo on the production and release of the
pro-inflammatory cytokines IL-1B, TNF-a and IL-6 using ELISA assays and these results are
shown in Figure 3.4. The concentrations assessed in this study were representative of drinking
water quality guidelines for glyphosate (low dose) as well as concentrations representative of

occupational and residential exposure (moderate dose).
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Figure 3.3: The effect of A: Pure glyphosate (99.5 %) and the glyphosate-based herbicides B: Ro and
C:Wo on the cell viability in human whole blood. The cells were exposed at 37 °C over an 18 hour period
(1 ml) at varying herbicide concentrations (0-500 pg/ml). Lipopolysaccharide (LPS, 5 ng/ml) was used as
a positive control in this study. Values are presented as mean values + SEM (n=5). ANOVA single factor
analysis was used to determine significant differences from the untreated control (not shown) P < 0.05,
P < 0.01. The effect of A: pure glyphosate, C: Ro and E: Wo in human whole blood was described
using non-linear regression analysis (Graphpad Prism 6). Goodness of fit was assessed by R? Rzadjusted
values and upper and lower 95 % confidence intervals around the fit (dash lines). a: Bell shaped curve
(biphasic curve): Ymin + (Ymax-Ymin)/1+100°9EC50 100 DD™HL 4 ymay, _ymin/1+10 (090d-egECS0 ) nHz - -
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(1ogD-10gECS0,)*1H2 6 [inear curve: Y= m*log(x) + c.
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Based on the observed biphasic nature of the curves obtained for pure glyphosate and Ro (Figure
3.3A and B) in human whole blood, a model describing a seven parameter bell shaped dose
(combines two sigmoidal responses) response curve was selected. This model was previously

described by Antachopoulos et al. (2007) and is based on equation (1):
Ymin + (Ymax-Ymin)/1+10009EC%0, 10a D0 14 ymay, —ymin/1+10 (09x]-10gECS0 )*n, 2 (1)

Where Y, corresponds to the percentage cell viability. The logEC50 values (1 and 2) describe the
half maximal responses from the two different phases of the regression curve. nyl and ny2 are
the slope parameters for the different phases of the curve and log [x] correspond to the

glyphosate concentrations.

Due to complexity of the bell-shaped dose response model (seven parameters) and the small
number of data points (n= 6), the choice of initial parameter estimates was crucial (Motulsky and
Christopoulos, 2003) and constraints were placed on the following parameters: Ymin, Ymax,

Ymaxz, nyl, ny2 and x to allow the model to successfully converge.

The effects of Wo on whole blood showed a dose dependent relationship (Figure 3.3C), therefore
non-linear least square regression was used to model linear data. Fitting linear data with non-
linear regression utilizes a standard linear equation (refer to equation 2), however fitting linear
data with non-linear regression in Graphpad Prism 6 is advantageous as it allows greater options
with respect to data analysis (e.g. the ability to apply weighting to the data and the ability

automatically exclude outliers) (Motulsky and Christopoulos, 2003).

Non-monotonic effects on cell viability were observed in whole blood cells exposed to pure
glyphosate and the formulation Ro (Figure 3.3A and 3.3B). Both treatments caused negligible
non-significant effects (relative to the untreated control) on cell viability at the lowest
concentrations (0.1 and 0.7 pg/ml) investigated in this study, however a significant (P < 0.01)
reduction in cell viability was observed at pure glyphosate and Ro concentrations of 10 and 50
pug/ml. In the pure glyphosate treatments the reduction in cell viability at lower concentrations
was followed by a significant decrease in cell viability at a concentration of 250 pg/ml (51 % +
7.2). A non-significant increase was observed in the Ro treatment at the same concentration (P >

0.05). The final phases of the dose-response curves were characterized by non-significant
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increases in cell viability for both pure glyphosate (82 % + 18.9) and Ro (91 % + 16.4) at a

treatment concentration of 500 pg/ml.

A significant (P < 0.01) monotonic dose response relationship was observed in whole blood cells
treated with the formulation Wo (Figure 3.3C), with a reduction in cell viability observed from a
threshold concentration of 50 pg/ml. The positive control (LPS, 5 pg/ml) used in this study
proved a suitable control for this study and demonstrated overall significant cytotoxic effects on

human whole blood cells.

The dose response profiles obtained for pure glyphosate and Ro were characterized by an
inverted bell shaped curve. This non-linear regression model described the experimental
accurately (Figure 3.3a and 3.3b) and the R? and Rzadjusted values obtained were 0.83, 0.79 for
pure glyphosate and 0.98 for Ro. Further evaluation of goodness of fit indicated relatively
narrow upper and lower 95 % confidence limits around the fit and the Wald-Wolfowitz test
showed no significant deviation of the model in relation to the experimental data for both pure
glyphosate (P=0.9) and Ro (P=1.0).

The linear regression model applied to the Wo dose-response curve indicated a very good fit
(Figure 3.3c) and the R? and Rzadjusted values obtained were 0.95 and 0.94 respectively. Narrow
upper and lower 95 % confidence limits were observed around the fit and the Wald-Wolfowitz

test demonstrated no significant deviation of the model (P=0.1).

According to the half maximal inhibition (reduction) values (EC50;) shown in Table 3.1 pure
glyphosate and the formulation Ro induced similar inhibitory effects with EC50; output values
showing a minimal difference of 15 % between Ro (1.1 pg/ml) and pure glyphosate (1.3 pg/ml)
treatments. The EC50; values obtained for the formulation Wo (7.1 pg/ml) indicated a lower

inhibitory effect on human whole blood when compared to the other herbicidal treatments.
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Table 3.1: The half maximal response (EC50) values for pure glyphosate, Ro and Wo in human whole
blood.

Test Model  Slope Intercept EC50; (ng/ml) EC50, (ng/ml)
Pure glyphosate NBSC™ -1.0,-2.0" - 1.3 (0.2-10.1) 317.7 (124.2-814.7)
Ro NBSC -1.0,-2.0° - 1.1 (0.3-3.9) 269.8 (190.5-382.8)
Wo LRC™?  -18.34 (-22-(-) 14.7)® 100.1 (94.0-106.4) 7.1 -

" Constrained values representing the slope factors ny1 and ns2 respectively. : Non-linear bell shaped curve

(NBSC).” Linear regression curve (LRC).™: Values in parenthesis indicate 95 % confidence limits for the

corresponding parameter. * The EC50 values was derived by the following equation: EC50= 10¢ ' [ + 109

L )2

min

Based on the half maximal stimulation (induction) response values (EC50,) shown in Table 3.1,
pure glyphosate (317.7 pg/ml) and Ro (269.8 pg/ml) displayed a similar stimulatory effect with
Ro producing only a slightly greater stimulatory effect (15 %) when compared to pure

glyphosate.

Test concentrations chosen for pro-inflammatory studies were based on the results obtained in
the cytotoxicity study. Concentrations of pure glyphosate Ro and Wo as low as 50 pg/ml
indicated cytotoxic effects in human whole blood cells therefore this study investigated the
effects of herbicide concentrations between 0 and 50 pg/ml on the production and release of the
pro-inflammatory cytokines IL-13, TNF-a and IL-6. The results obtained for the pro-
inflammatory studies (Figure 3.4) suggested that exposure of whole blood to Ro and Wo showed
no significant effects on the production release of the pro-inflammatory cytokines IL-1p a
(Figure 3.4A). Pure glyphosate did, however, cause a significant induction of IL-1 at
concentrations of 0.1 (36.2 £ 0.5 pg/ml), 0.7 (39.1 + 0.6 pg/ml) and 50 pg/ml (33.3 £ 0.5 pg/ml)
(Figure 3.4A).
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Figure 3.4: The pro-inflammatory effect of pure glyphosate and glyphosate based herbicides Ro and Wo on
cytokine production/release in human whole blood cells. A: IL-1pB, B: TNF-a, C: IL-6. The whole blood cells
were exposed at 37 °C over an 18 hour period at varying herbicide concentrations (0-50 pg/ml).
Lipopolysaccharide (LPS 5Spg/ml) was used as a positive control in this study. Values are presented as mean
values + SEM (n= 3). ANOVA single factor analysis was used to determine significant differences from the

untreated control P < 0.05, “P < 0.01.

Ro concentrations of 10 and 50 pg/ml caused a significant induction ( 145 + 1.3 and 125 + 17.8
pg/ml) of the pro-inflammatory cytokine TNF-a (Figure 3.4B) when compared to the untreated
control. Pure glyphosate and Wo caused significantly elevated levels of TNF-a to a lesser extent

than Ro, at 50 pg/ml (78 + 2.4and 90 + 3.8 pg/ml respectively).

A significant reduction in IL-6 plasma levels (Figure 3.4C) was observed at a pure glyphosate
exposure concentration of 10 pg/ml (31.1 £ 6.0 pg/ml) when compared to the untreated control

(138.4 + 17.4 pg/ml), which was subsequently followed by non-significant increases at 0.7, 10
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and 50 pg/ml. Similar results were obtained for Ro and Wo treatments. Ro caused a reduction in
IL-6 levels at 0.1 (19.2 £ 2.0 pg/ml), 0.7 (29.7 + 11.1 pg/ml), and 10 pg/ml (26.4 + 13.3 pg/ml)
and Wo treatments demonstrated significant reductions of this interleukin at 0.1 (31.1 £ 6.0
pg/ml), 10 (56.0 = 3.2 pg/ml) and 50 pg/ml (78.0 £ 13.6 pg/ml).

Although LPS (5 pg/ml), the positive control in this study, demonstrated a significant reduction
in the cell viability of whole blood cells (Figure 3.3) no significant release of IL-Ip, TNF-a, and
IL-6 was observed in this experimental study (Figure 3.4A, 3.4B and 3.4C).

3.4.3 Cytotoxic and genotoxic response in human cancer cell lines exposed to glyphosate

The cytotoxic and genotoxic effects of pure glyphosate Ro and Wo were investigated in three
human cancer cell lines, namely MCF7, HEC1A and MDA-MB-231 after exposure to varying
glyphosate concentrations (75-500 pg/ml) over a 24 hour period. Cytotoxic properties were
evaluated using the MTT reduction assay (Figure 3.5) and the genotoxic potential of glyphosate,
Ro and Wo (Figure 3.6, 3.7, 3.8 and 3.9) was assessed using the Comet assay. This study focused

on moderate exposure at concentrations relevant to occupational and residential exposure.
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Figure 3.5: The cytotoxic effects of A: pure glyphosate B: Ro and C: Wo in the human cancer cell lines,
MCF-7, HEC1A and MDA-MB-231. Cells were exposed at 37 °C over a 24 hour period (100 000
cells/well) at varying herbicide concentrations (0-500 pug/ml). Camptothecin (35ug/ml) was used as a
positive control in this study. Values are presented as mean values £ SEM (n= 3). Anova single factor
analysis was used to determine significant differences from the untreated control (not shown) P < 0.05,
*P<0.01.

Pure glyphosate caused an overall significant non-monotonic reduction (P < 0.01) (average
inhibition 26.5 % * 1.8) in the cell viability of the HEC1A endometrial cancer cell line at all the
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concentrations tested (75-500 pg/ml) (Figure 3.5A), however no significant cell toxicity was

observed in the MCF7 and MDA-MB-231 cell lines exposed to pure glyphosate.

The exposure of the three cancer cell lines to the Roundup formulation did not result in any
significant cell toxicity at the concentrations tested (Figure 3.5B). The Wo formulation induced
proliferation of the HEC1A cell line at 75, 125, 250 pg/ml (average stimulation 55 % =+ 2.5) this
was followed by a non-significant reduction in cell viability (92.2 % + 4.6). Wo elicited no
significant cytotoxic effects in the MCF7 and MDA-MB-231 cancer cell lines. Overall this data
suggests that pure glyphosate and Wo show greater toxicity to HEC1A cells as compared to the

Ro formulation.

Camptothecin (35 pg/ml) induced a significant reduction in cell viability relative to the untreated

control in all three cancer cell lines and was therefore a suitable positive control for this study.

Cytotoxicity is not directly linked to genotoxic damage and the use of the Comet assay enables
the determination of genetic damage at a single cell level widening the scope and preventing
limitations with respect to the interpretation of cell toxicity data, more specifically at levels
where significant cytotoxicity is not observed (Hartmann and Speit, 1997; Mafas et al., 2009b;
Vock et al., 1998), therefore the main focus of this study was to evaluate whether significant
DNA damage occurred at concentrations that did not generally demonstrate cytotoxicity in the
cancer cell lines. The test concentration chosen for genotoxicity studies was selected based on
the results observed in the cytotoxicity study and on glyphosate concentrations reported in
literature to induce genotoxic damage in human cell lines. Pure glyphosate and the formulations
Ro and Wo showed no significant toxicity effects in the MCF 7 and MDA-MB-231 breast cancer
cell lines up to the maximum concentration (500 pg/ml) used in this study and Wo demonstrated
non-significant reduction in cell viability at this concentration in the HEC1A cell line. A
concentration of 500 pug/ml was therefore chosen for genotoxicity studies to determine whether
any genetic damage was incurred by pure glyphosate and its formulations. Reference
concentrations (positive control) were used in this study to ascertain whether herbicide
concentrations above 500 pg/ml would cause significant comet formation. The cell viability
study (MTT reduction assay) conducted by Gasnier et al. (2009) in human HepG2 liver cell lines
established initial toxicity values for pure glyphosate at 1000 pg/ml and the maximum

concentration reported for the initial toxicity for the Roundup formulation was 800 pg/ml. Based
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on this work the reference concentrations chosen for the present study were 1000 ug/ml for pure

glyphosate and 800 pg/ml for the Ro and Wo formulations.

As mentioned previously (Section 3.3.7), DNA damage in the HEC1A, MCF-7 and MDA-MB-
231 cancer cell lines was determined using the Comet assay and after the exposure period (4
hours) florescent images (Vista Green dye) were developed in this assay for each herbicidal

treatment. An example of typical images developed in the Comet assay is shown in Figure 3.6.

Figure 3.6: Typical images developed in Comet assay represented by the HEC1A endometrial cancer cell
line. Cells were exposed for a period of 4 hours at 37 °C at the test and reference concentration of
herbicide. A: 500 ug/ml pure glyphosate B: 1000 pg/ml pure glyphosate C: 500 ug/ml Ro D: 800 pg/ml
Wo E: 500 pg/ml Wo F: 800 ug/ml Wo G: positive control (35 pg/ml camptothecin) H: untreated control
(DMEM). FITC filter, magnification bar: 50 pm.
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Image development was followed by analysis using Image J with a Comet assay plugin. Data
was recorded and presented as: TL (tail length; um) and OTM (olive tail moment) (Figure 3.7).
The % TDNA (percentage tail DNA) (Appendix I11) was also determined for this study, some
discrepancies were however observed for % TDNA data when compared to TL and OTM. This
occurrence has been previously documented in literature (Undeger and Basaran, 2005). The
interpretation of Comet assay data interpretation is often limited and becomes difficult when
different measurements show varied relationships with dose (Kumaravel and Jha, 2006),
therefore a correlation study was conducted comparing the data obtained using the TL and OTM
measurements (mean values as percentages against the untreated control). Positive correlations
(R? value close to 1) with these two parameters were observed for pure glyphosate Ro and Wo
treatments in the three cancer cells (Appendix Il). The good correlation between the TM and

OTM measurements suggested that these parameters would better reflect the Comet assay data.

The MCF-7 cancer cell line demonstrated the lowest sensitivity to glyphosate exposure and
results indicated extremely low levels (non-significant) of DNA damage in all three herbicidal

treatments at test (500 pg/ml) and reference concentrations (800 or 1000 pg/ml) (Figure 3.7).

Pure glyphosate induced significant (relative to the untreated control) DNA damage (Figure 3.7A
and B) at the test concentration (500 pg/ml) in the HEC1A cells as demonstrated by the increase
in TL (0.36) and OTM (26282) and at the reference concentration (1000 pg/ml) (TL: 0.24, OTM:
14519). Similar results were obtained in HEC1A cells exposed to the Ro (Figure 3.7 C and D)
and Wo (Figure 3.7 E and F) formulations, with significant increases in tail length and olive tail

moment being observed at both the test and reference concentrations.
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Figure 3.7: DNA damage in HEC1A, MCF-7 and MDA cell lines assessed by tail length (um) (A,C,E)
and olive tail moment (B,D,F). Cells were exposed at 37 °C over a 4 hour period to different
concentrations (untreated, test concentration and reference concentration) of A & B: pure glyphosate
C&D: Ro and E&F: Wo. Camptothecin (35 pg/ml) was used as a positive control in this study. Values
are presented as mean values (£ SEM) of 50 cells analyzed per experimental treatment. ANOVA single
factor analysis was used to determine significant differences from the untreated control. P < 0.05, “P <
0.01.

The MDA-MB-231 cell line proved sensitive to glyphosate exposure when compared to
untreated cells and pure glyphosate treatments demonstrated genotoxic activity at the test
concentration (TL: 0.17, OTM: 16267) (Figure 3.7A and B) and reference concentration (TL:
0.18, OTM: 14027). Both Ro and Wo led to significant increases in TL (0.18, 0.16) and OTM
(8004, 9313) at 500 pg/ml, however overall data at 800 pg/ml suggested low/non-significant
levels of DNA damage by these two formulations (Figure 3.7 C, D, E and F).
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Overall, the MCF-7 cell line showed the lowest sensitivity to pure glyphosate and its
formulations when compared to the HEC1A and MDA-MB-231 cancer cell lines. Pure
glyphosate, Ro and Wo showed greater (P< 0.001) DNA damage in the HEC1A cancer cell line
when compared to the MDA-MB-231 cells. In the MDA-MB-231 cancer cell line there was no
significant difference in the genotoxicity displayed by pure glyphosate in comparison to the Ro
and Wo formulation, however pure glyphosate incurred DNA damage that was statistically

similar to that observed for Ro (P> 0.05) but greater (P< 0.001) than that of the Wo formulation.

Camptothecin proved to be a suitable positive control in this study as it demonstrated significant
genotoxic damage in the three cancer cell lines.

3.5 Discussion and future work

3.5.1 Cytotoxic and pro inflammatory properties of glyphosate, Ro and Wo in isolated

human white blood cells and human whole blood

The cytotoxic and inflammatory potential of pure glyphosate and the glyphosate-based herbicide
Ro and Wo was tested in two human in vitro models, namely isolated human white blood cells

and human whole blood.

The cytotoxicity data for human white blood cells in Figure 3.1A demonstrated the toxic
capacity (with significant reductions in cell viability) of pure glyphosate and Ro on human white
blood cells at concentrations below and within the USEPA MRL range for glyphosate in
drinking water. No cytotoxic effects were observed in white blood cells treated with the Wo
formulation. The dose-relationship observed for this study was non-monotonic, however analysis
of data distribution (Figure 3.1B) and the Shapiro-Wilk normality test confirmed non-Gaussian
distribution in human white blood cells treated with the pure glyphosate and Ro (Figure 3.1B1
and 2). The data distribution may have been a contributing factor precluding the successful
application of non-linear regression models to the experimental data and a dose relationship is
required for the determination of EC50, therefore no EC50 values could be determined for this
experimental study. Although we have demonstrated the cytotoxic capacity of pure glyphosate

and the Ro formulation in human white blood cells at concentrations as low as 0.1 pg/ml (Ro

74



Chapter 3: The toxicity of glyphosate and glyphosate formulations in humans

formulation) and 0.7 pg/ml (pure glyphosate and Ro formulation) none of the aforementioned
herbicidal treatments (at the concentrations tested: 0-50 ug/ml) induced a significant (compared
to the untreated control) production of the pro-inflammatory cytokines IL-1p, TNF-a and IL-6
(Figure 3.2). Pure glyphosate, Ro and Wo showed no inflammatory response effects in human
white blood cells at the concentrations and exposure time tested in this study. LPS (5 pg/ml) was
used as the positive control in this study and only caused significantly elevated levels of IL-1B. A
study by Cassatella et al. (1993) concluded that IL-10 was a potent inhibitor of the LPS
stimulated release of pro-inflammatory cytokines TNF-a, IL-1p and IL-8 in polymorphonuclear
leukocytes. In order to gain further understanding into the potential effect of glyphosate and
glyphosate formulations on acute inflammatory responses, future studies should consider the
inclusion of the anti-inflammatory cytokine IL-10, as it plays a crucial role in limiting the time
and degree of an acute inflammatory response.

Interestingly, to the best of our knowledge, no reports have documented the pro-inflammatory
effects of glyphosate in human white blood cells and the mechanism/s of toxicity by glyphosate
in human white blood cells have not been well established in literature; however there have been
some reports on the toxic potential of this herbicide at concentrations which are within the range
of this study. Most studies involving the effect of glyphosate on human lymphocytes focus on the
possible genotoxic effects and reports have shown contrasting results. Results of vital staining
using ethidium bromide and acridine orange by Mladinic et al. (2009) for cell viability
assessment demonstrated the ability of technical grade glyphosate (98 % purity) to cause
apoptosis and necrosis in metabolically activated human lymphocytes at concentrations of 2.9
and 580 pg/ml, respectively, after 4 hours of exposure at 37 °C. Bolognesi et al. (1997) showed
the ability of glyphosate and its formulation Roundup to cause cytogenetic damage in human
lymphocytes from concentrations of 100 and 1000 pg/ml, respectively. The cytogenetic damage
observed was characterized by significant increases (P < 0.05) in sister chromatid exchanges in
human lymphocytes after a 72 hour exposure period at 37 °C. Cytogenetic damage assessed
using chromosome aberrations tests conducted by Mafas et al. (2009a) in human lymphocytes
exposed to analytical grade glyphosate (96 %) for 48 hours demonstrated no significant effects at

a concentrations ranging between 34 and 1015 pg/ml.
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When comparing the white blood cell and whole blood model with respect to determining the
toxic potential of pure glyphosate, Ro and Wo, the human whole blood model (Figure 3.3 and
Figure 3.4) generally proved to be a more sensitive and a more suitable model for this study.
Using whole blood is advantageous in comparison to white blood cells because it is more
representative of an in vivo system and contains a greater variety of immune cells which are
capable of contributing to a response (Duramad et al., 2006). Inflammation reactions are
complex and are multicellular, therefore the “cross-talk” and co-stimulation between different
immune cells and other cell types in whole blood may also lead to an amplified immune response
(Klinger and Jelkmann, 2002; Krakauer, 2002; Mesri and Altieri, 1999).

The toxicity of pure glyphosate, Ro and Wo in human whole blood cells was confirmed with
results in Figure 3.3 demonstrating significant reductions in cell viability at varying
concentrations. Non-linear regression analysis showed evidence of two different dose-response
profiles i.e. an inverted bell shaped (U-shaped, non-monotonic) dose response curve for pure
glyphosate and Ro (Figure 3.3 a and 3.3b) together with a linear (monotonic) regression curve

for the Wo formulation from a threshold concentration of 50 pg/ml (Figure 3.3c).

Dose-response relationships based on the interaction of a chemical and a biological target are
often monotonic and show an increase or decrease in response to the exposure (at increasing or
decreasing concentrations) of the specific chemical (Deng et al., 2000) as was the case for the
Wo formulation in this study, however several toxicological studies have reported on non-
monotonic dose-response relationships (particularly in low dose toxicity studies) which are
commonly characterized by an a U, inverted U, J or B shape (Conolly and Lutz, 2004;
Vandenberg et al., 2012). Calabrese and Baldwin, (2001) have suggested that non-monotonic
responses may be caused or linked by overcompensations in cell systems due to a disruption in
homeostasis, which are dependent on the chemical concentrations and their affinity for
stimulation or inhibition pathways. Although a promising theory and taking into consideration
the scope of this study, this theory cannot be conclusively applied purely on the data obtained for
the cytotoxicity of pure glyphosate and the Ro formulation in human whole blood. The results

obtained in this study do, however, present a scope for future work in this specific area.

Minor differences (15 %) were observed for the EC50 values describing the inhibitory (EC50,)
and stimulation phases (EC50,) of the dose response curves for pure glyphosate (EC50;: 1.3
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pug/ml, EC50,: 317.7 pg/ml) and Ro (EC50;: 1.1 pg/ml  EC50,: 269.8 ug/ml) which suggested
that both treatments displayed similar inhibitory and stimulatory effects. The calculated EC50
value for the Wo formulation was 7.1 pug/ml, which strongly suggests that Wo exhibited a lower
inhibitory effect in human whole blood when compared to pure glyphosate and Ro. A study by
Pienigzek et al. (2004) confirmed the toxicity of glyphosate and its technical formulation
Roundup ULTRA 360 SL through the biochemical dysfunction of key biological parameters in
human erythrocytes which corroborate the cell toxicity findings of the present study.These toxic
effects were however observed at much higher threshold concentrations than reported in the
present study and therefore the overall conclusions of that study was that glyphosate and the
Roundup ULTRA 360 SL formulation displayed low toxicity in humans. In summary, after a 1
hour incubation of human erythrocytes with the Roundup formulation increased levels of
methemoglobin (a product of hemoglobin oxidation) and lipid peroxidation were observed at 500
pug/ml and hemolysis occurred at 1500 pg/ml. Glyphosate (95 % purity) caused increases in
levels of methemoglobin and lipid peroxidation at an exposure concentration of 1000 pg/ml and
hemolysis occurred after a 24 hour incubation period at a glyphosate concentration of 1500
ug/ml. Both treatments caused significant increases in catalase activity and overall Roundup
incurred slightly greater alterations in the functioning of erythrocytes than its active ingredient
glyphosate and it was suggested that this was due to the presence of additives (Pienigzek et al.,
2004).

With respect to the comparative toxicity of the different herbicidal treatments in the present
study, results by Bolognesi et al. (1997) are in agreement, with no significant differences
reported when comparing the relative toxicities of glyphosate and Roundup in human
lymphocytes. However the majority of findings in literature present contrasting results to the
present study. Many studies using a variety of different models have indicated that glyphosate
formulations show greater toxicity than the active ingredient (Benedetti et al., 2004; Duke et al.,
2003). Martinez et al. (2007) showed evidence of amplified toxicity of glyphosate in formulation
in human peripheral blood mononuclear cells after exposure period of 96 hours. Koller et al.
(2012) demonstrated that the Roundup formulation showed greater toxicity than glyphosate
alone in human-derived buccal epithelial cells exposed to herbicide concentrations between 10
and 20 ug/ml. Findings by Richard et al. (2005) in human placental cells exposed to glyphosate
and Roundup concentrations between 0.2 and 2% indicated a higher toxicity in formulation. Kim
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et al. (2013) concluded that the amplification of toxicity was due to synergistic interactions of
glyphosate and a common adjuvant found in glyphosate formulations, TN-20 (also known as
POEA), after studies conducted in the rat H9C2 (heart cell line) cell line assessing the effects of
glyphosate: TN-20 mixtures, as well as glyphosate and TN-20 separately for mitochondrial
disruption, apoptosis and necrosis. Studies by Peixoto (2005) in Wistar rat mitochondria
presented evidence that glyphosate had no significant effects on mitochondrial bioenergetics at
concentrations as high as 2536 pg/ml, however the Roundup formulation indicated significant
disruption in mitochondrial bioenergetics with a maximal effect on the mitochondrial
transmembrane potential being observed at 1691 pg/ml, which led this study to infer that
additives in formulation or synergistic effects between glyphosate and the additives caused the
increased toxicity. Similar findings have been demonstrated in non-mammalian models,
including Southwestern Australian frogs (Mann and Bidwell, 1999), fish and aquatic

invertebrates (Folmar et al., 1979).

Although pure glyphosate did not display a lower toxicity in comparison to the two formulations
(Ro and Wo) at the concentrations tested in this study, adjuvants did play a role in cell toxicity in
human whole blood as evidenced by the varying toxicities displayed by the two different
formulations Ro and Wo. It must be taken into consideration that this was a short term study
representing acute exposure (18 hours) and therefore sub-chronic and chronic exposure studies
may reveal different comparative toxicological profiles than the initial profiles observed in this
study, however this cannot be stated conclusively. The presence of human serum albumin (HSA)
in human whole blood may be an important contributing factor to the different toxicities
observed between glyphosate and glyphosate formulations. HSA is an important carrier of
various substances in human blood including drugs and hormones and the binding of HSA to
other molecules has been extensively studied (Nowak and Shaw, 1995). Evidence of the binding
capacity of HSA to glyphosate has been confirmed by Yue et al. (2008), however no
investigations were found at the time of this study relating to the binding of HSA and the
additives commonly found in glyphosate based herbicides, primarily the non-ionic surfactant
POEA, as it has been the most common adjuvant highlighted as an amplifier of glyphosate
toxicity. Future studies in human whole blood should incorporate HSA binding studies with
POEA and glyphosate, as it may allow insight into the bioavailability of both compounds to
biological targets in human whole blood, more specifically at low dose exposure, and allow for a
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greater understanding with respect to comparative toxicity assessments between the active

ingredient and technical formulations.

In the pro-inflammatory studies in human whole blood LPS showed no significant induction (as
compared to the untreated control) of the cytokines TNF-a, IL-1 and IL-6 (Figure 3.4), although
a reduction in cell viability was observed in human whole blood cells (Figure 3.3). Comparisons
for cytokine production therefore, were solely based on the untreated control. Reasons for this
are unclear as LPS has been documented to stimulate cytokine production in human whole blood
at concentrations as low as 50 ng/ml (Jagger et al., 2002). A possible suggestion for future
studies is to include varied concentrations above and below the concentration tested in this study,
to determine the appropriate concentration of LPS that would induce significant secretions of the

cytokines.

Levels of TNF-a, IL-1p and IL-6 were evaluated in human whole blood exposed to varying
concentrations (0.1, 0.7, 10 and 50 pg/ml) of pure glyphosate, Ro and Wo as markers of an
inflammatory response. Overall, the whole blood model showed greater sensitivity as compared
to the white blood cells with respect to the release of pro-inflammatory cytokines. Results of this
study (Figure 3.4B) indicated significant increases in the levels TNF-o in whole blood exposed
to pure glyphosate (50 pg/ml), Wo (50 pg/ml) Ro (10 and 50 pg/ml). Ro induced TNF-a to a
larger extent than pure glyphosate and Wo. Pure glyphosate caused increased levels of IL-1p at
concentrations of 0.1, 0.7 and 50 pg/ml (Figure 3.4A). This effect was not demonstrated by Ro
and Wo for IL-1B. All of the herbicidal treatments caused significant reductions in the levels of
IL-6 at varying concentrations (Figure 3.4C). Studies on the effect of glyphosate and glyphosate
formulation on cytokine levels in human whole blood are severely limited. Observations by
Nakashima et al. (2002) indicated no significant changes in TNF-a and IL-1B production in
human peripheral blood mononuclear cells at concentrations which caused significant inhibition
of the cells. Gui et al. (2012) more recently however demonstrated the neurotoxic effects of
glyphosate in rat pheochromocytoma cells (PC12 cells) and demonstrated that exposure to
neurotoxic organophosphorous compounds (in rats) could directly cause an increase in the
production of pro-inflammatory cytokines (such as TNF-a, IL-1p and IL-6) in the hippocampus,
thalamus and piriform cortex (Astiz et al., 2013; Kan et al., 2007). A study by EI-Shenawy
(2009) concurs with the findings of the present study, with both glyphosate and its formulation
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Roundup inducing significant increases in hepatic TNF-a levels (linked to the oxidative stress) in
rats exposed to sub-lethal concentrations for 2 weeks. I1L-6 showed a significant decrease in all of
the herbicidal treatments. This cytokine plays a crucial anti-inflammatory role in acute
inflammation and regulates the levels of circulating pro-inflammatory cytokines (in the case of
this study, TNF-a and IL-1p) through a negative feedback mechanism (Xing et al., 1998).

The main purpose of this study was to demonstrate the potential of glyphosate and glyphosate
formulations to elicit an inflammatory response in humans, and preliminary evidence that pure
glyphosate, Ro and Wo induce minor immunomodulatory effects was obtained. However, more
substantial evidence would be required to fully understand the underlying role of glyphosate in
immunotoxicity before this can be considered a definitive mechanism of toxicity by glyphosate

and glyphosate formulations in humans.

3.5.2 Cytotoxic and genotoxic properties of glyphosate, Ro and Wo in human cancer cell

lines

The effects of pure glyphosate, Ro and Wo on the cell viability in the HEC1A, MCF-7 and
MDA-MB-231 cancer cell lines (after a 24 hour exposure period at varying herbicide
concentrations (0-500 pg/ml) shown in Figure 3.5) indicate the differential toxicities obtained
(depending on the cell type being tested) with the most significant results observed in the
HEC1A endometrial cancer cell line, more specifically when this cell line was exposed to pure

glyphosate and Wo.

Pure glyphosate caused a significant decrease in cell growth in the HEC1A cell line from 75
pg/ml in a dose-independent manner (Figure 3.5A). The mechanism of glyphosate toxicity in the
HEC1A cells may have occurred due to the disruption of the normal functioning of
mitochondria, as the effects of toxicity were measured by the MTT assay which uses succinate
dehydrogenase found in the mitochondria as a measure of cell metabolism. Some investigators
have shown evidence of the mitochondrial disruption capacity of glyphosate and glyphosate
based herbicides. Olorunsogo (1979) studied the effects of glyphosate on the energy
conservation in rat liver mitochondria (in vivo) at a concentration range of 60-120 pg/ml, the
results of the study indicated that the uncoupling of mitochondrial oxidation was a major route of
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glyphosate toxicity. More recent investigations by Benachour and Seralini (2009) conducted in
human umbilical vein endothelial cells (primary neonatal umbilical cord veins), 293 embryonic
kidney cell lines and JEG3 placental cell lines on the cell death mechanisms of glyphosate and
glyphosate formulation exposure at concentrations from 1 pg/ml demonstrated the induction of
apoptosis in these different cells when exposed to glyphosate alone. However, when in
formulation, the initial toxicity of glyphosate was amplified, resulting in the inhibition of
succinate dehydrogenase activity. The evidence presented by Benachour and Seralini (2009) is in
contrast to the present findings of this study with respect to the Ro formulation. The three cancer
cell lines chosen for the present study demonstrated extremely low sensitivity (no significant
cytotoxic effects were observed) to the Ro formulation (Figure 3.5B) at the concentrations
examined, however other studies have suggested a similar mechanism of cytotoxicity for
Roundup to that observed by Benchour and Seralini (2009) in different cell models. In vitro
studies by Gasnier et al. (2010) in human hepatic cell lines HepG2 and Hep3B exposed to 25
pg/ml of different Roundup formulations demonstrated the mechanism of cell toxicity via the

inhibition of mitochondrial succinate dehydrogenase.

The Wo formulation caused dose-independent proliferative effects in the HEC1A (Figure 3.5C)
cells at 75, 125 and 250 pg/ml. Similar findings were reported by Lin and Garry (2000) with
proliferative effects observed in the MCF-7 cancer cell line following herbicidal treatments with
glyphosate (2.28 pg/ml) and Roundup (10 pg/ml). The contrasting cytotoxic profiles observed
for pure glyphosate and the Wo formulation strongly suggest that the proliferative effects
observed were possibly due to the additives present in formulation. Cell cycle disruption and
uncontrolled cell proliferation is an integral component of tumor formation and cancer (Sherr,
1996). Findings by Marc et al. (2004), using a sea urchin early developmental model,
demonstrated the cell cycle disruptive capacity of five different glyphosate formulations at a

threshold adverse concentration (glyphosate within the formulation) of 1.7 pg/ml.

The genotoxic potential of pure glyphosate, Ro and Wo was determined at a test concentration of
500 pg/ml and reference concentrations (based on the report by Gasnier et al., 2009) of 800 and
1000 pg/ml in the HEC1A, MCF-7 and MDA-MB-231 cancer cell lines. DNA damage was
evaluated by tail length (um) and olive tail moment (arbitrary units) (Figure 3.7). Pure

glyphosate, Ro and Wo induced significant comet formation in the HEC1A cells and similar
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findings were observed for the MDA-MB-231 with significant DNA damage occurring at the test
concentration in all herbicidal treatments. Comparatively, MDA-MB-231 showed a lower (P<
0.001) sensitivity to pure glyphosate, Ro and Wo than the HEC1A cells, based on extent of
genotoxic damage observed. This may be explained by several factors such as the
presence/absence of ER receptors and the presence and variety of co-factors/co-regulators which
may directly or indirectly affect the binding capacity and bioavailability of a particular ligand
(Vandenberg et al., 2012).

Although significant DNA damage was observed in the MDA-MB-231 cell line no significant
effects were observed in the Wo formulation at the reference concentration of 800 pg/ml (Figure
3.7C). The exact reason for this remains uncertain, but there has been some evidence of
confounding results in the Comet assay caused by high cytotoxicity and this effect is cell type
specific (Hartmann et al., 2003). For example, Frei et al. (2001) indicated that a reduction in the

cell viability of rat hepatocytes did not incur differences in tail length measurements.

To the best of our knowledge, no reports have examined the effects of pure glyphosate and its
formulations in the HEC1A cell line, and based on the results of this study, this cell line has
proven to be a sensitive model for investigating both cytotoxic and genotoxic potential of
glyphosate and glyphosate-based herbicides. Although further studies are required to fully
understand the underlying mechanism of toxicity of glyphosate in HEC1A cells, it may possibly
be linked to the modulation of the ER receptors (ERa and ERf) present in this cell line. The
estrogen receptor belongs to the nuclear receptor superfamily and functions as a ligand-
dependent transcriptional factor for the regulation of estrogen signaling (Lin et al., 2009).
Estrogens are important regulators of the growth and differentiation of several tissues, (e.g. the
uterus, mammary glands and ovaries) (Rao et al., 2011). The dysregulation of estrogen is the
hallmark in breast and endometrium cancers, often causing uncontrollable cell proliferation (Rao
et al., 2011). Some pesticides have demonstrated endocrine disruptive capacities and act as
xenoestrogens, which can bind to human ER a and ER [ receptors (ER receptors mediate
endogenous steroid hormones (e.g. 17-p estradiol is a regulator of the growth and development
of female reproductive hormones) and exert estrogenic responses (Adams et al., 2007; Lemaire
et al., 2006). Future studies should involve fully characterizing the interactions of glyphosate

with the ER a and ER B receptors in HEC1A to determine their endocrine modulating potential.
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Studies focusing on the endocrine disruption potential of glyphosate and glyphosate formulations
have confirmed the ability of glyphosate and glyphosate formulations to exhibit xenoestrogenic
behavior (George and Shukla, 2011). Gasnier et al. (2009) evidenced the endocrine disruptive
capacity of glyphosate and four Roundup formulations in the HepGz2 liver cell line and the
androgen receptor positive MDA-MB-231-MB435-kb2 breast cancer cell line at low
concentrations with endocrine effects being observed within a 24 exposure period.
Thongprakaisang et al. (2013) reported the proliferative effects displayed by glyphosate at low
dose exposure in the hormone dependent T47D breast cancer cell line.

The MDA-MB-231 breast cancer cell line is defined as a hormone independent cell line which
expresses extremely low or no levels of ER o and ER B receptors and is characterized by
estrogen-independent proliferation (Adams et al., 2007; Wang and Kilgore, 2002). The
genotoxic effects displayed by pure glyphosate, Ro and Wo on the MDA-MB-231 breast cancer
cell line have not been demonstrated in this cell line, in glyphosate focused studies and, suggests
that glyphosate and its formulations may incur cell damage through mechanisms that are non-
estrogenic as well. Studies by Ventura et al. (2012) confirmed the non-estrogenic mechanisms
(G2/M arrest) of the organophosphorous pesticide chlorpyrifos, which was commonly defined as
an endocrine disruptor in the ER negative MDA-MB-231 breast cancer cell line. The mechanism
proposed involved the binding of chlorpyrifos to tubulin sites, ultimately altering microtubule
formation. Although most studies have not shown evidence of the significant effects of
glyphosate in this cell line (Buteau-Lozano et al., 2008; Thonprakaisang et al., 2013) the primary
research focus using this cell line is based on determining estrogenic effects and therefore

experimental designs for these studies will generally not explore other mechanisms.

In the genotoxic study pure glyphosate and the Ro formulation showed greater genotoxicity (P<
0.001) than the Wo formulation in the HEC1A cell line. All herbicidal treatments did not display
statistically different genotoxic effects in the MDA-MB-231 cell line. Relatively similar results
were observed in the human whole blood study, with respect to the differential toxicities of pure
glyphosate and glyphosate formulations. As stated previously, this was an acute study and longer
exposure periods may result in larger differences in the toxicological profiles for pure glyphosate

as compared to Ro and Wo.
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Surprisingly, pure glyphosate and the two formulations Ro and Wo, did not exhibit significant
genotoxic effects in the MCF-7 breast cancer cell line (which is also ER positive), based on the
results observed under the experimental conditions selected for this study (Figure 3.7). Although
previous studies have indicated the endocrine disruptive ability of glyphosate and glyphosate-
based herbicides in this cell line (Hokanson et al., 2007; Kojima et al., 2004), the results of this
study suggests that hormone regulation in breast cancer and endometrial cancer cells is far more

complex and is highly dependent and strongly influenced by the cell type (Stoner et al., 2004).

3.6 Conclusions

e The human whole blood system proved a more sensitive model in comparison to isolated
human white blood cells for cytotoxicity and pro-inflammatory studies.

e Pure glyphosate, Ro and Wo demonstrated cytotoxic effects at low to moderate dose
exposure in human blood cells, with two distinct toxicological profiles (inverted bell
shape and linear) being observed.

e Adjuvants present in formulation played a role in glyphosate toxicity as evidenced by the
different toxicologies observed in Ro and Wo, in human whole blood and the HEC1A
cancer cells.

e Preliminary evidence suggested that pure glyphosate at its formulations (Ro and Wo)
incured immunotoxicity effects, however further studies are required to confirm
immunomodulation as a mechanism of toxicity.

e Cytotoxic effects of pure glyphosate, Ro and Wo vary depending on the cell type with the
most significant results observed in the HEC1A cancer cell line exposed to pure
glyphosate (reduction in cell viability) and Wo (proliferation of cancer cells).

e The carcinogenetic potential of glyphosate was confirmed at moderate dose exposure
levels for pure glyphosate and its formulations in the ER-positive HEC1A cancer cell line
and the ER-negative MDA-MB-231 cancer cell line.

In summary, this study confirmed the toxicity of glyphosate and glyphosate-based herbicides in
humans, more specifically at levels representative of occupational and residential exposure. This

is an important validation for the development of a chemical sensor for glyphosate detection. The
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following Chapter looks at the scale-down, optimization and characterization of a glyphosate

spectrophotometric detection system, which served as the basis for sensor development.
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CHAPTER 4- OPTIMIZATION, SCALE-DOWN, AND PARTIAL
VALIDATION OF A GLYPHOSATE SPECTROPHOTOMETRIC ASSAY
(FREE SYSTEM)

4.1 Introduction

A colorimetric spectrophotometric glyphosate detection assay was selected as the foundation for
chemical sensor design and development, due to several advantageous characteristics (i.e. this
method allows for the optical/naked eye detection of a specific analyte, is cost-effective and
simpler than most analytical techniques reported for glyphosate detection) which when
combined, allows for greater applicability towards the development of a solid state sensor. The
colorimetric assay used in this study for the determination of glyphosate was based on the
method reported by Jan et al. (2009). A schematic representation of the principle reaction is
shown in Figure 4.1. A glyphosate dithiocarbamate intermediate is formed in situ by the
substitution of the hydrogen atom on the secondary amide nitrogen of glyphosate with the
electrophillic carbon atom of the carbon disulfide resulting in a glyphosate dithiocarbamate
ligand, followed by the addition of copper for the formation of a yellow colored complex, which
could be detected at 435 nm.

The critical step in this reaction was the derivatization of glyphosate for the formation of a
dithiocarbamate intermediate. Derivatization is a modification procedure which provides suitable
characteristics for an analyte of interest to improve its detectability (Zhang et al., 2008).
Considering that glyphosate is an amino compound (and therefore lacks a UV chromophore) the
derivatization step was an important requirement to enable glyphosate metal complex formation
and subsequent detection using UV-Vis spectrophotometry (Freuze et al., 2007; Wycherley et
al., 1996). In situ derivatization is a simple process whereby an analyte of interest is incubated
together with a derivatization reagent at sufficient quantities resulting in the formation of a
derivatized product (Boyd-Boland et al., 1994).
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Figure 4.1: The principle reaction for the formation of the glyphosate dithiocarbamate-copper complex.

(This image was adapted from Jan et al., 2009).

Dithiocarbamates are sulfur containing ligands, the majority of which display a high affinity to
transition metals (McClain and Hseih, 2004) and the use of carbon disulfide (solvent) for the
production of various dithiocarbamates has been well established (Crnogorac and Schwack,
2009; Fogalia et al., 1971; Grand and Tamres, 1968; Laintz et al., 1992; Verma et al., 1986).
Dithiocarbamates have several applications in many different areas including trace metal
detection in environmental samples (Elder et al., 1975; Emteborg et al., 1995; Yebra-Biurrun et
al., 1991), organic synthesis (Grainger and Innocenti, 2007), drug discovery (Anderson, 1999;
Aryanpour et al., 2012; Tandon et al., 1996) and in the industrial production of synthetic
materials (e.g. dithiocarbamates are used in the vulcanization of rubber) (Nieuwenhuizen et al.,
1999). The work conducted by Jan et al. (2009) demonstrated the ability of dithiocarbamates to

form metal complexes for the determination of glyphosate soil, wheat and water samples.

The main aims of this study were to scale down, optimize and partially validate the
spectrophotometric detection method reported by Jan et al. (2009), for the purposes of improving

its applicability (the principle assay uses large sample volumes) towards the development of a
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chemical sensor. The optimized conditions of the scale-down method would be used as a starting
point for glyphosate sensor detection and data obtained in the partial validation of the system

would allow for comparative analysis between the scale-down system and the chemical sensor.

4.2 Objectives

e To confirm the detection of glyphosate using the principle method reported by Jan et al.
(2009) with a proof-of-concept study. The determination of glyphosate complex
formation was carried out using spectrophotometric and visual analysis.

e To scale-down the principle method and optimize the scale-down system with respect to
reagent concentration, pH and time.

e To determine the stoichiometric molar ratio of the glyphosate-copper complex and the
optical characteristics (molar absorptivity and stability constant) of the system using Jobs
Method of Continuous Variation.

e To determine the specificity, sensitivity (calibration characteristics) and precision (for
pure glyphosate and glyphosate in formulation) of this system.

e A study was also conducted to determine the optimal storage conditions and storage time

for glyphosate stock solutions.

4.3 Methods and materials

4.3.1 Materials

Please refer to the chemical list in Appendix | for all the materials and chemical suppliers used in
this study. All glyphosate stocks were prepared freshly (refer to Chapter 3, Section 3.3.1) before
any experimental studies and all experiments were conducted at room temperature (22 + 2°C)

unless stated otherwise.
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4.3.2 Proof-of-concept study

All reactions were carried out in 100 ml separating funnels. Based on the method described by
Jan et al. (2009), reactions containing 5 ml of carbon disulfide (1 % CS; in chloroform) and 2 ml
of glyphosate solution (20 pg/ml in distilled water) were prepared and shaken for a few seconds
to allow the formation of the dithiocarbamate ligand. This was followed by the addition of 1 ml
ammonical copper (I1) solution formed from copper nitrate salt (0.413 mM in 2 M ammonia
solution), which was shaken for 3 minutes and allowed to stand at 24 °C. The resultant two
layers were observed for color formation over a total period of 6 hours. The formation of a
glyphosate dithiocarbamate-copper complex was assessed using spectral scan analysis (200-500
nm) in a Powerwavey spectrophotometer with KC junior software. Macroscopic images were
obtained for visual analysis of glyphosate-complex formation using a SONY cyber-shot digital

camera. This study was conducted in duplicate.

4.3.3 Scale-down assay for glyphosate determination

Scale-down experiments were conducted according the reaction principle outlined by Jan et al.
(2009). However, modifications to the original protocol involved scaling down the total assay
from 8 ml to 1 ml. The volume to volume ratio of glyphosate: carbon disulfide: copper was
maintained at 2.5: 1: 5 and the concentration of glyphosate used was 1000 pg/ml (equivalent to a
50-fold increase when compared to the original concentration used in the proof of concept
study). Six hundred and twenty five (625) ul of carbon disulfide (1 %) was added to 250 ul of
glyphosate and shaken for a few seconds to allow the formation of the glyphosate
dithiocarbamate intermediate. Ammonical copper (0.413 mM, 125 ul) was added and shaken for
3 minutes and allowed to stand at 24 °C. The resultant two layers were observed for color
formation over a total period of 6 hours. The formation of a glyphosate dithiocarbamate-copper
complex was assessed using spectral scan analysis (200-500 nm) in a Powerwavey
spectrophotometer with KC junior software. Glyphosate, copper and carbon disulfide negative
controls were included in this study. The negative controls used in this study were included in all

subsequent experiments.
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4.3.4 Optimization studies

The scale-down detection method was optimized with respect to reagent concentrations (copper
and carbon disulfide), pH and assay time. The effect of copper and carbon disulfide
concentrations on the detection of glyphosate was evaluated at concentrations ranging from 0-8
mM and 0-7 %, respectively. The effect of pH was determined at a range of 5-12 and the effect
of reaction time was investigated over 540 minutes. Glyphosate complex formation was detected
spectrophotometrically using a Powerwave, spectrophotometer with KC junior software. All

future studies were conducted under the selected optimized conditions.

4.3.5 Jobs Method of Continuous Variation

Jobs Method of Continuous Variation was used to determine the stoichiometric molar ratio of the
glyphosate dithiocarbamate intermediate and copper complex (Bosque-Sendra et al., 2003). This
method was based on the preparation of a series of solutions in which the total molar
concentration was kept constant, while the volume fraction of the ligand (glyphosate
dithiocarbamate) was varied from 0 to 1. A Jobs plot of maximum absorbance (corrected for
uncomplexed copper and glyphosate) versus the volume fraction was constructed. The
concentration ratios of glyphosate and copper used in the study were factored into the initial
volume fraction obtained to determine the molar ratio. The maximum absorbance observed from
the experimental data is indicative of the actual amount of equilibrated glyphosate-copper
complex. Linear regression analysis was used to derive the theoretical maximum (H). The
theoretical maximum is the point at which the two linear regression curves intersect and assumes

100 % complex formation.

The Jobs plot was used to determine equation (1): the molar absorptivity (¢, L/mol/cm) and

equation (2): the stability constant (Ks) of the scale down glyphosate detection method.
el= H/[C] 1)

where ¢ is the molar absorptivity, | is the path length, H (derived as an average from the two
linear regression equations) is the theoretical maximum absorbance and C is the total
concentration of copper (M)
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Ks= [complex]/ [Cu] [glyphosate] (2)

where K is the stability constant, [complex] is the concentration (M) of the complex (derived from
the Beer Lamberts law H= ¢/complex]l, which assumes that the calculated molar absorptivity of
the system is directly proportional to the concentration of the complex), [Cu] and [glyphosate]
are the concentrations (in M) of the free species.

Results were determined at 435 nm using a Powerwavey spectrophotometer with KC junior

software.

4.3.6 Scale-down detection system specificity

The specificity of the scale-down method was investigated by evaluating the detection of two
glyphosate structural analogs, more specifically the primary metabolite of glyphosate
degradation, aminomethylphosphonic acid (AMPA), and glycine, which is also a product of the
glyphosate microbial degradation pathway. Equivalent concentrations were used in this study
(1000 pg/ml) and glyphosate complex formation was assessed using spectral analysis (200-500
nm) and spectrophotometric determination at 435 nm using a Powerwavey spectrophotometer

with KC junior software.

4.3.7 Glyphosate standard curve

Standard curves for pure glyphosate (0.1-1000 pg/ml), and glyphosate in the formulations Ro
and Wo (50-760 000 pg/ml) were constructed and the calibration curves were used to determine
system sensitivity: limit of detection (LOD, pg/ml), limit of quantification (LOQ, pg/ml) and
precision (relative standard deviation, % RSD), together with other calibration characteristics of

the system (correlation coefficient or R?, intercept and slope).

The LOD and LOQ were determined (using the computer package Microsoft Excel) according to
the following equations (Afkami et al., 2006; Keyvanford and Karamian, 2009):

y(LOD) = yB + 3SB 3)
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LOD = (yLOD-yB)/m (4)

where y(LOD) is signal for limit of detection, LOD is the limit of detection, yB is the intercept,

3SB is 3 times the standard error of the regression curve and m is the gradient of the regression

curve.
y(LOQ) = yB + 10SB (4)
LOQ= (yLOQ-yB)/m (5)

where yLOQ is signal for limit of quantification, LOQ is the limit of quantification, yB is the
intercept, 10SB is 10 times the standard error of the regression curve and m is the gradient of the

regression curve.
The RSD was calculated according to the following equation:
% RSD = (SD/m) %100 (6)

where RSD is the relative standard deviation, SD is the standard deviation of the data set and m is

the mean.

4.3.8 The stability of glyphosate stocks in water

The stability of glyphosate stock solutions under varying conditions was evaluated to determine
the best storage conditions and maximum storage time allowed before experimental analysis, in
an attempt to conserve reagent use in future studies. Mid-range glyphosate concentrations were
selected for this study. Pure glyphosate (0.65 mg/ml), Ro (670 mg/ml) and Wo (610 mg/ml)
stocks were prepared in distilled water and stored under light conditions at 23°C, and dark
conditions at 23 °C and 4 °C. Samples (2 ml) were removed at regular time intervals over a
period of 42 days and assayed for glyphosate. Glyphosate was detected spectrophotometrically at

435 nm using a Powerwavey spectrophotometer with KC junior software.
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4.3.9 Data analysis

All data were presented as mean values £ SD (n=3) unless stated otherwise. Where appropriate,
ANOVA single factor analysis (Microsoft Excel) was used to determine significant differences
with 95 % (P < 0.05) or 99 % (P < 0.01) confidence. RSD (%) values below 20 % were
considered acceptable (Dos Santos et al., 2013).

4.4 Results

4.4.1 Proof-of-concept study

The detection of pure glyphosate (based on the spectrophotometric method described by Jan et
al. (2009)) is shown in Figure 4.2.
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Figure 4.2: Macroscopic images of glyphosate complex formation and color development at time: 0, 1
and 6 hours (A) at a total assay volume of 8 ml and spectral scans (200-500 nm) of the two resultant
layers (B) (at the 6 hour time point). The dash line represents the chloroform layer and the solid line
represents the glyphosate complex layer. Macroscopic images were obtained using a SONY Cyber-shot
digital camera. Although this study was conducted in duplicate, the macroscopic image shown is

representative of a typical reaction.

The proof of concept study successfully confirmed the formation of a yellow colored glyphosate-
complex with results showing the development of color (from blue to yellow) (Figure 4.2A)
within 1 hour, after the incubation of the glyphosate dithiocarbamate intermediate (1000 pg/ml)
with ammonical copper (0.413 mM). The color intensity increased over a 6 hour incubation
period (from yellow to yellow-brown). Spectral scans (200-500 nm) of glyphosate complex layer
(Figure 4.2B) indicated a peak between 421 and 437 nm and the chloroform layer showed two
characteristic peaks at approximately 229 and 316 nm, with no interfering peaks observed within
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the glyphosate complex detection range. A peak was also observed in the glyphosate complex

sample between 250 and 300 nm.

4.4.2 Scale-down of the glyphosate spectrophotometric detection system

The results of the scale-down study for the detection of pure glyphosate are presented in Figure
4.3. The main reasons for scaling down this assay was to allow for the ease of assay preparations,
particularly when sample sizes were large, to reduce the cost of reagents (less required) used and
to reduce the waste generation. Ultimately these factors are important and would facilitate the

applicability of this assay to the development of a chemical sensor.
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Figure 4.3: Macroscopic images of glyphosate complex formation and color development (n= 3) at time:
0, 1 and 6 hours with the corresponding negative controls (A) at a total assay volume of 1 ml and spectral
scans (200-500 nm) of the glyphosate complex/ammonia layer and the appropriate controls (B). Black
line: glyphosate complex layer, red line: glyphosate control, green line: carbon disulfide control, purple
line: copper nitrate control. Macroscopic images were obtained using a SONY Cyber-shot digital camera.

All experiments were conducted at 22 + 2 °C.
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The scale-down of the glyphosate detection system was successful and comparable to the
findings in the proof of concept study (Figure 4.2). Clear color development (from blue to
yellow-brown) was observed in the glyphosate complex layer within 1 hour (Figure 4.3A) and
spectral scans (200-500 nm) of the glyphosate complex layer indicated a peak between 421 and
437 nm (Figure 4.3B). The negative controls used in this study demonstrated no interfering peaks
within the glyphosate detection range, therefore 435 nm was the wavelength selected for future

studies.

4.4.3 Optimization study (reagent concentration and pH)

The effect of reagent concentrations (carbon disulfide and copper nitrate), pH and time on
glyphosate determination were investigated (Figure 4.4), in order to determine the optimal
parameters for the scale-down system.
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Figure 4.4: The optimization curves for the scaled-down glyphosate detection system (total assay
volume: 1 ml) with respect to A: carbon disulfide (%), B: copper nitrate (mM), C: pH and D: time. Data
points represent mean values £ SD (n= 3) and ANOVA single factor analysis was used to determine
significance: *P< 0.01. Appropriate controls were included in this study. All experiments were conducted
at 22 + 2 °C (room temperature).

The effect of carbon disulfide (%) on glyphosate complex formation (Figure 4.4A) was
characterized by an initial increase in absorbance values with increasing concentrations of carbon
disulfide. The optimum was observed at carbon disulfide concentrations of 2% (2.6 + 0.10),
2.5% (2.8 £ 0.08) and 3% (2.7 + 0.03). The peak values obtained were statistically similar (P>
0.05), therefore the optimum carbon disulfide concentration selected was 2.5 %. Higher
concentrations of carbon disulfide (from 4.5 %) resulted in a gradual decrease in absorbance. The
effect of copper on glyphosate complex formation (Figure 4.4B) resulted in a relatively similar

profile, whereby an increase in the initial concentrations of copper led to increased absorbance
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values. The optimal values obtained were at copper nitrate concentrations of 4 (1.5 £ 0.07), 4.5
(1.53 £ 0.06) and 5 mM (1.48 £ 0.05). Considering these values demonstrated no statistical
difference (P > 0.05), the middle concentration of 4.5 mM was selected as the optimum. A

decreasing trend was observed above copper nitrate concentrations of 6 mM.

The pH profile (Figure 4.4C) obtained indicated the highest absorbance value at pH 12 (2.96 +
0.11) suggesting that glyphosate complex formation occurred optimally under highly alkaline
conditions, with pH values ranging from 5-8 showing negligible glyphosate detection. pH values
above 12 were not investigated in this study. pH conditions beyond 12 were considered too
extreme and may limit the practical applicability of the assay towards the development of a

chemical sensor.

The effect of reaction time (t) on glyphosate complex formation (Figure 4.4D) was evaluated
from t= 0 to 540 minutes (9 hours). A gradual increase was observed from t= 5 minutes (0.09 +
0.01) to 60 minutes (2.23 + 0.03), with maximum absorbance values at t= 120 minutes (3.23
0.06) and 180 minutes (3.31 + 0.06). An 80 % reduction in absorbance values was observed
between t= 360 and 420 minutes. Although the optimal times for the detection system were 120
minutes (2 hours) and 180 minutes (3 hours), the values obtained showed statistical similarity

(P> 0.05) and therefore the shorter time period of 2 hours was selected for future experiments.

4.4.4 Jobs Method of Continuous Variation

Jobs method of continuous variation was used to determine the stoichiometric ratio of binding
between glyphosate and copper (Figure 4.5). The molar absorptivity (¢) and stability constant
(Ky) of the glyphosate detection system was calculated using the Jobs plot and the values are
presented in Table 4.2.
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Figure 4.5: The stoichiometry of glyphosate complex formation with copper assessed by Jobs Method of
Continuous Variation. The data indicates volume fraction values of glyphosate from A: 0-1 and from B:
0.5-1. Data points represent mean values + SD (n= 3). Solid line: experimental data, Dash lines:
Theoretical extrapolation of the experimental data using linear regression analysis. Appropriate controls
were used in this study.

The bell-shaped curve representative of the Jobs plot was only observed from a glyphosate:
copper volume fraction of 0.5 (Figure 4.5A). Results from Figure 4.5B indicate an experimental
volume fraction of 0.75 and therefore a glyphosate: copper volume ratio of 4:3 or 1.3:1. The
stoichiometric molar ratio was determined by factoring in the concentrations of glyphosate (5.9

mM equivalent to 1000 pg/ml) and copper (4.5 mM) used in this study, i.e. the glyphosate
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concentration used was 1.31 times greater than the copper concentration and thus the results
demonstrated a glyphosate: copper complex molar ratio of approximately 2:1 (calculated value
1.7:1). The theoretical volume fraction of 0.74 (calculated using the linear regression equations)
and a molar ratio of approximately 2:1 (calculated value 1.8:1) for the glyphosate-copper

complex validated the accuracy of the experimental results obtained.

Table 4.1: The optical characteristics molar absorptivity (Lmol™*.cm™) and stability constant (Kj)

determined for the scaled-down spectrophotometric glyphosate detection system.

Optical characteristics Value Reported value Jan et al. (2009)
E 1.866 x 10° 1.864 x 10°
Ky 1.69 x 10° 1.06 x 10°

&: Molar absorptivity (Lmol*.cm™), Ky: Stability constant

The molar absorptivity (1.866 x 10° L/mol/cm) obtained for the scale down system was found to
be comparable to the value reported (1.864 x 10% Lmol™.cm™) by Jan et al. (2009). The stability
constant determined for the scale-down system was approximately 600-fold lower (1.69 x 10?)
than the value (1.06 x 10°) reported by Jan et al. (2009).

4.4.5 Glyphosate detection system specificity

The specificity of the glyphosate detection system was investigated by determining the detection
of the glyphosate structural analogs AMPA (1000 pg/ml) and glycine (1000 pg/ml) (Figure 4.6).
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Figure 4.6: Glyphosate detection system specificity evaluated by the detection of glyphosate structural
analogs glycine and AMPA. A: Spectral (298-500 nm) analysis of glyphosate (black ), glycine (blue) and
AMPA (red). B: Spectrophotometric detection (435 nm). Data points represent mean values + SD (n= 3).

Appropriate controls were used in this study.

Results shown in Figure 4.6 suggest that this detection system was very specific for the detection
of glyphosate (2.45 + 1.6) with a reduction of 98.8 and 97.5 % in absorbance being observed for
glycine (0.031 + 0.001) and AMPA (0.06 = 0.0003), respectively (Figure 4.6B). Spectral scans
(298-500 nm) analysis showed no evident peaks (for AMPA and glycine) in the detection range
for the glyphosate complex (421-437 nm) (Figure 4.6A). Overall, the detection system displayed
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very good specificity for glyphosate with negligible detection of the two glyphosate structural

analogs being observed.

4.4.6 Glyphosate calibration curve and the application of the scale-down method to

glyphosate formulations Wo and Ro

The calibration curve (0.1-1000 ug/ml) obtained for pure glyphosate is shown in Figure 4.7. The
scale down system was applied to the two glyphosate formulations selected for this study, Wo
and Ro and calibration curves were also constructed. Results are shown in Figure 4.8. Table 4.2
summarizes the calibration characteristics of the scale down method for pure glyphosate and the

glyphosate formulations.
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Figure 4.7: Standard curve for glyphosate (0-1000 pg/ml). Data points represent mean values + SD (n=

3). Appropriate controls were included in this study.

The pure glyphosate calibration curve obtained was not rectilinear but demonstrated a slight
sigmoidal profile (Figure 4.7). No detectable levels of the glyphosate complex were observed at
lower concentrations ranging between 0.1 and 350 pg/ml. The linear range of this curve was

observed between 550-1000 pg/ml (R?*= 0.9929).
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Figure 4.8: The detection range for glyphosate formulations Al: Ro and B1: Wipeout using the scale-
down glyphosate detection method and the standard curves produced for glyphosate in the formulations
A2: Ro (0-760 mg/ml) and B2: Wo (0-760 mg/ml). Data points represent mean values = SD (n= 3). The

appropriate controls were used in this study.

The detection method demonstrated lower sensitivity to the glyphosate formulation Ro and Wo
(Figure 4.8A1 and 4.8B1) when compared to the detection of pure glyphosate (Figure 4.7), with
very low levels of glyphosate in Wo and Ro being detected at concentrations as high as 360000
and 10000 pg/ml respectively, therefore the calibration curves for glyphosate formulations were
constructed at starting concentrations higher than those selected for pure glyphosate.
Concentrations were generally expressed as ug/ml in this study; however the unit mg/ml was

used in this study in for the purposes of simplifying the graphical presentation of data.

Ro and Wo calibration curves (50-760 x 10° pg/ml) are shown in Figure 4.8A2 and 4.8B2 and no
or very low detectable glyphosate levels were observed between a concentration range of 50-400

x 10° pg/ml in Ro and 50-430 x 10° pg/ml in Wo. The linear range for glyphosate in Ro was
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550-760 x 10° pg/ml (R?= 0.985) and 460-760 x 10° ug/ml (R?= 0.974) for Wo. Both calibration

curves displayed a similar sigmoidal pattern to that observed for pure glyphosate.

Table 4.2: The calibration characteristics (over the entire range of the regression curve) determined for
pure glyphosate and glyphosate in Ro and Wo, using the scale-down detection method. To accurately
determine the LOD and LOQ values of the scale down system, the regression equations used represented

the entire range of the regression curves for pure glyphosate, Ro and Wo.

Parameter Pure glyphosate Ro Wo Reported value

Jan et al. (2009)

Linear range (ug/ml)  550-1000 550-760x 10° 460-760 x 10° NR
LOD (pg/ml) 402.1 670.1 x 10° 503.4 x 10° 1.1
LOQ (pg/ml) 1340.2 2234.0x 10° 1678.1x 10° 3.7
Intercept 0.14 0.21 0.29 0.01
Slope 0.0026 0.0016 0.0025 0.014
"RSD (%) 5.5 11.8 13.4 2.37
R? 0.84 0.58 0.71 0.99

NR= Not reported, "RSD values obtained over the linear range of the standard curves

When comparing the calibration characteristics obtained for pure glyphosate and glyphosate in
Ro and Wo in the scale down system, the data in Table 4.2 strongly suggests that the detection of
pure glyphosate was more sensitive as evidenced by lower LOD and LOQ values in comparison
to glyphosate detection in Ro and Wo formulations. The scale-down system also demonstrated a
fairly good system precision in the detection of pure glyphosate, Ro and Wo (RSD values below
20 %). Greater system precision (lower RSD value) however was observed in pure glyphosate
detection in comparison to Ro and Wo. Overall, the scale down system demonstrated poorer
sensitivity and precision when compared to the results reported by Jan et al. (2009).
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4.4.7 The stability of glyphosate and glyphosate formulation stock solutions in water

A study was conducted to determine the stability of pure glyphosate and glyphosate formulation
stocks over time (42 days) in distilled water at 23 °C (light and dark conditions) and 4 °C (dark
conditions) (Figure 4.9). Considering stock solutions were prepared freshly before experiments
in all the studies conducted, this experiment was used to determine the best storage conditions

and the maximum storage time for glyphosate stocks for future studies.
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Figure 4.9: The stability of pure glyphosate (blue), Ro (green) and Wo (red) in water was investigated
over 42 days under varying conditions. A: 23°C (light conditions) B: 23 °C (dark conditions) and C: 4 °C
(dark conditions). Data points represent mean values + SD (n= 3). Appropriate controls were used in this

study and the spectrophotometric analysis was conducted at 435 nm.
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Pure glyphosate and glyphosate in the Ro and Wo formulations was detected over the entire
duration of the study (42 days) under all the conditions tested, (i.e. light conditions at 23 °C)
(Figure 4.9A) and dark conditions at 23°C (Figure 4.9B) and 4 °C (Figure 4.9C), with similar
stability profiles being observed for pure glyphosate and the glyphosate-based herbicides.
Although pure glyphosate and the glyphosate formulations were detected over the 42 day period
under all experimental conditions tested, variations were observed within different time intervals
at 23 °C and 4 °C, characterized by increases (peaks) and decreases (troughs) in relative
absorbance.

4.5 Discussion and future work

4.5.1 Proof of concept, scale-down, optimization and glyphosate complex stoichiometric

evaluation

A proof of concept study, based on the method reported by Jan et al. (2009), was carried out to
test whether the conditions for the principle reaction reported would result in successful
glyphosate (in its dithiocarbamate intermediate form) copper complexation, which could be
detected spectrophotometrically. The results obtained (Figure 4.2) from macroscopic images and
spectroscopic studies indicated that this method was successful with a change in color (from blue
to yellow) in the ammonia layer and a characteristic glyphosate-copper complex peak being
observed between 421 and 435 nm. These results are in agreement with the findings of Jan et al.
(2009) which demonstrated the formation of a yellow colored complex which was detected at the
selected wavelength of 435 nm. The proof of concept study confirmed the ability of the copper
ions to co-ordinate with the bidentate glyphosate dithiocarbamate ligand. The reaction
conversion of glyphosate to a dithiocarbamate is reversible, and an incomplete conversion is a
common occurrence when producing dithiocarbamates, and thus the second peak observed in the
glyphosate complex sample could be attributed to the uncomplexed glyphosate dithiocarbamate.
This observation is in agreement with previously reported data which state that dithiocarbamates
generally demonstrate UV absorption between 250 and 280 nm, a peak range which is
commonly associated with the S-C=S group (Halls, 1969; Lee et al., 1989; Murthy and Ryan,
1982; Zhu et al., 2002). Spectral scans of the chloroform layer showed no interfering peaks at the

106



Chapter 4: Glyphosate spectrophotometric detection system

detection range (421-435 nm) for the glyphosate complex. The chloroform layer was
characterized by two peaks at 229 and 316 nm, which corresponded closely to values reported in
literature with respect to the UV absorption range for chloroform (below 250 nm) and carbon
disulfide (271-374 nm), respectively (Hearn and Joens, 1991; Upstone, 2000).

The use of this assay as the basis for chemical sensor development offers many advantages,
including the ease of synthesis and preparation of the glyphosate dithiocarbamate derivative and
the color change that occurs upon complex formation with the copper ions, which can be
visualized by the naked eye. However, this assay was limited by the large assay volumes
required (total assay volume: 8 ml), therefore to improve the applicability of this assay towards
chemical sensor development, the scale-down of this method was an important requirement. The
scale-down of the principle assay method from a total assay volume of 8 ml to 1 ml was
successful (Figure 4.3). Control reactions were not detailed by Jan et al. (2009), therefore this
study selected three negative controls (glyphosate, carbon disulfide and copper control) and
spectral scan analysis demonstrated the absence of interfering peaks within the detection range of

the glyphosate complex. Thus, the selected wavelength for future studies was 435 nm.

The analytical conditions of the scale down method were optimized with respect to reagent
concentrations (carbon disulfide and copper), pH and assay time. Optimal carbon disulfide
(Figure 4.4A) and copper nitrate (Figure 4.4B) concentrations were 2.5 % and 4.5 mM,
respectively. Both profiles demonstrated a similar trend characterized by an initial increase in
absorbance values with increasing reagent concentrations; interestingly, this was followed by a
decrease in signal from carbon disulfide and copper concentrations above 4.5 % and 6 mM,
respectively. Similar reagent versus absorbance profiles (for carbon disulfide and copper) were
obtained by Jan et al. (2009), although the optimization experiments reported in the Jan et al.
(2009) study used reagent volume for the determination of optimal values. The present study
selected the use of reagent concentrations for the determination of optimal conditions to maintain
the total assay volume at 1 ml. The data suggests that excessive amounts of carbon disulfide and
copper nitrate limit the detection of glyphosate. The reason for the observed trends are not
entirely clear, however literature has stated that excess dithiocarbamate ligand (which in this case
of this study may be formed in the presence of greater carbon disulphide concentrations beyond

the optimum) severely interferes with direct detection methods such as spectrophotometry (Bond
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and Wallace, 1984; Mueller and Lovett, 1987). Similar results were published by Shar and
Banger (2002) in a study involving the spectrophotometric determination of copper (I1)
complexed with a dithiocarbamate (diethyldithiocarbamate). In the Shar and Banger (2002) study
an initial increase in absorbance was observed with increasing dithiocarbmate ligand
concentrations of up to 5 x 10* mol.dm™; however concentrations higher than this caused
dissolution problems, which resulted in erroneous absorbance correction due to a higher ratio of
ligand to complex absorptivity. Although no dissolution problems were observed in the current
study, the decreasing trend observed with copper concentrations greater than 6 mM may have
occurred, due to a shift in the detection spectrum, once all the co-ordination sites for copper were
occupied, resulting in an increase in the amount of free ammonical copper (increased blue color)
in solution (Fritz and Sutton, 1956).

The effect of pH on glyphosate detection was investigated and the results (Figure 4.4C) indicated
a strong association between pH and glyphosate detection. Glyphosate detection was optimal
under high alkaline conditions (pH 12) and similar findings were reported by Jan et al. (2009).
The pK, value determined by potentiometric titration studies for the secondary amine group on
the glyphosate structure was 10.3 (Ridlen et al., 1997), therefore increasingly alkaline conditions
favor the deprotonation of this amine group forming an amide anion which facilitates the
formation of the glyphosate dithiocarbamate ligand via nucleophilic attack towards carbon
disulfide (Halls et al., 1968; Oliver et al., 2011; Sanchéz et al., 1999; Toumi et al., 2008).
Dithiocarbamate ligands demonstrate greater susceptibility to decomposition (resulting in the
release of carbon disulfide due the breakdown of the C-N bond) under neutral and acidic
conditions when compared to alkaline conditions; therefore high alkaline conditions also provide
increased ligand stability (Benedini et al., 2006; Leyden and Cuttrell, 1975; Rogachev et al.,
1999).

Glyphosate detection was evaluated as a function of time (Figure 4.4D). The optimal assay time
chosen for future studies was 2 hours (120 minutes). A gradual decline in glyphosate detection
was observed after 3 hours (180 minutes) and within 7 hours (420 minutes) an 80 % reduction in
the detection signal was observed. The decline in glyphosate detection after 3 hours may be due
to the general instability exhibited by dithiocarbamates in solution, which decompose over time,

either photochemically or thermally, into the corresponding amine derivative and carbon
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disulfide (Hayashi et al., 1987; Hirai et al., 1977). Electron paramagnetic resonance studies by
Jeliazkova et al. (1996) on dithiocarbamate-copper mixed ligand complexes demonstrated the
susceptibility of these complexes to photodecomposition through the homolytic cleavage of the
copper-sulfur bond, resulting in the release of a copper ion and a dithiocarbamate radical.
Although the Jan et al. (2009) study did not investigate the effect of time on the glyphosate
complex detection, a glyphosate spectrophotometric study conducted by Sharma et al. (2012)
involving the formation of a glyphosate dithiocarbamate ligand using acetonitrile, followed by
the production of a yellow-green complex after the addition of copper, indicated that the kinetic
stability of the colored complex as a function of time was approximately 90 minutes. This was
lower than the complex stability observed in our current study. This does, however, support the
theory that dithiocarbamate ligands are susceptible to destabilization effects in solution. Future
studies could validate this theory, by measuring the disappearance of glyphosate in solution over
time, using techniques such as UV-Vis spectral analysis and/or Fourier Transform Infrared

spectroscopy (FTIR).

The stoichiometric molar ratio determined (Figure 4.5) for glyphosate (dithiocarbamate
intermediate) and copper complexation using the Jobs Method of Continuous Variation, was 2:1.
Theoretical values extrapolated from linear regression analysis in this study validated the
accuracy of the results obtained from the experimental data. The reaction reported by Jan et al.
(2009) followed a glyphosate-copper molar ratio of 2:1, which confirms the findings of our
present study. The molecular structure illustrated by Jan et al. (2009) (Figure 4.1) suggests that
the copper (I1) ions complex with two glyphosate dithiocarbamate ligands through co-ordination
of the copper molecule with four sulfur groups. Cu (1) ions commonly form square planar
complexes (Cao et al., 2000, De Lima et al., 2011) with dithiocarbamates. Electron paramagnetic
resonance (EPR) studies by Cobianco et al. (2000) are in agreement with the molecular structure
proposed by Jan et al. (2009), with the findings of the study showing that copper (Cu II)-
dithiocarbamate complexes generally demonstrate a square planar co-ordination with two

dithiocarbamate groups co-ordinating to the copper ion via four sulfur groups.

The molar absorptivity (L/mol/cm) and the stability constant (Ky) (Table 4.2) of the scale-down
method was determined using the Jobs plot. The calculated molar absorptivity of the scale down

glyphosate detection system (1.866 x 10° L/mol/cm) was found to be very similar to the reported
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value (1.864 x 10° L/mol/cm) by Jan et al. (2009), however the stability constant obtained for the
scale-down method (1.69 x 10%) was 600-fold lower when compared to the reported value (1.06
x 10°). This strongly suggests that glyphosate and copper ions in the scale down system
demonstrates a lower tendency for complex formation and displayed lower complex stability
when compared to the detection system described by Jan et al. (2009). To the best of our
knowledge, other spectrophotometric techniques used for glyphosate detection have not been
reported on glyphosate complex stability constants and therefore could not be used as a basis for
comparison. The scaling down process may be a contributing factor to the lowered stability of
the glyphosate-copper complex, primarily if the reactions are volume limited. However this
cannot be conclusively stated and further research in this area would be required. Due to the
scope of this study, however, the effect of assay volume on complex stability was not
investigated.

4.5.2. Scale-down glyphosate detection system specificity, sensitivity and precision

The specificity, sensitivity and precision of the scale-down method was investigated to allow for
future comparative analysis between the scale-down method and the chemical sensor developed

for glyphosate detection in water.

The scale down glyphosate detection system demonstrated a very high specificity towards
glyphosate, with extremely minimal detection of the structural analogs glycine and AMPA being
observed (Figure 4.6). Carbon disulfide displays the capacity to react with both primary (glycine
and AMPA) and secondary amines (glyphosate) to form dithiocarbamates (Niu et al., 2012);
however, dithiocarbamates derived from secondary amines demonstrate greater chemical
stability than those derived from primary amines (Fuentez-Martinez et al., 2009; Mclain and
Hseih, 2004). Studies by Zhu et al. (2008), based on the production of dithiocarbamates derived
from primary and secondary amines, demonstrated that these two different types of amines show
significant differences in reactivity and product stability. Generally, dithiocarbamates derived
from secondary amines showed good reactivity and stability and, although some primary amines
in the study fared relatively well, the study concluded that secondary amines were more reliable

for dithiocarbamate production. With specific reference to our current study, the specificity
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observed for glyphosate strongly suggests that this may have been due to the poorer reactivity of
carbon disulfide with the primary amines of glycine and AMPA when compared to the secondary

amine of glyphosate.

The method described by Jan et al. (2009) only reported on the detection of glyphosate alone,
however the detection of glyphosate in formulation was an important consideration, not only
because it is commercially available in this form, but another important factor to consider was
that compounds present in formulation may alter the initial system characteristics observed, (e.g.
sensitivity (LOD and LOQ)). The scale down method was successfully applied to the detection
of glyphosate in formulation under optimized conditions, however greater sensitivity (Table 4.2)
was observed in the detection of pure glyphosate (LOD: 402.1 ug/ml) when compared to the
detection of glyphosate in the Ro (LOD: 670 x 10°) and Wo (LOD: 503.4 x 10°). These
differences may have been due to the presence of adjuvants in the glyphosate formulations which
may have led to a reduced sensitivity at lower glyphosate concentrations. Overall, the scale down
method demonstrated lower sensitivity and precision in comparison to the method reported by
Jan et al. (2009), however considering the lower affinity of the system for glyphosate complex

formation as determined by K;, this observation was not entirely unexpected.

4.5.3 Glyphosate stock solution stability and storage

Pure glyphosate, Ro and Wo demonstrated similar stability profiles under all the conditions
tested (Figure 4.9). Glyphosate was detected in all three samples over the duration of the study
and did not demonstrate susceptibility to photolysis as the stability profiles observed for all three
samples under dark and light conditions were relatively similar. However, large variations were
observed between different time points characterized by increases and decreases in the relative
absorbance (%) over the 42 day period. This trend has been documented in literature and reports
by Anton et al. (1993) on the degradation of glyphosate in water report no significant
degradation of glyphosate over a total time period of 78 days, but found that the levels of
herbicide were erratic and concluded that this may be due the linkage/adsorption of glyphosate to

glassware surfaces. Considering the large variations in the detection levels of glyphosate over
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time, future studies should involve the continued use of freshly prepared glyphosate stocks, or

polyethylene and/or polypropylene storage containers (Huguenot et al., 2010; Kylin, 2013).

4.6 Conclusions

e The proof of concept study confirmed the successful formation of a yellow colored
glyphosate dithiocarbamate copper complex. This method was successfully scaled-down
to a total assay volume of 1 ml and the detection wavelength selected for glyphosate
complex determination was 435 nm.

e The scaled-down method was optimized with respect to carbon disulfide (2.5 %) and
copper (4.5 mM) concentrations. The optimal pH (12) and assay time (2 hours) were also
established for this method. These conditions were the initial parameters used for the
proof of concept study in the detection of glyphosate using chemical sensor technology.

e The scale-down method was successfully applied for the detection of glyphosate in the
formulations Ro and Wo, however the system demonstrated greater sensitivity and
precision towards pure glyphosate in comparison to glyphosate in the formulations Ro
and Wo.

e Future studies should employ the use of freshly prepared glyphosate stocks or
polyethylene and/or polypropylene storage containers, to prevent any confounding
results, due to variations in the relative absorbance (under all storage conditions)

observed in the glyphosate stability studies.

The following Chapter (Chapter 5) presents the development of a nanofiber based chemical
sensor for glyphosate detection, the proof of concept study (using the optimized conditions from
the scale-down method) and the determination of optimal conditions for the detection of

glyphosate.
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CHAPTER 5- GLYPHOSATE NANOFIBER BASED CHEMICAL SENSOR
DEVELOPMENT, PROOF OF CONCEPT AND OPTIMIZATION

5.1 Introduction

The electrospinning process is a straightforward and practical approach towards the production
of nanofibers and is based on the release of an electrically charged jet of a polymer solution upon
the application of an electrical field which subsequently results in the formation of solid
nanofibers (the electrospinning process was reviewed in greater detail in Chapter 1 section 1.3)
(Gunn and Zhang, 2010; Murugan and Ramakrishna, 2007). The electrospinning set-up is very
simple and economically feasible (Sell et al., 2009) (Figure 5.1), however the process itself is
more complex and depends on several factors including physical, technical and molecular

parameters (Lukas et al., 2009).

Figure 5.1: The electrospinning setup used in the present study. A: metal needle (inner diameter: 0.3
mm) connected to the positive voltage supply, B: collector (covered with aluminum foil), C: pump, D:
Syringe (containing polymer solution), E: voltage supply. This image was obtained using a SONY Cyber
shot digital camera.
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The electrospinning process can be applied to a large variety of different polymers (synthetic and
natural) which can be spun into nanofibers with varied sizes (average fiber diameters can range
from 100 nm to 5 pm) and shapes, with a wide range of advantageous properties which can be
applied in industrial and biomedical applications (Frenot and Chronakis, 2003; Gupta and
Wilkes, 2003; Subbiah et al., 2005). The first aim of this study was the production of a
colorimetric nanofiber based sensing strip (chemical sensor) for the detection of glyphosate in
water. The approach used for this study involved the use of the nanofibers as scaffolding material
with the incorporation of the sensing material within the nanofiber structure. The use of
nanofibers would provide advantageous characteristics such as a large specific area to volume
ratio which would theoretically increase the contact ratio between glyphosate and the
incorporated sensing material, thereby improving the overall detection of glyphosate (Frey and
Li, 2007).

A chemosensor or chemical sensor is defined as small device which translates a chemical or
biochemical alteration (quantitative, semi-quantitative or qualitative), based on the chemical
reaction between analyte of interest and sensing device (Buttner et al., 2011). The development
of a colorimetric chemical sensor was of great interest in this study due to the potential
advantages compared to other reported methods for glyphosate detection such as simplicity,
practicality and the potential for visual quantification (Albert et al., 2000). Other sensor methods
developed for glyphosate detection include a fully automated immunosensor (immunocomplex
capture) (Gonzalez-Martinez et al., 2005) and a colorimetric chemical sensor based on the
reaction of glyphosate and p-dimethylaminocinnamaldehyde (p-DAC) on filter paper (solid
support) (Da Silva et al., 2011). However, to the best of our knowledge, during the time of this
study, there have been no reports based on nanofiber-based colorimetric chemical sensors for

glyphosate detection.

The surface matrix selected for this study was poly(vinyl)alcohol (PVA). PVA is a semi-
crystalline (Figure 5.2) water soluble polymer which is produced (commercially) from the
polymerization and hydrolysis of poly(vinyl)acetate (PVAc) (Hassan and Peppas, 2000). The
extent of hydrolysis (related to the content of acetate groups) determines the physical and

chemical properties of PVA (Hassan and Peppas, 2000).
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Figure 5.2: The chemical structure of PVA. (This image was adapted from Kadajji & Betageri, 2011).

PVA polymers demonstrate several attractive features (i.e. it is non-toxic/bio-compatible,
demonstrates good chemical and thermal stability, high permeability and is easily processed)
(Bolto et al., 2009; Mudigoudra et al., 2012), which has led to the use of this polymer in a wide
range of industrial applications including the biomedical and sensor fields (Adhikari and
Majumdar, 2004; Kadajji and Betageri, 2011; Kim et al., 2008). The properties displayed by
PV A make this polymer an excellent candidate as a solid support structure in the development of

a chemical sensor.

The sensor method developed was based on the principle reaction reported by Jan et al. (2009).
A two step method was proposed involving the reaction of glyphosate and carbon disulfide for
the formation of a dithiocarbamate intermediate, which was followed by the addition of the

dithiocarbamate sample onto copper (sensing material) doped PV A nanofibers (Figure 5.3).
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Figure 5.3: A schematic illustration of the proposed two step process for the detection of glyphosate. The
initial step involves the formation of the glyphosate dithiocarbamate intermediate, followed by the

application of this sample onto the solid state nanofiber based chemical sensor.

The second aim of this study was to determine whether the proposed method would lead to
successful glyphosate-copper complex formation evaluated visually by a color alteration (from

blue to yellow) in the nanofiber based sensor strip.

This study employed both visual (naked eye) and quantitative assessments to determine the
sensor response signal. Visual evaluations of colorimetric sensors simplifies data analysis as the
use of instruments is not required; however this approach is limited by the resolving power of the
naked eye and is subjective, therefore this approach can only be used for qualitative and semi-
quantitative analysis (Balaji et al., 2006; Cho et al., 2005; Zhang et al., 2006). Quantitative
determinations in colorimetric sensor systems in literature are based on the measurement of color
in the sensor using a variety of imaging devices which include digital color analyzers (Ellerbee et
al., 2009 Hirayama et al., 2000), digital cameras (Zhang and Suslick, 2005) and desktop scanners
(Birch and Stickle, 2003). The approach of this study was based on the use of the RGB

(tristimulus) color model after the extraction of digital images using a digital camera. The RGB
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color model is an additive color model in which red, green and blue colors are added in various
ratios to produce a large variation of colors and RGB values can be extrapolated for any color.
The determination of RGB intensity is the most commonly used color space for single and
multianalyte quantitative detection analysis (Cantrell et al., 2010). With specific reference to the
current study RGB values were extrapolated using a well known computer software program,
namely, Adobe Photoshop CS5.1 and the effective intensity of the RGB values was calculated as
a linearized function (Abbaspour et al., 2008; Abbaspour et al., 2010; Sharma and Amlathe,
2012a; Sharma and Amlathe 2012b, Suzuki et al., 2006).

The final aim of this study was to determine the optimal conditions for glyphosate detection for

the chemical sensor system.

5.2 Objectives

e To produce bead free copper-doped PVA nanofibers using the electrospinning process.
Nanofiber morphology characterization was carried out using scanning electron
microscopy (SEM) analysis and Fourier Transform Infrared spectroscopy (FTIR).

e To conduct a proof of concept study for glyphosate detection using the developed
chemical sensor based on visual observations and the quantitative determination of
glyphosate.

e To optimize the chemical sensor system with respect to pH and carbon disulfide
concentration, based on visual observations and the quantitative determination of

glyphosate.

5.3 Methods and materials

5.3.1 Materials

Please refer to the chemical list in Appendix | for all the materials and chemical suppliers used in
this study. All glyphosate stocks were prepared freshly (refer to Chapter 3, Section 3.3.1) before

any experimental studies.
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5.3.2 Synthesis of copper-doped PVA nanofiber chemical sensor strips and the optimization

of nanofiber parameters for PVA nanofiber and nanofiber mat formation

Fully hydrolyzed PVA polymer (> 99%, average molecular weight: 146 000-186 000 g/mol) was
added to distilled water (the solvent used in this study) and the solution was subjected to reflux
heating at 90-95 °C for 5 hours, to allow the polymer to completely dissolve in the solvent. PVA
polymers with a higher degree of hydrolysis (greater than 80 %) generally demonstrate poorer
water solubility and require temperatures above 80°C to disrupt the strong intra- and inter-
molecular bonds, thereby improving the water solubility characteristics of the polymer (Hassan
and Peppas, 2000; Koski and Shivkumar, 2004). The polymer solution was allowed to cool to
room temperature (23°C). The PVA polymer solution was then added into a 15 ml syringe with a
metal needle attachment (inner diameter: 0.3 mm) and polymer solution was subjected to the
electrospinning process. PVA nanofiber and nanofiber mat formation was optimized by varying
the following parameters: PVA polymer concentration (%, wi/v), flow rate (ml/hour), voltage
(kV) and needle tip to collector distance (15 nm). The evaluated parameters are shown in Table
5.1.
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Table 5.1: The parameters tested for PVA nanofiber and nanofiber mat formation and the corresponding

visual observations.

PVA polymer Flow rate (ml/hour) Voltage (kV) Needle tip to collector  Visual observation
concentration (%) distance (cm)

55 0.2 25 10 NFF, DF
55 0.3 25 10 NFF, DF
55 0.8 25 10 NFF, DF

6 0.2 25 10 NFF, DF

6 0.4 25 10 NFF, DF

6 0.2 25 9 NFF, DF

6 0.4 25 9 NFF, DF

6 0.5 20 15 NFF, DF

6 0.5 25 15 NFF, DF

6 0.8 25 15 NFF, DF
6.5 0.4 20 15 NFF, DF
6.5 0.4 25 15 NFF, DF
6.5 0.3 25 15 NFF, DF
6.5 0.2 25 15 NFF, DF
6.5 0.5 27 15 NFF, DF
6.5 0.5 28 15 NFF, DF
6.5 0.2 30 15 NFF, DF
7.5 0.3 30 15 FB, NB, NM
7.5 0.4 30 15 FB, NB, NM
7.5 0.5 30 15 FB, NMF

8 0.4 30 13 FB, NB, NM
8 0.5 20 13 FB, NB, NM
8 0.8 15 13 FB, NB, NM
9 0.4 20 13 FB, NB, NM
9 0.8 20 13 FB, NB, NM
10 0.4 20 13 FB, NB, NM
10 0.8 20 13 FB, NB, NM
12 0.4 15 10 FB, NB, NM
12 0.8 15 10 FB, NB, NM

NFF (no fiber formation), DF (droplet formation), FB (fiber formation), NB (needle blockage), NMF (collectable nanofiber mat formation), NM
(no collectable nanofiber mat formation)

Based on the visual observations, the electrospinning parameters selected for future studies were
at a PVA polymer concentration of 7.5 % (w/v), 0.5 ml/hour flow rate, a voltage of 30 kV and a
needle to collector tip distance of 15 cm. Nanofiber mats were collectable after 5 ml of the
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polymer solution had been electrospun, therefore the time selected for the electrospinning
process was 10 hours. Copper (in the form of copper (I1) nitrate hydrate) was added to pure PVA
polymer solution at a maximum concentration of 180 mM, equivalent to 3.35 % w/v (this
concentration was selected for future studies based on visual observations. Copper nitrate
concentrations above 180 mM limited nanofiber mat formation (i.e. nanofibers were suspended
around the electrospinning apparatus and did not settle onto the collection screen). The selected
copper nitrate concentration was 40 fold higher than the optimum copper concentration used in
the scale-down method. The resultant copper-doped PVA solution was electrospun under the

optimized conditions.

The addition of surfactant, such as the non-ionic surfactant Triton® X-100 (Triton-X), to highly
hydrolyzed PVA polymer solutions before electospinning is generally required for the successful
production of PVA electrospun nanofbers. Several studies have shown the benefits of using
Triton-X (at varying concentrations) in the production of PVA nanofibers. Yao et al. (2003)
demonstrated the reproducible electrospinnability of fully hydrolyzed PVA nanofibers (10 % wt
in distilled water) and complete non-beaded fiber formation only upon the addition of Triton-X
at a concentration of 0.3 % (w/v) (critical micellar concentration). Studies by Kenawy et al.
(2007) and Wang et al. (2006) utilized the surfacatant Triton-X at concentrations of 2.5 % (w/v)
and 0.6 % (w/v), respectively, to successfully electrospin PVA (10 % w/v) polymer solutions.
Although nanofiber mat formation was achieved in the absence of Triton-X in our study, the
effect (on the resultant nanofiber morphology) of adding Triton-X (1 % v/v) to PVA polymer
solutions (for both pure PVA and copper-doped PVA) before the electrospinning process was

investigated.

Once the electrospinning process was complete, nanofiber mats were collected, separated from

the aluminum foil and cut into 10 mm x 10 mm nanofiber squares.

5.3.3 Nanofiber partial characterization (SEM and FTIR analysis)

SEM analysis using a Zeiss Evo MA 15 scanning electron microscope was conducted to evaluate
nanofiber morphology and the resultant fiber diameters (um). Samples were sputter coated with

gold in a JEOL JFC-1200 fine coater (spray time: 30 minutes). Images were obtained using
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Tescan digital microscopy imaging software (Vega TC) at an accelerating voltage of 20 kV.
Fiber diameters were determined using the Scandium programme (SEM image platform) and

size-distribution (frequency) plots were constructed in Microsoft Excel.

5.3.4 Proof-of-concept study

The conditions selected for the proof of concept study were based on the optimal conditions
obtained for the scale down method (a pH of 12 and a carbon disulfide concentration of 2.5 %
v/v). The pH of this system was adjusted using 0.1M sodium hydroxide. Pure glyphosate (1000
pg/ml) was combined with carbon disulfide (2.5 % v/v) in a 1:2.5 ratio; for the formation of the
glyphosate dithiocarbamate intermediate. A sample volume of 30 pl (selected based on the
maximum chemical sensor surface coverage) was subsequently injected onto the glyphosate
chemical sensor. The concentration of pure glyphosate used in this study was based on the upper
limit of the standard curve produced for the scale-down method. Color progression was captured
using a digital camera and the effective intensity of the extrapolated RGB values was calculated.

Three negative controls were used in this study (glyphosate, carbon disulfide and a blank strip).

5.3.5 Optimization studies (glyphosate chemical sensor)

The effect of varying pH conditions (5-12) and carbon disulfide concentration (0-7 %) on
glyphosate detection were determined. Color progression was captured using a digital camera
and the effective intensity of the RGB values was calculated. Three negative controls were used
in this study (glyphosate, carbon disulfide and a blank strip).

5.3.6 Data analysis

Unless stated otherwise, all data was presented as mean values £ SD (n=3) and all experiments

were conducted at room temperature (23 °C).
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Macroscopic images were obtained using a SONY Cyber shot digital camera. Images were
captured at a consistent height of 25 cm in a laminar flow hood (to maintain a fairly consistent
light source). The image characteristics were as follows: bit depth (24 bit), compressed bit/pixel
(4 bit), width (1920 pixels), height (1080 pixels), horizontal and vertical resolution (72 dpi).
Digital images were imported into Adobe Photoshop CS5.1 software and 4 representative areas
on each strip were analyzed (sample size 101 x 101 average for each representative area). The
tristimulus RGB values were determined and the effective intensity (Ax) was calculated in
Microsoft Excel based on the equations (shown below) reported by Abbaspour et al., (2008).

A, = -log (R/Rp) 1)
A, = -log (G¢/Gp) (2)
Ay = -log (Bs/Bp) 3)

where Ax= rgp) is the effective intensity for the red, green and blue value. Rs, G, Bs are the
tristimulus color values obtained for the test reaction sample. Ry, Gy, By are the average

tristimulus color values obtained from the negative controls.

5.4 Results

5.4.1 PVA nanofiber morphology and partial characterization

The PVA and copper doped PVA nanofibers produced under optimized synthesis and
electrospinning conditions are shown in Figure 5.4. The morphology of the resultant nanofibers
was assessed in the presence and absence of the surfactant Triton-X (1%) using SEM analysis.
Macroscopic images of the nanofiber mats were also taken to evaluate optical differences
between PVA only and copper doped PVA nanofiber mats.
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Figure 5.4: Representative SEM micrographs shown for pure PVA (7.5 % wi/v) nanofibers and copper
doped PVA (7.5 w/v PVA and 180 mM copper equivalent to 3.35 % w/v) nanofibers without (A1,B1)
(SEM magnifications: 7.61 and 1.55 kx) and with (A2, B2) (SEM maginifications: 5.31 and 8.71 kx ) the
addition of 1% Triton X-100, respectively. SEM micrographs were obtained at an accelerating voltage of
20 kV. The nanofiber mats were electrospun under the optimized parameters: needle to tip distance, 15

cm ; voltage, 30 kV and flow rate, 0.5 ml/h.
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Nanofiber mats were successfully produced under the optimized electrospinning conditions,
however bead formation was observed to a small extent in nanofiber mats spun with PVA only
(Figure 5.4A1) and to a larger degree in mats spun with PVA together with copper (Figure
5.4B1). The addition of copper to PVA electrospinning solutions resulted in a change in fiber

morphology.

The addition of Triton-X significantly improved the nanofiber mats produced with both pure
PVA and copper doped PVA mats indicating no bead formation (Figure 5.4A2 and B2). Triton-X
(1%) was therefore added to all subsequent electrospinning solutions for nanofiber mat
production. The addition of Triton-X did change the morphologies of the resultant nanofiber
mats when compared to nanofibers electrospun in the absence of the surfactant; however the
representative nanofiber mats in Figure 5.4A2 and 5.4B2 demonstrated similar morphologies
characterized predominantly by long, smooth nanofibers dispersed in a random orientation. The
nanofibers produced displayed heterogeneous morphologies as evidenced by the appearance of
flat branched fibers as well as smaller fibers that split in a vertical direction from the larger

fibers.

PVA only and copper doped PVA mats showed a clear color alteration from grey/white to blue,

which was brought on from the incorporation of copper into the PVA electrospinning solution.

Size distribution plots were constructed to determine the fiber diameters of PVA only and copper

doped PVA electrospun mats (Figure 5.5)
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Figure 5.5: Size (um) distribution graphs shown for Pure PVA (7.5 % w/v) nanofibers (A) and copper
doped PVA (7.5 wiv PVA and 180 mM copper equivalent to 3.35 % wi/v) nanofibers (B). Each

distribution graph was constructed using n = 70 fiber diameter values. Nanofiber diameters were obtained

using the SEM imaging platform Scandium and distribution plots were constructed in Microsoft Excel

using the Pivot table function.

Size distribution plots obtained from 70 fibers from different SEM micrographs indicated a

wider fiber size distribution for PVA only (Figure 5.5A) when compared to copper doped PVA

nanofiber mats (Figure 5.5B). The mean calculated fiber diameters for pure PVA and copper-

doped PVA nanofiber mats were 0.43 = 0.22 and 0.39 + 0.09 pum respectively (Appendix IV).

Fibers with diameters > 0.8 pum were also observed in both mats.
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FTIR analysis was used to evaluate the interactions between PVA and copper and the results are

shown in (Figure 5.6). The IR band positions and their assignments for PVA only and copper
doped PVA nanofibers are shown in Table 5.2.

120 4

Transmittance (%)
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Figure 5.6: The FTIR spectra of PVA only (7.5 % w/v) (black) nanofibers and copper doped PVA (7.5
w/v PVA and 180 mM copper equivalent to 3.35 % wi/v) (blue) nanofibers. The spectra were recorded at
room temperature (22 + 2°C) in the frequency range: 4000-650 cm™.

The FTIR spectrum (Figure 5.6) demonstrated some absorption bands, which are characteristic to
the stretching and bending vibrations of O-H, C-H and C-O groups for pure PVA. The
absorption peaks for pure PVA were assigned as follows: The relatively broad absorption peak at
3298 cm™ corresponds to the stretching vibration of hydroxyl (O-H) groups. The medium band
corresponding to the asymmetric stretching of C-H was observed at 2972 cm™. Absorption peaks
at 1428 and 839 cm™ were assigned to the bending and stretching of the CH, group, respectively.
Bands corresponding to C-O (strong and sharp band) and C-C stretching (weak band) vibrations
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were observed at 1092 and 926 cm™ respectively. The weak band at 1339 cm™ was assigned to

the combined frequency of OH and CH, groups (Raju et al., 2007).

Table 5.2: The IR band assignments and their corresponding vibration frequencies for PVA only and

copper doped PVA nanofibers.

Band assignment

Wavenumber (cm™)

(Raju et al., 2007; Coates, 2000) PVA only PVA/copper
OH (stretching) 3298 3284
CH (asymmetric stretching) 2972 2972
CH, (bending) 1428 1420
CH, (stretching) 839 831
CO (stretching) 1092 1090
CC (stretching) 926 921
CH, and OH 1339 1316

No new peaks were apparent in the copper doped PVA IR spectrum (Figure 5.6). The addition of

copper into the PVA polymer demonstrated alterations in the PVA structure as evidenced by

varying signal intensities and the differences in vibration frequency (shifts) observed for some

chemical groups (Table 5.2), which suggests that copper does interact with PVA and displays

effects on inter and intra molecular hydrogen bonds in the polymer. Peak broadening and a

decrease in vibration frequency (3298-3284 cm™) was observed for the band corresponding to

hydroxyl group stretching and the addition of copper caused a relatively large shift to a lower

wavenumber (1339-1316 cm™) in the band concerned with CH, and OH groups. The results

obtained strongly suggest the co-ordination of copper ions with hydroxyl groups in the PVA

structure.
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5.4.2 Proof-of-concept study

The proof of concept study was based on the initial formation of a glyphosate dithiocarbamate
intermediate using carbon disulfide as the derivatization reagent, followed by the application of

this sample to copper doped PVA nanofibers. The results of this study are shown in Figure 5.7.
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Figure 5.7: Macroscopic images showing the visual colorimetric response for glyphosate-complex
formation on copper doped PVA nanofibers (Al and A2) together with glyphosate (A3), carbon disulfide
(A4) and blank strip/no test (A5) controls. The effective color intensity values for the sensor strip were
calculated following the extrapolation of RGB values using Adobe Photoshop CS5.1. Images were taken
immediately after the addition of the glyphosate (1000 pg/ml) sample (Volume: 30 pl) using a SONY

Cybershot digital camera. Values are presented as mean values +SD (n=2).

The proof of concept study for the determination of glyphosate using a copper doped nanofiber
based chemical sensor was successful. A color change from blue to yellow was observed (Figure

5.7A) immediately (approximately 3 seconds) upon the application of the glyphosate
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dithiocarbamate sample to the copper doped PVA chemical sensor. No color change was
observed in the negative controls used in this study (glyphosate and carbon disulfide) and
therefore it can be concluded that the color reaction observed in the test samples was due to
glyphosate-copper complex formation. The effective intensity of the RGB values was calculated
for the duplicate test samples and results (Figure 5.7B) indicated that the R (0.04 + 0.009) and G
(0.04 £ 0.009) values demonstrated lower sensitivity when compared to the B value (0.11 £

0.007).

5.4.3 Optimization studies

The effect of pH (5-12) and carbon disulfide concentration (0-7 %) on glyphosate determination
was evaluated (Figure 5.8) to determine the optimal conditions required for glyphosate detection.
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Figure 5.8: The optimization curves for the glyphosate nanofiber-based chemical sensor with respect to
A: pH and B: carbon disulfide concentration (%). Corresponding macroscopic images demonstrating
color progression on the sensor strip at varying pH values and carbon sulfide concentrations are shown
below the relevant curve. Data points represent mean values + SD (n=3) and appropriate controls were
used in this study.

Glyphosate sensor detection demonstrated a strong dependence towards the pH (Figure 5.8A).
The results were comparable to those obtained for the scale-down method. Optical (visual color
change) and quantitative assessments indicated that glyphosate determination was optimal under
highly alkaline conditions (pH 11 and 12) and the optimal pH value selected for future studies
was pH 12.

The effect of carbon disulfide concentrations on glyphosate detection was characterized by an
increase in effective intensity with increasing concentrations of carbon disulfide up to 6 % at

which point no further increase was observed (Figure 5.8B). Upon evaluation of the macroscopic

130




Chapter 5: Glyphosate nanofiber-based chemical sensor

images, color intensity increase was observed up to 5 % after which it was difficult to determine
the differences in color change, this is due to the poor resolving power of the naked eye (Ding et
al., 2011b) and demonstrates the importance of using both optical and quantitative analysis in
sensor studies based colorimetric detection. The results of this study were not similar to those
obtained for the scale-down method (i.e. no decreasing trends were observed) and a higher

optimal carbon disulfide concentration (6 %) was selected for future studies.

5.5 Discussion and future work

5.5.1 Nanofiber morphology and partial characterization

Several factors are known to affect the electrospinnability of a polymer solution and the resultant
nanofiber morphology, and these include polymer concentration, the polymer molecular weight,
solution viscosity, solution surface tension, applied voltage, electrical field, flow rate, solution
volatility and environmental conditions such as humidity and temperature (Thompson et al.,
2007; Shenoy et al., 2005). At the time of this study environmental conditions could not be kept
consistent as the required facilities were unavailable, however governing parameters such as
flow rate, polymer concentration, needle tip to collector distance and voltage were selected for
manipulation to determine the appropriate conditions required for nanofiber and nanofiber mat
formation (Table 5.1). Electrospinning parameters which resulted in successful nanofiber
formation and nanofiber mat formation were observed under the following conditions: a PVA (>
99 % hydrolyzed, average molecular weight: 146,000-186,000 g/mol) concentration of 7.5 %
(w/v), a needle tip to collector distance of 15 cm, a flow rate of 0.5 ml/hour and a voltage of 30
kV. Electrospinning parameters assessed in this study are generally interconnected and the
resulting nanofiber produced is primarily due to the synergistic effects of the differing
parameters; however to date the exact mechanisms of fiber formation are not entirely understood
(Rosic et al., 2012).

Overall a polymer solution can be electrospun if during the application of an electrical field
electrostatic forces overcome the surface tension of the polymer solution causing the formation
of a Taylor cone and the subsequent release of the solution jet which remains undisrupted (not
broken) until the solid fibers are formed (Garg and Bowlin, 2011, Reneker and Chun, 1996).
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Considering this criteria, polymer solution characteristics (e.g. polymer concentration, polymer
molecular, polymer solution viscosity weight, conductivity and surface tension), have been
highlighted in literature as one of the most critical parameters in nanofiber production (Deitzel et
al.,, 2001; Rosic et al., 2012). Studies by Tan et al. (2005) evaluated the effect of solution
properties, processing conditions and ambient conditions on nanofibers spun from poly (. -lactid-
co-caprolactone) and poly (_-lactid acid) polymer solutions and the results observed reflected the
importance of polymer solution characteristics on nanofiber production, with the study
concluding that polymer solution characteristics which included polymer concentration and
molecular weight were dominant parameters for fiber formation and the resulting nanofiber
morphology. Tao and Shivkumar (2007) demonstrated the dependence of PVA nanofiber
morphology on the molecular weight of PVA. The scope of this study was to produce defect free
(non-beaded) nanofibers as scaffolds for chemical sensor development, therefore underlying
mechanisms for resultant nanofibers produced were not fully explored, however conclusions
could be drawn based on valid assumptions of the viscosity of the polymer solution at varying
concentrations and surface tension effects based on the degree of hydrolysis of the PVA

polymer.

Polymer solution concentration and molecular weight, which undoubtedly determine the
viscosity of the solution, are extremely important factors, which play a key role in the
stabilization and formation of nanofibers and the resultant nanofiber morphology (Koski and
Shivkumar, 2004; Tan et al., 2005). Generally, the viscosity of a polymer solution should be high
enough in conjunction with electrostatic repulsion in order to overcome forces due to surface
tension and, depending on the solution concentration, molecular weight and degree of hydrolysis
of PVA, a minimum concentration of the polymer is necessary for fiber formation and maximum
concentrations exist where the solution can no longer be electrospun (Koski and Shivkumar,
2004; Tiwari and Venkatraman, 2012). The surface tension of PVA polymers is extremely
dependent on the degree of hydrolysis of PVA and a degree of hydrolysis near 100 % is

characterized by high surface tension (Yao et al., 2003).

Results of the present study indicated that the minimum PVA concentration required for
successful nanofiber mat formation was 7.5 % with a few beads being observed (Figure 5.4A1).

Based on visual observations the application of an electrical field to polymer solutions below this
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concentration (Table 5.1) resulted in the formation of droplets (electrospray) and splatter effects
on the collection screen, which may have been predominantly due to the low polymer viscosity
which, together with the electrostatic forces, may have not been sufficient enough to overcome
forces due to high surface tension, which resulted in the breakage of the solution jet and droplet
formation (Huang et al., 2003; Lee et al., 2003). Some authors have documented similar effects
to those observed in this study in different polymers. Results reported by Gupta et al. (2005),
based on using the electrospinning process for the production of poly(methylmethacrylate)
nanofibers, indicated that dilute polymer solutions caused droplet formation, which was
reportedly due to insufficient chain entanglement and, as polymer solution concentrations were
increased, the appearance of uniform fibers and beads were observed. Ki et al. (2005) indicated
combined bead and fiber formation in the production of gelatin nanofibers at a 7 % wt

concentration.

The formation of beads in the PVA nanofiber was attributed to jet instabilities (solution jet
deformation) and studies by Fong et al. (1999) confirmed that this was an effect of the inverse
relationship between surface tension and viscosity. At low polymer solution concentrations the
surface tension is higher. High surface tension would cause jet instabilities (Raleigh instability),
(i.e. the capacity of the jet to retain its shape is lowered at the capillary tip, causing the formation
of bead structures within nanofibers). The theory that bead formation could be reduced with
increased polymer concentration (solution viscosity) and subsequent decrease in surface tension
is well established and has successfully yielded uniform fibers in literature (Huang et al., 2001;
Safi et al., 2007; Yu et al., 2004). In the current study, polymer solution concentrations above
7.5 % (8-12 %) may have produced (visual observation) minimal fibers on the collection screen
(Table 5.1), however increasing polymer concentrations (above 7.5 %) failed to result in
collectable nanofiber mats, with severe needle blockage occurring during electrospinning. This
strongly suggests that a continued increase in the viscosity (higher polymer concentrations) of
the PVA polymer solutions inhibited nanofiber mat formation. The lack of nanofiber mat
production and needle blockage may be explained by the limited continuous flow of the polymer
solution to the capillary tip and the drying of polymer droplets at the needle tip preventing
continued jet release and suppressing electrospinning (Lee et al., 2003; Pham et al., 2006).
Although the working range for electrospinning PVA nanofibers was extremely narrow,

collectable fiber mat formation was achieved. A more recent study by Zuo et al. (2005)

133



Chapter 5: Glyphosate nanofiber-based chemical sensor

suggested that bead formation may not only be affected by surface tension effects but by other
parameters as well including the solution flow rate and conductivity. Similar findings were
observed by Uyar and Besenbacher (2008) which highlighted the continued challenge in yielding
non-beaded nanofibers and concluded that solution conductivity played a critical role in
producing bead free nanofibers at low polymer solution concentrations. Zong et al. (2002)
yielded uniform non-beaded nanofibers from poly ( -lactid-co-caprolactone) and poly (_-lactid
acid) polymer solutions by increasing the polymer solution concentration and incorporating salt
(NaCl) thereby increasing the charge density of the solution.

The addition of copper (3.35 % wi/v) to the PVA electrospinning solution under the optimized
parameters also resulted in successful nanofiber and nanofiber mat production and caused an
alteration in the nanofiber morphology. The production of bead free copper doped PVA acetate
nanofibers, using much higher copper concentrations (14 % wt), has been described in literature
(Abu-Saied et al., 2012), however results of the present study indicated that the addition of
copper (3.35 % wi/v) did not result in the production of non-beaded fibers. Interestingly, larger
beads were observed in the copper doped PVA nanofibers when compared to pure PVA (Figure
5.4B1).

The incorporation of 1 % Triton-X successfully prevented bead formation during the
electrospinning process for both pure PVA and copper doped PVA nanofibers (Figure 5.4A2 and
B2). The improvement in nanofiber morphology may be explained by a decrease in the surface
tension in the PVA polymer solution due to the inclusion of the non-ionic surfactant. Studies by
Yao et al. (2003) are in agreement with the present findings. Fiber formation via electrospinning
using fully hydrolyzed PVA (> 99 %, molecular weight: 115 000, 10 % wt) was only possible
with the addition of Triton-X 100 (0.3 % wt) due to the lowered surface tension of the PVA
polymer solution determined by contact angle measurements. Surfactants including Triton-X
have been regularly used for the prevention/reduction of bead structures and for the improvement
of uniformity in electrospun nanofibers and other authors have reported on the beneficial effects
of surfactant inclusion into polymer solutions for fiber formation using the electrospinning
process. The addition of Triton-X 100 (0.5 % wt) improved the uniformity of the co-axial fibers
PLGA 80/20 (a copolymer of polylactic acid and polyglycolide)-PVA, due to a reduction in

interfacial tension and the production of a stable Taylor cone (Tiwari and Venkatraman, 2012).
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Similar findings were reported by Chronakis et al. (2006), with the addition of Triton-X 100
resulting in thinner and smoother polypyrrole (PPy)-PEO nanofibers, which was attributed to a
decrease in surface tension. Although bead structures were still apparent, Bhattarai et al. (2005)
reported that the addition of Triton-X 100 significantly improved Chitosan-PEO
(polyethyleneoxide) nanofiber formation with the appearance of fibrous structures upon the
inclusion of the surfactant. Lin et al. (2004) concluded that the addition of the cationic
surfactants dodecyltrimethylammonium bromide (DTAB) and tetrabutylammonium chloride
(TBAC) stopped the formation of beaded fibers during electrospinning of polystyrene due to
increases in net charge density. The addition of Triton X®-405 reduced the number of beads

formed in the polystyrene nanofiber.

The addition of Triton-X resulted in an alteration in the morphology of the pure PVA and
copper-doped PVA nanofibers when compared to the nanofibers with no surfactant addition,
however the resultant nanofibers presented similar morphologies. The addition of Triton-X 100
resulted in the formation of heterogeneous nanofibers characterized by long smooth fibers, flat
branched fibers as well as smaller fibers which spilt from larger fibers (Figure 5.4A2 and B2).
The appearance of varied fiber morphologies, (e.g. flat ribbons and flat branched nanofibers),
have been well established in literature (Huang et al., 2003; McCann et al., 2006; Yuan and Su,
2004) with the morphologies being attributed to different factors including fluid mechanical
effects and electrical charges during electrospinning (Frenot and Chronakis, 2003). Due to the
observed heterogeneity of the nanofiber mats, future studies would employ the use of one
copper-doped PVA mat per experiment to reduce experimental variation. Although this would
suffice at the scale of this study, the heterogeneity of the nanofiber mats produced may cause a
greater impact when applying this technology at an industrial scale where the homogeneity of
nanofibers may become more crucial. This is due to the fact that homogenous fibers provide
better color homogeneity and purity which is an important factor to consider for the production
of colorimetric chemical sensors in future scaling-up studies (Ding et al., 2011b).

The frequency plots for pure PVA and copper-doped PVA nanofiber mats suggest that the
addition of the copper PVA polymer solutions slightly improved the overall quality of the
nanofiber mats produced. Copper inclusion resulted in a relatively narrower size distribution and

a reduction in the average fiber diameter (1.1 fold reduction), (i.e. the average fiber diameters for
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pure PVA and copper-doped PVA mats were 0.43 + 0.22 and 0.39 = 0.09 um, respectively)
(Figure 5.5). The reasons for the wide nanofiber diameter distribution observed for the pure PVA
mat are not entirely clear. The presence of varied nanofiber diameters in an electrospun mat is a
regular occurrence in literature, however there is no common theory (Malasauskiené and
Milasius, 2010) to explain these observations. This is largely due to the intrinsic complexity of
the electrospinning process (Lukas et al., 2009). Resultant nanofiber diameter sizes are governed
by several factors, including polymer type, molecular weight, concentration and applied voltage
(Malasauskiené and Milasius, 2010). Therefore, the combination of these factors most likely

explain the wide nanofiber diameter distribution observed in pure PVA.

Larger fiber diameters observed for both mats (> 0.8 um) were attributed to the large flat
branched fibers. The average fiber diameters for pure PVA are in agreement with reports in
literature (Lee et al., 2004). Tao and Shivkumar (2007) reported fiber diameter sizes ranging
from 0.2 to 0.4 pum in electrospun PV A nanofiber mats obtained at varying concentrations (0-40
%) as well as varying molecular weights (9,500-155,000 g/mol). Su et al. (2011) demonstrated
the beneficial properties of metal ion incorporation into polymer solutions while investigating the
doping effects of chloride salts on monovalent (Na*, K*), bivalent (Ca**, Sr**, Zn**, Mg*", Fe?")
and trivalent (Fe®*") metal ions on the spinnability of chitosan-PEO blended nanofibers, with
results indicating a reduction in fiber diameter together with the removal of bead structures upon

the inclusion of calcium and iron ions.

The results of the IR spectrum (Figure 5.6 and Table 5.2) obtained for pure PVA and copper-
doped PVA nanofibers demonstrated evidence for the interaction of copper and PVA, with the
band weakening observed in the band corresponding to hydroxyl groups on the PVA and the
relatively large peak shift (to a lower wavenumber) in the band assigned to CH, and OH groups,
suggesting the possible co-ordination of copper with the hydroxyl groups on the PVA structure.
The co-ordination of copper and the hydroxyl groups found on PVA has been supported in
literature. Relatively similar results were observed by Li et al. (2009) in the FTIR spectral
analysis of PVA-silica hybrid polymers doped with copper (as a copper chloride salt), with
lowered peak intensities being observed (with increasing concentrations of copper) (2, 4 and 20
%) in the bands assigned to hydroxyl groups (3248 cm™) and deformation vibrations of hydroxyl

groups (1562 cm™). This study hypothesized that copper co-ordinated with the hydroxyl groups
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on PVA through a deprotonation reaction, whereby the lone electrons on the hydroxyl groups of
PVA entered into the empty orbits of copper, resulting in a decrease in hydroxyl groups. In
contrast, Makled et al. (2013) suggested the presence of increasing concentrations of copper
iodide (5, 7.5, 10 and 15 %) in PVA-copper iodide (Cul) composite fibers did not reflect large
changes in vibration bond positions of PVA, however there was evidence that copper addition
affected the strength of the hydrogen bonding on hydroxyl groups. Other authors have presented
theories on the co-ordination of copper and hydroxyl groups on PVA. Earlier findings by Yokoi
et al. (1986) proposed that this interaction was hydrophobic and characterized by the
solubilization, stabilization and encapsulation of copper by the PVA chains, resulting in the
hydrophilic hydroxyl groups facing outwards and the hydrophobic backbones facing inwards. A
more recent study by Tomita et al. (1996) however suggested that this interaction is due to the
direct complexation/chelation of copper ions with two adjacent hydroxyl groups on the PVA

structure.

5.5.2 Proof of concept study and optimization studies

The nanofiber based chemical sensor (copper-doped PVA) developed in this study successfully
detected the presence of glyphosate at 1000 pg/ml as demonstrated by the results in Figure 5.7A.
Color change from blue to yellow was observed immediately upon the injection of the
glyphosate dithiocarbamate intermediate (volume: 30 pl) at a volume 4 fold lower than was
required in the scale down method. The immediate reaction observed upon the application of the
glyphosate dithiocarbamate sample at a low sample volume, appears to be due to the increased
availability of metal ions for the ligand which may be due to the increased contact ratio as a
consequence of the large surface area to volume ratio provided by the PVA nanofibers (Chigome
and Torto, 2011; Huang et al., 2002). No color alteration was observed in the negative controls
which further validated the proof of concept. Although FTIR analysis evidenced the possible
coordination of copper with the hydroxyl groups on the PVA structure, the positive signal
observed suggests that sufficient copper ions were still accessible for complex formation with the
glyphosate dithiocarbamate intermediate. Although the effective intensity of the representative
R, G, B colors provided a signal in the detection of glyphosate, the effective intensity of the blue
color value was selected as the reference for future studies as it demonstrated the greatest

137



Chapter 5: Glyphosate nanofiber-based chemical sensor

sensitivity when compared to the R and G values (Figure 5.7B). Similar results were reported by
Dakashev et al. (2013) using the tristimulus (RGB) values in the evaluation of a yellow colored
complex ferric sulphosalicyclic acid for the determination of iron. The B value demonstrated
significant changes in comparison to the R and G values and the authors emphasized the use of
the most sensitive tristimulus value (B value) with respect to improving the analysis of the

colorimetric data.

The effect of pH and carbon disulfide concentration on the detection of glyphosate was
evaluated. Similar results were obtained with respect to pH conditions when compared to the
scale-down method (please refer to Chapter 4, section 4.4.3, Figure 4.4). Highly alkaline
conditions favored the formation of the glyphosate dithiocarbamate-copper complexation due to
the deprotonation of the amine group in the glyphosate structure (Maqueda et al., 1998;
McConnell and Hossner, 1985; Morillo et al., 2000, Sheals et al., 2002), therefore pH 12 was
selected as the optimal pH for future studies. The optimal carbon disulfide concentration was
observed at 6 %, above which no further increases in signal response were observed and the
system reached saturation possibly due to the available binding sites on glyphosate being fully

occupied.

5.6 Conclusions

e The production of defect free (non-beaded) copper-doped PVA nanofiber mats as
colorimetric chemical sensors for glyphosate detection was successful.

e A copper-doped PVA (cd-PVA) sensor successfully detected glyphosate in water. The
addition of small sample volume (30 pl) of glyphosate dithiocarbamate (1000 pg/ml)
resulted in a rapid positive detection signal for glyphosate.

e The optimal conditions for the sensor system were observed at a pH of 12 and a carbon
disulfide concentration of 6 %.

In Chapter 6 the method validation for the sensor system is investigated and compared to the
scale-down system, other existing spectrophotometric detection systems, and colorimetric
chemical sensor systems currently available for glyphosate detection.
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CHAPTER 6- NANOFIBER-BASED COLORIMETRIC SENSOR FOR
GLYPHOSATE (CD-PVA SENSOR): METHOD VALIDATION

6.1 Introduction

Colorimetric chemical sensors are attractive tools for the determination of various environmental
pollutants, as these systems provide visual (naked eye), on-site, real time qualitative or semi-
qualitative detection, which is easily quantifiable through the use of (e.g. digital cameras or
scanners) (Cate et al., 2014; El-Safty and Shenashen, 2012; Kreno et al., 2011). This is
particularly important for developing countries, such as South Africa, where the use of expensive
equipment and skilled technicians for the analysis of compounds is often a financial limitation
(Zhao et al., 2008). Analytical method validation (also known as suitability testing) is defined as
the investigation of various analytical parameters of a proposed method, towards proving the
suitability of the method for its intended purpose and involves obtaining results within
satisfactory uncertainty levels (Gonzalez and Herrador, 2007; Green, 1996; Taverniers et al.,
2004). The quality of an analytical system is evaluated based on several criteria, which include
cost, simplicity of operation/analysis, sensitivity, specificity, selectivity, accuracy
(reproducibility and precision), applicability and stability (Araujo, 2009; EI-Safty and
Shenashen, 2012, Shrivastava and Gupta, 2011).

Initial studies (refer to Chapter 5) involved the development and optimization of the copper
doped-PVA (cd-PVA) nanofiber sensing system. These studies revealed the successful validation
of the proof of concept and the sensor system parameters were optimized with respect to pH and
carbon disulfide concentration. The main aim of this Chapter was to determine the analytical
quality of the cd-PVA sensor system, to obtain useful and valuable insights into the benefits and
possible limitations of this system. The analytical information obtained in this study would also

determine the practicality of the cd-PVA with regards to its use.
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6.2 Objectives

To evaluate the color development time and color stability of the cd-PVA sensor system.

e To determine the storage stability of the cd-PVA sensors under two different storage
conditions (4 °C and 23 °C, i.e. room temperature).

e To investigate the accuracy of the cd-PVA sensor system. The accuracy of the system
was determined by assessing the intra-assay (precision) and inter-assay variability
(reproducibility).

e To determine the sensitivity (calibration studies), specificity (structural analogs),

selectivity (interfering species) and applicability (recovery) of the cd-PVA sensor system.

6.3 Methods and materials

6.3.1 Materials

Please refer to the chemical list in Appendix | for all the materials and chemical suppliers used in
this study. All glyphosate stocks were prepared freshly (refer to Chapter 3, Section 3.3.1) before

any experimental studies.

6.3.2 Color development time and color stability of cd-PVA sensor system

To investigate the color development time and color stability of the cd-PVA sensor system, 30 pl
of the glyphosate dithiocarbamate intermediate (1000 pug/ml) sample was injected onto the cd-
PVA sensor strips and the effective intensity (Ap) was measured at varying time intervals, over a
period of 5 hours. Three negative controls were used in this study (glyphosate, carbon disulfide

and a blank strip).
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6.3.3 Cd-PVA sensor system storage stability

The storage stability of the cd-PVA sensor was evaluated under two different storage conditions,
at 4 °C (in the refrigerator) and 23 °C, over a period of 24 days. A volume of 30 ul of the
glyphosate dithiocarbamate intermediate sample was injected onto the cd-PVA sensor strips and
the effective intensity (A,) measurements were determined at 3 day intervals. The cd-PVA
sensor strips were stored in foil wrapped containers (in the dark) for the entire duration of this
experiment. Three negative controls were used in this study (glyphosate, carbon disulfide and a

blank no test strip).

6.3.4 Cd-PVA sensor system precision and reproducibility

The reproducibility and precision of the cd-PVA sensor system was investigated by determining
the inter-assay variation (consisted of 8 replicates) and the intra-assay variability (consisted of 40
replicates). The reproducibility and precision of the system was determined at two different
glyphosate concentrations, at 1000 and 400 pg/ml, respectively. These concentrations were
selected to represent the highest maximum concentration of glyphosate used in the current study
and a concentration representing an upper limit concentration of the standard curve produced for
pure glyphosate. Three negative controls were used in this study (glyphosate, carbon disulfide

and a blank no test strip).

Data was presented as % RSD (calculated according to the equation in Chapter 4, section 4.3.7)
and mean % RSD. The average relative sensor response (RSR) within the cd-PVA nanofiber
mats was also determined based on the fraction of the response values obtained at 400 pg/ml
against the response values obtained at 1000 pg/ml. The RSR was used a measure of internal

consistency for the cd-PVA sensor system and was calculated according to equation 1.
RSR (%) = Average (RV (400 ug/ml)/Rv (1000 ug/ml))*loo (1)

where RSR is the average relative sensor response, Ry oo uemi are the response values obtained
at 400 pg/ml of pure glyphosate and Ry (1000 u/mi) are the response values obtained at 1000 pg/ml
of pure glyphosate. The ideal RSR was theoretically assumed to be 40%.
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6.3.5 Glyphosate standard curve (cd-PVA system sensitivity)

Calibration curves were constructed for pure glyphosate (0.01-500 ug/ml) and glyphosate in Ro
(1.95-500 000 pg/ml) and Wo (1.95-500 000 pg/ml). The system sensitivity was evaluated based
on the practical limit of detection (practical LOD) (ug/ml) and the precision (% RSD). Other
calibration characteristics determined for the cd-PVA system included the linear range, R?
intercept and slope. The practical LOD, included in this study, represented the lowest glyphosate
concentration that caused a visual color alteration in the cd-PVA sensor, which could be
differentiated from the controls (Abbaspour et al., 2010; Wang et al., 2011). Three negative
controls were used in this study (glyphosate, carbon disulfide and a blank no test strip).

6.3.6 Application of cd-PVA sensor system (recovery)

Glyphosate concentrations selected for the recovery study were based on the mid-range
concentration and lower range concentration of the calibrations curves (linear range) constructed
for pure glyphosate (200 pg/ml and 60 pg/ml) and glyphosate in the formulations Wo (250 % 108
ng/ml and 65 x 10% pug/ml) and Ro (250 x 10° pg/ml and 65 x 10% pug/ml). Environmental water
samples were collected from two environmental water systems namely, Grey Dam
(Grahamstown, Eastern Cape, South Africa) and Swartkops estuary (Port Elizabeth, Eastern
Cape, South Africa) (Figure 6.1).
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Figure 6.1: Map of the Swartkops estuary in Port Elizabeth, Eastern Cape, South Africa (1) and Grey
Dam (2) showing the sampling sites. Three representative samples collected from the Swartkops estuary,
sample A: Bridge N3, sample B: Brickfields and sample C: Fishwater flats. One representative sample
was collected from Grey Dam, sample D: Grey Dam. Images were obtained using Google Earth and the
Global Positioning System (GPS) coordinates for each sampling site is indicated in brackets.

A control water sample (distilled water) representative of pristine water was included in this
study. Environmental water samples were collected in glass Schott bottles and stored at 4° C
until further analysis (analysis was carried out within 24 hours of water sample collection).
Water samples were filtered (Munktell filter paper, 3 HW 125 mm) to remove large sediments
and no other pre-treatment strategies or pre-concentration methods were employed in this study.
Water samples were spiked with the afore mentioned concentrations of pure glyphosate and
glyphosate in formulation (Wo and Ro) and the recovery (%) of the cd-PVA sensor system was
investigated. The concentration of glyphosate recovered from the water samples was calculated
based on the regression equation for the linear range of the calibration curve (y = mx + c¢). Three

negative controls were used in this study (glyphosate, carbon disulfide and a blank no test strip).
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Recovery (%) was determined based on the following equation:
Recovery (%) = [Glyphrecovered]/ [Glyphspﬂ(ed] X 100 l

where [Glyphrecoverea] IS the recovered concentration of glyphosate determined using the

regression equations and [Glyphspiked] is the spiked glyphosate concentration.

Recovery values between 70 % (minimum) and 120 % (maximum) were considered acceptable

(Vogelgesang and Hadrich, 1998) in this study.

6.3.7 Cd-PVA sensor system specificity (structural analogs)

The specificity of the cd-PVA sensor system for glyphosate was investigated by determining the
sensor response of the system towards the glyphosate structural analogs, aminomethyl
phosphonic acid (AMPA) and glycine. Three different solutions containing equivalent
concentrations of glyphosate, glycine and AMPA (1000 pg/ml) were prepared and combined
with carbon disulfide (6 %) for the formation of the dithiocarbamate intermediates. Thirty pl of
the dithiocarbamate samples were then injected onto the cd-PVA sensor strips and analyzed.
Three negative controls were used in this study (glyphosate, carbon disulfide and a blank no test
strip).

6.3.8 Cd-PVA sensor system selectivity (interference study)

The effects of varying concentrations of metal ions (magnesium, calcium, iron, potassium,
manganese and zinc), anions (chloride, sulfate) and other chemical compounds (citric acid and
ethylenediaminetetraacetic acid/EDTA) commonly found in aquatic systems on the detection of
pure glyphosate and glyphosate in formulation (Ro and Wo) were investigated. Concentrations
selected for this study were based on the regulatory standards for these ions in South African
environmental water systems (DWAF, 1996). Table 6.1 indicates the regulatory limits for
glyphosate in South African environmental waters and concentrations above and below these
limits were also included in this study.
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Table 6.1: The South African regulatory standards for different metal ions and anions in environmental

water systems, together with the representative salts used in the interference study.

Compound Metal ion/ anion Compliance limit (pg/ml)
Magnesium chloride Magnesium (Mg®") 50
Calcium chloride Calcium (Ca*) 1000
Ferrous sulfate Iron (Fe?") 10
Potassium chloride Potassium (K") 10
Manganese sulfate Manganese (Mn") 10

Zinc sulfate Zinc (Zn*) 20

Sodium chloride Chloride (CI") 2000
Sodium sulfate Sulfate (SO,%) 500

No regulatory limits were available for the compounds EDTA and citric acid; therefore the
concentrations selected for these compounds were based on previous work (evaluation of
interfering effects of compounds commonly found in South African water systems on the
enzyme [-p-galactosidase) which was conducted by Wutor et al. (2007) and ranged from 50 to
200 pg/ml. Mid-range glyphosate concentration values (obtained from the standard curves) were
selected for this study. Pure glyphosate (200 pg/ml), Ro (250 x 10% pg/ml) and Wo (250 x 10°
pg/ml) were incubated with the relevant compounds and ions for 15 minutes at 24 °C before the
samples were assayed for glyphosate. Three negative controls were used in this study

(glyphosate, carbon disulfide and a blank strip).

6.3.9 Data analysis

All data were presented as mean values = SD (n=3) unless stated otherwise. Where appropriate,
ANOVA single factor analysis (Microsoft Excel) was used to determine significant differences
with 95 % (P < 0.05) or 99 % (P < 0.01) confidence. RSD (%) values below 20 % were

considered acceptable (Dos Santos et al., 2013).
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6.4 Results

6.4.1 Color development time and color stability of the cd-PVA sensor system

The color development time and the stability of color on the cd-PVA sensing area were
monitored over a period of 5 hours following the injection of the glyphosate dithiocarbamate
sample onto the cd-PVA sensor strips. The results are shown in Figure 6.2.
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Figure 6.2: Macroscopic images (A) and the effective intensity (B) of color on the cd-PVA sensor strips
after the injection of the glyphosate dithiocarbamate sample (30 pl) as a function of time. Values are
presented as mean values £ SD (n=3). ANOVA single factor analysis was used to determine statistical

significance: * P < 0.05. Appropriate controls were used in this study.
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The optical (Figure 6.2A) and quantified (Figure 6.2B) results indicate that a yellow coloration
was detectable immediately upon the injection of the glyphosate dithiocarbamate sample (t= 0
minutes). The initial trend observed was characterized by an increase in color intensity with an
increase in time, over a total period of 50 minutes (0.29 + 0.004). The initial increase was
followed by a non-significant reduction in color at 60 minutes (P = 0.11) and no significant ( P >
0.05) changes in color were observed thereafter for up to 240 minutes (4 hours), which suggests
that the color reaction of the cd-PVA sensor system was stable for up to 4 hours. A significant
reduction in color intensity was observed at 5 hours (0.20 £ 0.02, 31.03% reduction when
compared to the peak effective intensity). Although the greatest color intensity was observed
after 50 minutes, based on the visual data, an increase in time resulted in greater color non-
uniformity within the sensing area (from t= 30 minutes), therefore for future experiments, images
captured for quantification were obtained at 5 minutes, to eliminate possible artifacts caused by

heterogeneous coloration over the sensing area (Suslick et al., 2004).

6.4.2 The storage stability of the cd-PVA sensor system

The shelf-life of the cd-PVA sensor strips was investigated and cd-PVA sensor strips were stored
at 4 and 23 (room temperature) °C in the dark for 24 days. The results observed over the storage

period are indicated in Figure 6.3.
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Figure 6.3: The effect of storage time on the cd-PVA sensor system at 23 (room temperature) °C (red
solid line) and 4 °C (blue dash line) over a period of 24 days. The cd-PVA sensor strips were stored in the
dark during the duration of this study. Values are presented as mean values + SD (n=3). ANOVA single
factor analysis was used to determine statistical significance: "P < 0.05, *P < 0.01. Appropriate controls
were used in this study.

Based on the overall results observed in Figure 6.3, the cd-PVA sensor strips demonstrated
greater stability at 23°C when compared to 4 °C. The sensor strips displayed an erratic trend over
the 24 day period at 4 °C, characterized by a significant decrease in the sensor response from day
0 (0.63 + 0.07) to day 9 (0.07 £ 0.04, an 89 % reduction in sensor response was observed at day
9 when compared to day 0), which was followed by a fluctuation (decreasing and increasing
trends) in glyphosate detection signals for the remainder of the study duration. The cd-PVA
sensor strips were stable for 18 days at 23°C, with no significant changes in the detection of
glyphosate (P > 0.05) being observed over this time period. The detection of glyphosate
decreased significantly after a storage period of 21 (0.17 £ 0.01, 30 % reduction in sensor signal
when compared to day 18) and 24 (0.09 £ 0.02, 64 % reduction in sensor signal when compared
to day 18) days, respectively. The average signal RSD for glyphosate on cd-PVA sensors stored
at 23 and 4 °C was 11.7 and 16.34 %, respectively, which further indicated the greater stability
of this sensor system at 23 °C.
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6.4.3 Cd-PVA sensor system precision (intra-assay variability) and reproducibility (inter-

assay variability)

The reproducibility and precision of the cd-PVA sensing system was determined based on the
analysis of inter (8 replicates, assay variation between mats) and intra (40 replicates, assay
variation within the mat) assay variability obtained at 400 and 1000 pg/ml of pure glyphosate.

Results are shown in Table 6.2.
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Table 6.2: The reproducibility and precision of the cd-PVA sensor system evaluated at two different

glyphosate concentrations (1000 and 400 pg/ml).

Parameter [Glyphosate]*  Average” SD° RSD? (%)
Inter-assay variability 1000 0.58 0.22 37.14
Inter-assay variability 400 0.23 0.11 45.83
Parameter [Glyphosate]* Mat No.® Average' SD° RSD? (%)
Intra assay-variability 1000 1 0.34 0.12 5.84

2 0.33 0.06 17.19

3 0.47 0.10 21.22

4 0.54 0.05 8.67

5 0.61 0.10 16.46

6 0.68 0.07 10.89

7 0.71 0.11 14.77

8 0.98 0.09 9.36
Mean RSD (%0)° 13.05+0.08
Intra assay variability 400 1 0.11 0.02 20.67

2 0.12 0.02 14.90

3 0.17 0.01 7.01

4 0.22 0.03 14.16

5 0.24 0.06 23.80

6 0.26 0.07 25.06

7 0.32 0.02 5.39

8 0.43 0.07 16.48
Mean RSD (%0)° 15.93+0.04

% Pure glyphosate concentration (pg/ml),  Average effective intensity (n= 8) on cd-PVA sensor strips obtained from

different mats, © Standard deviation, ® Relative standard deviation, ® Electrospun mat number, * Average effective

intensity (n=5) of cd-PVA sensor strips obtained from the same mat, ¢ Mean relative standard deviation.

The results in Table 6.2 show higher RSD values (above 20 %) between electrospun mats (inter

assay variation) when compared to the RSD values (below 20 %) obtained within electrospun

mats (intra assay variation). Although the glyphosate sensor system reproducibility between mats

was relatively low, the observed data suggests that better results would be obtained when using

sensing strips from the same electrospun mat, as the system displayed good internal precision.
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The relative response of the cd-PVA sensor system was calculated to determine the internal

consistency of this system. The results are shown in Table 6.3.

Table 6.3: The relative response of the cd-PVA sensor system calculated as the percentage signal

response produced at pure glyphosate concentrations of 400 pg/ml against 1000 pg/ml.

Mat No.* Average Fraction® RSR (%0)°

1 0.31+£0.07 31.51+6.38
2 0.37 £ 0.05 37.45 £ 4.85
3 0.38 £ 0.08 38.18 £ 10.03
4 0.41 +£0.02 40.60 + 2.66
5 0.39£0.07 38.98 £ 6.47
6 0.039+£0.10 38.51+8.84
7 0.46 £0.10 45,70 £ 12.29
8 0.44 £ 0.09 44,42 + 10.02
Mean fraction 0.39£0.08

Mean RSR (%6)° 39.4 £3.16

“ Electrospun mat number, ® Average fraction (n=5) determined by equation: effective intensity ugmi/€ffective

iNtensity 1000 ug/mis “Relative sensor response, %Mean Relative sensor response.

The theoretical relative response (40 %) was comparable to the calculated relative sensor
response of the cd-PVA system (39.4 + 3.16 %) (Table 6.3), with a minor difference of ~ 0.6 %,
which further validated the internal consistency of the sensing system when detecting

glyphosate.

6.4.4 Calibration parameters

To investigate whether the cd-PVA sensor system could provide the qualitative and/or
quantitative detection of glyphosate, the relationship of effective intensity over a wide range of
concentrations of pure glyphosate (0.1- 500 pg/ml) and glyphosate in Ro ( 1.95 — 500 x 10°) and
Wo (1.95 — 500 x 10%) was established. Macroscopic images (Figures 6.4 and 6.6) were used to
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demonstrate the optical colorimetric response on the cd-PVA sensor system and the graphical

representation (quantified data) of calibration curves are shown in Figures 6.5 and 6.7.

Testsamples Controls
ml) : Testsamples Controls mi) :
0.01 40 |
0.1 ‘ 60
| |
0.5 ‘ ‘ ‘ 80
1.0 ‘ ‘ f . 100
| [ b
5.0 | ‘ 200
o [ e | |
i | ! , ; 300
| |
s | | | -
20 ' ‘ | 400
| |
500

Figure 6.4: Macroscopic images demonstrating the optical colorimetric response of the cd-PVA sensor strips upon
the injection of pure glyphosate (dithiocarbamate intermediate, sample volume: 30 ul) with a concentration range of

0.01-500 pg/ml.

Based on the qualitative analysis of optical results shown in Figure 6.4 the minimum target
concentration of glyphosate that produced a change in color on the cd-PVA sensor strip, which
was visually different from that of the controls, was 0.1 pg/ml (green-yellow coloration). This
concentration was therefore considered the practical detection limit for the cd-PVA sensing
system. Semi-qualitative analysis of the sensing system indicated that increasing concentrations

of glyphosate from 0.1-20 pg/ml resulted in a relatively similar color alteration (no
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differentiation in color between the different concentrations was optically observed), however
further increasing glyphosate concentrations from 40- 500 ug/ml caused a gradual visual increase

in the yellow color intensity on the cd-PVA sensing strips.

Figure 6.5 shows the calibration curve of pure glyphosate using the cd-PVA sensor system.
Although glyphosate was detectable at levels as low as 0.1 pg/ml, concentrations of glyphosate
between 0.1-40 pg/ml demonstrated non-linearity (R*= 0.43) as shown in the inset figure. The
linear response (R?= 0.96) of the cd-PVA sensing system was observed at a glyphosate

concentration range of 60-500 pg/ml.
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Figure 6.5: The effective intensity of cd-PVA sensor strips as a function of pure glyphosate
(dithiocarbamate intermediate) concentrations. The linear regression equation and R* was extrapolated
from the linear range of the calibration curve (60-500 pg/ml). The inset graph shows the linear regression
equation and R? of pure glyphosate concentrations below the linear range of the calibration curve (0.1-40

ng/ml). Values are presented as mean values + SD (n=3). Appropriate controls were used in this study.

The cd-PVA system was applied to glyphosate in the two formulations Ro and Wo. The
macroscopic images, used to demonstrate the optical colorimetric response on the cd-PVA
sensor system, and the calibration curves constructed for glyphosate in the formulations Ro and,

Wo are shown in Figures 6.6 and 6.7 respectively.
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Figure 6.6: Macroscopic images demonstrating the optical colorimetric response of the cd-PVA sensor
strips upon the injection of the glyphosate in the formulations Ro and Wo (glyphosate dithiocarbamate

intermediate, sample volume: 30 pl) with a concentration range of 1.95- 500 x 10° pg/ml.

The qualitative analysis of the colorimetric response of the cd-PVA sensor strips (upon the
injection of glyphosate in the formulations Ro and Wo) at varying concentrations indicated that
the practical detection limit for glyphosate was 1.95 pg/ml for both formulations (Figure 6.6).
The practical detection limit for glyphosate in formulation was higher than that observed for pure
glyphosate (0.1 pg/ml) (Figure 6.4). Semi-qualitative analysis of the cd-PVA sensor response to
increasing concentrations of glyphosate revealed no clear differences in color intensity at
glyphosate concentrations ranging between 1.95-15.6 x 10° pug/ml and 1.95-7.8 x 10° ug/ml for
Ro and Wo, respectively. Glyphosate concentrations ranging from 15.6 x 10°- 500 x 10° pg/ml
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and 7.8 x 10°- 500 x 10° ug/ml resulted in increasing yellow color intensities for glyphosate in

Ro and Wo respectively.

Calibration curves were constructed for glyphosate in Ro (Figure 6.7A) and Wo (Figure 6.7B)
and the linear range was observed at a glyphosate concentration range of 15.6 x 10°- 500 x 10°
ng/ml for Ro (R?= 0.98) and 7.8 x 10°- 500 x 10° pug/ml for Wo (R?= 0.98). Glyphosate
concentrations below the above mentioned linear range demonstrated non-linearity (inset
figures), however based on the data obtained the cd-PVA system demonstrated the capacity to

detect glyphosate at levels below the linear region.
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Figure 6.7: The effective intensity of cd-PVA sensor strips as a function of glyphosate (dithiocarbamate
intermediate) concentrations in the formulations Ro (A) and Wo (B). The linear regression equations and
R? values were extrapolated from the linear range of the calibration curves (15.62-500 mg/ml for Ro and
7.81-500 mg/ml for Wo). The inset graphs show the linear regression equations and R? values of
glyphosate concentrations below the linear range of the calibration curve (0.00195-7.81 mg/ml for Ro and
0.00195-3.9 mg/ml for Wo). Values are presented as mean values + SD (n=3). Appropriate controls were
used in this study.

A summary of the analytical performance of the cd-PVA sensor system in the detection of pure

glyphosate and glyphosate in the formulations Ro and Wo is shown in Table 6.4.
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Table 6.4: The calibration characteristics (over the entire range of the regression curve) determined for

pure glyphosate and, glyphosate in Ro and Wo using the cd-PV A sensor system.

Parameter Pure glyphosate Ro Wo

Practical LOD (pg/ml) 0.10 1.95 1.95

Linear range (pg/ml) 60-500 15.62-500 x 10° 7.81-500 x 10°
Intercept 0.016 0.037 0.045

Slope 0.0008 0.001 0.0007

RSD (%) 12.1 17.9 9.41

R? 0.96 0.97 0.97

Glyphosate in Ro and Wo formulations demonstrated lower sensitivity, as evidenced by higher
practical LOD (1.95 pg/ml) values when compared to pure glyphosate (0.1 pg/ml). The
calculated relative standard deviation of the calibration curves for pure glyphosate and,
glyphosate in Ro and Wo was less than 20 % (n=3) demonstrating the acceptable internal

precision of cd-PVA sensing system for pure glyphosate and glyphosate in formulation.

6.4.5 Application of the cd-PVA sensor system in real environmental water samples

The influence of matrix effects from real environmental water samples on the accuracy and
practical use of the cd-PVA sensor response system was investigated by measuring the recovery
of glyphosate in different water samples spiked at two different glyphosate concentrations based
on medium and low level concentrations of the linear range of the standard curves (pure and in
formulation). The macroscopic images shown in Figure 6.8 demonstrate the optical response of

the sensor in different water samples spiked with glyphosate, Ro and Wo.
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Figure 6.8: Macroscopic images demonstrating the colorimetric response of the cd-PVA sensor strips to
glyphosate (pure glyphosate and glyphosate in the formulations Ro and Wo) spiked environmental water
samples (A, B, C and D). Control water sample (distilled water) (E).

The results in Figure 6.8 showed a positive response signal for pure glyphosate at both
concentrations (200 and 60 pg/ml) in the environmental water sample D and the control water

sample E (distilled water), however slight to negligible sensor responses were observed in the
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environmental samples A, B and C. The sensor system demonstrated visually observable positive
signals towards all environmental water samples and the control water sample spiked with the
glyphosate formulations Ro and Wo, which were characterized by variations in color intensity.
The environmental water sample D and the control water sample demonstrated the greatest
overall color intensity for both formulations at the concentrations tested when compared to the

environmental water samples A, B and C.

The recovery of glyphosate in the water samples was determined using the regression equations
obtained from the calibration curves (linear range) for pure glyphosate (Figure 6.9A2), Ro
(Figure 6.9B2) and Wo (Figure 6.9C2) (Hamzah et al., 2011). The recovery of glyphosate and
glyphosate in formulation (Ro and Wo) was quantified and the results are shown in Figures
6.9A1, Bl and C1.
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Figure 6.9: The percentage recovery of pure glyphosate (A1, light green bars = 200 pg/ml spike and
dark green bars = 60 pg/ml spike), glyphosate in the Ro formulation (B1, light green bars = 250
mg/ml spike and dark green bars = 65 mg/ml spike) and in the Wo formulation (C1, light green bars
= 250 mg/ml spike and dark green bars = 65 mg/ml spike) from environmental samples (A, B, C, D).
Control water sample (distilled water) (E). The regression equations used to quantify the recovery of pure
glyphosate (A2), glyphosate in the Ro formulation (B2) and glyphosate in the Wo formulation (C2) are
shown. Values represent mean values £ SD (n=3). Appropriate controls were used in this study.

The poorest recoveries (below 70 % or above 120 %) were observed for pure glyphosate, Ro and
Wo in the environmental water samples A (Bridge N3), B (Brickfields) and C (Fishwater Flats)
at the concentrations tested (Figure 6.9). Good recoveries were obtained for pure glyphosate
(Figure 6.9A1) in the environmental sample D (Grey Dam), with a recovery of 110.42 % + 2.8

160




Chapter 6: Cd-PVA sensor system for glyphosate determination in water

and 118.02 % =+ 2.3 being observed at the 200 pg/ml and 60 pg/ml spike, respectively. The
recovery of glyphosate in the Wo formulation in sample D demonstrated good recovery at the
higher spiked concentration of 250 mg/ml (94.9 % * 5.86), however possible interfering effects
were observed at the lower concentration (65 mg/ml) with a recovery of 229.7 % * 13.06 being
observed. A poor recovery was observed for glyphosate in Ro for environmental sample D at
both the 250 mg/ml (169.2 %= 9.41) and 65 mg/ml spike (256.4 % * 24.71).

Very good recoveries (between 94.9 % + 5.86 and 112.21 % + 18.62) were obtained for the
control water sample E (distilled water).

6.4.6 Cd-PVA sensor system specificity

The specificity of the cd-PVA sensor strips for glyphosate detection was investigated (Figure
6.10) by determining the sensor response of the cd-PVA sensor system for the glyphosate
structural analogs glycine and AMPA.

161



Chapter 6: Cd-PVA sensor system for glyphosate determination in water

i |
‘ ‘ Pure glyphosate (1000 pg/ml)
| l Glycine (1000 pg/ml)
‘ AMPA (1000 pg/ml)
B

0.25

o
o n o
[ o N}

Effective intensity (Ab)

o
o
@

Pure glyphosate Glycine AMPA

o

Test sample

Figure 6.10: Cd-PVA sensor system specificity was investigated by evaluating the detection of
glyphosate structural analogs glycine and AMPA. Macroscopic images (A) and the effective intensity (B)
of cd-PVA sensor strips. Values are presented as mean values + SD (n=3). ANOVA single factor analysis

was used to determine statistical significance: * P < 0.01. Appropriate controls were used in this study.

The visual data obtained (Figure 6.10A) indicated no clear color change (based on naked eye
assessments) in the cd-PVA sensor strips after the addition of glycine (1000 pg/ml) and AMPA
(1000 pg/ml), in contrast to pure glyphosate (1000 pg/ml), which produced a distinct color
change from blue to yellow upon the injection of the sample to the cd-PVA sensor strips.
Quantitative assessments (Figure 6.10B) showed that the response observed for pure glyphosate
was significantly (P< 0.01) higher (0.192 + 0.013) than AMPA (0.030 + 0.013) and glycine
(0.032 + 0.004) and AMPA and glycine only produced 16 % of the sensor response observed for
pure glyphosate.
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6.4.7 Cd-PVA sensor system selectivity

The effect of ions and compounds commonly found in environmental water systems was
investigated by determining the response of the cd-PVA sensor system in the presence of these
compounds and ions. The concentration range selected for this study included the regulatory
standards (with the exception of EDTA and citric acid) for these compounds and ions in South
African aquatic systems (DWAF, 1996) and concentrations above and below this compliance
limit. The results in Figure 6.11 and Figure 6.12 demonstrate the susceptibility of the cd-PVA

sensor system to varying compounds and ions.
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Figure 6.11: The interference of metal ions commonly found in environmental waters systems in the detection of
pure glyphosate (white) and glyphosate in the formulations Wo (dark grey) and Ro (light grey) using the cd-PVA
sensing system. Values are presented as mean values + SD (n=3). Appropriate controls were used in this study.
This experiment was conducted at 23 °C. ANOVA single factor analysis was used to determine significance
relative to samples with no added compounds. "P< 0.05, “P< 0.01.
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The effect of the presence of metal ions on the detection of pure glyphosate, Ro and Wo was
investigated and the results are shown in Figure 6.11. Different metal ions caused varied
interfering effects on the detection of pure glyphosate, Ro and Wo. The extent of interference by
the metal ions was ranked based on the overall (for pure glyphosate, Ro and Wo) significant
interference observed for the system. Ca®* ions displayed the greatest interference overall (Figure
6.11F) on the sensor system, with a significant reduction (P< 0.01) in signal response being
observed for pure glyphosate at concentrations below (500 pg/ml) and above the compliance
limit (1500 pg/ml). Surprisingly, no significant interfering effects were observed at the
compliance limit (1000 pg/ml). Similar results were obtained for the glyphosate formulations
(Ro and Wo), with a decrease in signal response being observed with increasing concentrations
of Ca”" ions. The other metal ions were ranked from greatest to lowest interferent as follows:
Mg?*> Fe** >Mn* >K* > Zn?*. Fe**, Mn* and K" ions significantly enhanced the signal response
for pure glyphosate, Ro and Wo at varied concentrations, while Mg?* demonstrated a negative
interference (inhibition) for the detection of pure glyphosate and its formulations at different
concentrations. Interestingly, Zn** ions exhibited no interfering effects on the detection of pure
glyphosate; however an increase in sensor response was observed for the formulation Wo at both
the compliance (20 pg/ml) limit and the highest concentration tested (40 pg/ml). The interference
of Zn®* ions on the detection of the Ro formulation was characterized by an increase in signal
response at the compliance limit (20 ug/ml) followed by a non-significant reduction in signal at

the highest concentration tested (40 ug/ml).

The effect of varying compounds and ions on the detection of pure glyphosate, Ro and Wo is
also shown in Figure 6.12. The different compounds and ions demonstrated a similar result to the
findings observed for the metal ions (Figure 6.11), with respect to the varying interfering effects
exhibited in the presence of these ions on the detection of pure glyphosate and the glyphosate
formulations. CI" ions and EDTA demonstrated no significant interfering effects on the detection
of pure glyphosate at all the concentrations tested (P > 0.05). In comparison, CI" ions
demonstrated a significant reduction in signal response for the Wo formulation at 1000 pg/ml (81
% £ 1.9) and an increase in signal response at 3000 pg/ml (117 % + 8.8). The detection of Ro
was significantly enhanced by the presence of ClI" ions at the highest concentration tested (3000
ug/ml). EDTA demonstrated a significant decrease in signal for Wo at a concentration of 50 (90
% + 5.2) and 100 pg/ml (87 % + 4.2), however the presence of this compound significantly
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enhanced the signal response for Ro at 50 (114 % + 8.7) and 200 pg/ml (128 % = 6.8). SO4* ions
demonstrated no significant effects on Ro, however a significant reduction in the signal was
observed for pure glyphosate at 500 pg/ml (79 % + 1.3) and Wo at 250 pg/ml (66 % =+ 3.5),
which was followed by an increase in signal for Wo at the highest concentration tested (1000
pug/ml). Citric acid demonstrated a significant reduction in signal for pure glyphosate at
concentrations of 50 and 200 pg/ml and a significant increase in the detection signal for Wo (100
pg/ml) and Ro (50 pg/ml).
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Figure 6.12: The interference of compounds and ions commonly found in environmental water systems
in the detection of pure glyphosate (white) and glyphosate in the formulations Wo (dark grey) and Ro
(light grey) using the cd-PVA sensing system. Values are presented as mean values £ SD (n=3).
Appropriate controls were used in this study. This experiment was conducted at 23 °C. ANOVA single
factor analysis was used to determine significance relative to samples with no added compounds. "P<
0.05, *P<0.01.
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6.5 Discussion and future work

6.5.1 Color development time and color stability of the cd-PVA sensor system

The color development time and color stability was established for the cd-PVA sensor system
(Figure 6.2). Following the application of the glyphosate dithiocarbamate intermediate sample
(30 pl) onto the cd-PVA sensor strips an immediate color change was observed (color change
from blue to yellow occurred within approximately 3 seconds), this was followed by a continued
increase in effective intensity over a 50 minute period. After 50 minutes the cd-PVA sensor
system reached equilibrium and a stable color response was observed for up to 4 hours. The
increasing effective intensity over time was not an unexpected result. As the glyphosate
dithiocarbamate permeated into the cd-PVA matrix, additional yellow colored complexes were
formed with accessible copper ions in the nanofiber scaffold over time resulting in increased
color intensity (yellow to dark yellow). Similar trends for color development reactions in
colorimetric chemical sensors have been described in literature. A chemical sensor based on
functionalized mesoporous silica for the detection of mercury ions was developed by Balaji et al.
(2005) and results indicated an increase in color development (from orange to green) over the
sensing area for 4 minutes before the saturation of the system was achieved. Studies by
Jayawardane et al. (2013) evaluated the effect of color development time on the sensitivity of a
disposable paper-based sensor developed for the determination of copper in natural and waste
waters. Results from this study demonstrated an increase in color (from yellow to red/purple
after the application of two copper standard solutions at 0.5 and 2.0 pg/ml) over the sensor area
for 10 minutes and the sensor was stable for up-to 45 minutes, therefore a color development
time of 15 minutes was selected for future analysis. Based on the results in Figure 6.2 the
maximum color intensity was obtained after 50 minutes of the colorimetric reaction and this
would theoretically be the ideal color development time for the qualitative/quantitative analysis
of glyphosate. However in the present study, the color observed over the sensing strip from t= 30

minutes demonstrated color non-uniformity.

There are several techniques available for the immobilization of sensing materials into a chosen
polymer matrix for the development of a chemical sensor (reviewed by Lange et al., 2008). This
study selected a physical doping strategy (in this context physical doping refers to the

incorporation of the sensor reagent into the polymer solution before electrospinning) for the
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production of the cd-PVA chemical sensor. This strategy was selected due to its simplicity, low
production cost and the ability to maintain the original properties of the sensing reagent within a
matrix (Akamatsu et al., 2004; Shi and Seliskar, 1997). Although the doping strategy provides
various attractive characteristics and is commonly used in chemical sensor development, the
major limitation presented by this strategy is the migration or leaching of matrix reagents
(Lobnik et al., 1998). Several studies have reported on the migration/leaching of sensing reagents
within a specific polymer matrix when employing this strategy (Lee and Okura, 1997; Likhar et
al., 2009; O’Riordan et al., 2005; Werner et al., 1995). The addition of the aqueous glyphosate
dithiocarbamate sample to the cd-PVA sensor strips resulted in the partial migration of matrix
components, through the pores of the PVA matrix into different sites of the polymer, leading to
an uneven distribution of the resultant yellow colored complex (copper (Il) carboxymethyl
(phosphonomethyl) carbamodi thioate) as the aqueous solvent dried over time. The significant (P
< 0.05) decrease in the effective intensity after 5 hours occurred due to the migration of matrix
components towards the outer boundary of the polymer, resulting in spot spreading and a
reduction in the overall measured effective intensity (Abbaspour et al., 2010). Reagent mobility
commonly occurs when the physical dimensions of the entrapped compounds are smaller than
the average pore diameter of the polymer matrix, which upon the addition of an aqueous sample
would cause some proportion of the compounds to leach into solution and readily migrate
through the pores of the matrix network (Butler et al., 1998; Shi and Seliskar, 1997). The weak
hydrophobic interactions between entrapped copper ions and the PVA matrix (Muradov et al.,
2009; Matsuo et al., 1998) may have also been a contributing factor to resultant migration

observed.

Generally to circumvent possible artifacts caused by color non-uniformity in sensor areas (due to
reagent migration), quantitative assessments are often determined over more than one area of the
sensor and an average is obtained (Chen et al., 2013b; Shi and Seliskar, 1997). However in the
present study, the analysis of sensor strips at 50 minutes may limit the practical use of the cd-
PVA sensor because color non-uniformity may lead to the poor repeatability of effective
intensity measurements and may cause increased difficulty in evaluating the final color during
qualitative (naked eye) assessments (Abe et al., 2008; Jayawardane et al., 2013). The color
development over the sensing area of the cd-PVA sensor strips demonstrated the greatest color

homogeneity from t= 0-20 minutes and the sensor reached a quantifiable response immediately
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upon the application of the glyphosate dithiocarbamate sample (t= 0 minutes). Based on these
observations, a color development time of 5 minutes was selected and would be suitable for

future qualitative and quantitative assessments.

The color uniformity of the cd-PVA sensor system could be improved by employing a different
immobilization strategy. Future studies could investigate the possibility of covalently grafting
copper ions onto the PVA matrix. Covalent bonding techniques have been shown to reduce or
eliminate the migration and leaching of matrix reagents, due to the formation of strong bond
interactions between the sensing reagent and the matrix backbone (Kim et al., 2011; Lindner et
al., 1993; Zhang et al., 2007), which would result in a more even distribution of color across the
sensing area. Covalent linkage may provide an efficient and alternative route for the reduction of
the migration or leaching of analytes in a polymer matrix, however this may be accompanied by
increased production costs and increased process complexity (functionalization of the polymer
and coupling reactions) (Koren et al., 2012). Although covalent attachment reduces/eliminates
the migration or leaching of reagents from a solid matrix, it must be considered that this method
may also present limitations such as increased sensor response times and demonstrate reduced
signal alterations (Basabe-Desments et al., 2007). A study by Lobnik et al. (1998) compared the
effect of utilizing chemical doping and covalent immobilization in sol-gel based pH optical
sensors on several parameters including reagent leaching and response time. Although leaching
was observed with the doping strategy and was successfully eliminated using covalent bonding
methods, the conclusions of this study indicated that the chemical doping method was the better
strategy (due to a rapid response time and greater signal changes), as covalent attachment led to
increased response times and smaller signal changes in the sensor. An alternative method which
would control and reduce the pore diameter of the PVA matrix for the efficient entrapment of
copper ions could be developed in future studies, to avoid or minimize problems associated with
migration of matrix components in the cd-PVA sensor system. A reduction in polymer nanofiber
pore diameters generally occurs when the average size of the nanofibers is reduced (Dotti et al.,
2007). For future studies this could be achieved by further manipulation and optimization of

electrospinning parameters.

Generally, the cd-PVA sensor system demonstrated an improved color response time when

compared to the scale-down method (refer to Chapter 4, section 4.4.3). The cd-PVA sensor
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system color response time was characterized by a rapid (immediate) naked eye color
development, which was quantifiable at t= 0 minutes, this was observed to be faster than the
initial quantifiable response (5 minutes) observed for the scale-down method (refer to Chapter 4,
section 4.4.3). In addition, the peak reaction time was observed after 2 hours in the scale/down
method as compared to a peak reaction time of 50 minutes when using the cd-PVA sensor. The
colorimetric response to a specific analyte in polymer-based sensors is dependent on several
factors, including the nature of the polymer, the porosity of the polymer, the thickness of the
polymer matrix and the concentration of the analyte being tested (Arshak et al., 2004). The
improved response time observed in this study (when compared to the scale down system) can be
attributed to the increased and rapid accessibility of the glyphosate dithiocarbamate molecules to
copper ions, due to the large surface area to volume ratio, porous structure and small nanofiber
diameters provided by the PVA nanofiber network. These properties would facilitate the rapid
mass-transfer (low mass-transfer limitation) of the glyphosate dithiocarbamate intermediate

molecules to the copper ions in the PVA matrix (Huang and Choi, 2007; Viriji et al., 2004).

Studies in literature reporting on chemical sensors for glyphosate are extremely limited. To the
best of our knowledge, only one glyphosate chemical sensor system has been reported to date. A
study by Da Silva et al. (2011) was conducted on a filter paper based colorimetric chemical
sensor for the detection of glyphosate and its commercial formulations in water. This assay was
based on the reaction between glyphosate and p-dimethylaminocinnamaldehyde (p-Dac) and the
results indicated that a total reaction time of 8 minutes was required for the development on a
colorimetric response, during which a heating step (45°C) was necessary. Based on the findings
in literature it can be concluded that the cd-PVA sensor provides an advantage over the current
colorimetric chemical sensor reported for glyphosate, due to the very rapid colorimetric response
observed in the presence of glyphosate under ambient (23°C) conditions. The colorimetric
response observed for the cd-PVA sensor system could not be compared to the principle method
proposed by Jan et al.(2009), as the study did not investigate the effects of reaction time on the
detection of glyphosate and the total reaction time required for the formation of the yellow

colored glyphosate complex was not reported.
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6.5.2 The storage stability of the cd-PVA sensor system

The storage stability of the cd-PVA sensor system was evaluated under two different storage
conditions (23 and 4°C) over 24 days. Generally, the results in Figure 6.3 indicated that the
different storage conditions demonstrated a significant influence on the stability of the cd-PVA
sensor system and the resultant functionality of the system with respect to glyphosate detection,
as evidenced by the varied sensor responses observed at 4°C and under ambient conditions
(23°C).

The sensor system displayed the poorest stability at a storage temperature of 4°C. The trend
observed under low temperature conditions was characterized by a significant decrease in the
sensor response over 9 days, followed by large fluctuations (increasing and decreasing trends) in
sensor signals over the duration of the study. The appearance of condensation (suggesting the
presence of moisture within the container) was visually observed (from day 3 to day 24) inside
the storage container (images not shown), during the storage of cd-PVA sensor strips at low
temperatures (4 °C in the refrigerator). The relative humidity (RH) of the storage unit
(refrigerator) was not controlled or determined in our study. Although the effect of RH on the cd-
PVA sensor system was not investigated in the current study, the appearance of condensation
under low temperature storage conditions is known to occur, due to the combined effect of high
RH and small temperature fluctuations (less than 0.5°C) within a storage unit (Paull, 1999). The
results observed in our study strongly suggest that the mechanical properties of PVA nanofibers
are susceptible to moisture (Peijs et al., 1995) and the RH in the storage unit may have had a
direct influence on the resultant poor storage stability of the cd-PVA sensor system. Studies by
Peresin et al. (2014) have highlighted the effects of RH on the PVA nanofiber mat structure, with
conclusions from these studies demonstrating the plasticizing effect of moderate to high RH on
PVA nanofibers, which was caused by the adsorption of water molecules by PVA (weak binding
of water molecules and the hydroxyl groups in the PVA structure), resulting in the softening of
the PVA matrix and a reduction in the mechanical strength of the polymer. The study mentioned
above proposed the inclusion of cellulose nanocrystals into the PVA nanofiber structure to
increase the mechanical and tensile strength of the matrix under humid conditions. The
incorporation of cellulose nanocrystals increased the resistance of the PVA nanofiber mats to the

plasticizing effect, due to the strong hydrogen bond formed between the cellulose nanocrystals
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and the hydroxyl groups on the PVA structure (Ago et al., 2012), which limited the capacity of
water molecule binding and increased the overall rigidity of the PVA nanofiber network (Peresin
et al., 2010a; Peresin et al., 2014). This may be an important factor to consider for future studies
using the cd-PVA sensor system, as this would significantly improve the applicability of this

sensor, more specifically when the sensor is utilized in high RH environments.

The cd-PVA sensor system demonstrated the highest stability under ambient (23 °C) storage
conditions. The sensor system was stable for up-to 18 days (Figure) and demonstrated greater
internal precision (RSD: 11.7 %) when compared to low temperature storage (RSD: 16.3 %).
The storage of cd-PVA sensors under ambient temperatures provides an advantage with respect
to lowering operational costs (i.e. power consumption is not required) (Arya et al., 2012). The
storage stability of the glyphosate colorimetric chemical sensor developed by Da Silva et al.

(2011) was not reported and therefore could not be compared to the cd-PVA sensor system.

The short-term (2-3 weeks) shelf life (under ambient conditions) of the cd-PVA sensor system
was satisfactory (the cd-PVA sensor was stable for ~2.5 weeks), however the significant
decrease in the sensor response observed after 21 (30 % reduction in the sensor response) and 24
(64 % reduction in the sensor response) days, indicated the limitation of this system, with respect
to long-term storage (several months to years). The tensile strength and Youngs modulus (tensile
modulus) are key factors which are commonly used to characterize the mechanical properties
(high tensile strength and tensile modulus generally lead to increased mechanical integrity) of
polymer nanofibers (Buell et al., 2009; Camposeo et al., 2013; Chew et al., 2006; Frone et al.,
2011; Yao et al., 2014). A common limitation encountered with using PVA nanofibers is their
poor mechanical strength and low integrity, which has been characterized by low tensile strength
and modulus, primarily due to the formation of hydrogen bonds with oriented crystalline regions
during nanofiber processing and production, which subsequently limit the maximum attainable
mechanical properties (Govaert and Peijs, 1995; Peresin et al., 2010b). Studies by Stachewicz et
al. (2012) investigated the mechanical properties of electrospun PVA nanofibers utilizing fiber
bending tests and atomic force microscopy. The study demonstrated the inverse relationship
between tensile modulus and fiber diameter, characterized by an increase in tensile modulus with
a decrease in nanofiber diameter and significant improvements in tensile modulus observed in

nanofibers with diameters below 300 nm. In the current study, the average nanofiber diameter of
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the cd-PVA nanofibers was 320 nm (refer to Chapter 5, Figure 5.5B), therefore the poor long-
term storage stability may be conferred poor mechanical integrity due to low tensile strength and
modulus. Several techniques have been reported in literature as ways to reinforce the physical
and mechanical properties of PVA. These include cross-linking methods using dyhydrothermal
treatment (Scothford et al., 1998), glutaric dialdehyde (Naebe et al., 2008), gluteraldehyde (Kim
et al., 1992) and glyoxal (Ding et al., 2002). Blending methods for structural reinforcement by
the production of composite fibers have also been attempted and examples involve the
incorporation of chitosan (Sajeev et al., 2008), cellulose (Kubo and Kadla, 2003), cellulose
fibrils and aggregates (Cheng et al., 2009) and the addition of the clay compound hydrotalcite
(Zhou et al., 2011). Future studies could investigate the use of these methods towards the

improvement of the mechanical integrity of the cd-PV A sensor system.

The instability of the copper nitrate (sensing material) within the PVA polymer matrix may also
be a contributing factor to the poor long-term storage stability of the cd-PVA sensor (under both
storage conditions). Physical entrapment (physical doping) of the copper nitrate into the PVA
matrix may limit the long term shelf life of the cd-PVA sensor, due to copper nitrate aggregation
and migration over time, as this is a common storage stability limitation encountered with the
physical doping method (Balaji et al., 2005, Koren et al., 2012; Lev et al.,1995). The previously
mentioned cross-linking and reinforcement methods have demonstrated a secondary role,
primarily with respect to the prevention of enzyme leakage and the increase in enzyme
mechanical strength (Datta et al., 2013). We propose that these cross-linking and reinforcement
methods may also improve the stability and limit the migration of the copper salt entrapped
within the PVA matrix. This would be advantageous not only for long-term storage stability, but
may also be beneficial with respect to limiting color non-uniformity due to matrix reagent

migration (discussed in section 6.5.1).

6.5.3 Cd-PVA system precision (intra-assay variation) and reproducibility (inter-assay

variation)

The reproducibility of the cd-PVA sensor system was evaluated by determining the intra-assay

variability and inter-assay variability at two different pure glyphosate concentrations (400 pg/ml
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and 1000 pg/ml). Based on the results observed in Table 6.2 the cd-PVA sensor system
demonstrated poor reproducibility, which was characterized by RSD values above 20 % at
glyphosate concentrations of 400 pg/ml (45.8 % + 0.11) and 1000 pg/ml (37.1 % =+ 0.22). This
result was not entirely unexpected and could be explained by the heterogeneity observed in cd-
PVA nanofibers produced after the electrospinning process, as previously mentioned (refer to
Chapter 5, section 5.5.1).

The cd-PVA sensor system demonstrated very good system precision with RSD values below 20
% being observed at glyphosate concentrations of 400 ug/ml (15.9 % + 0.04) and 1000 pg/ml
(13.1 % % 0.08). The internal consistency of this sensor system was further validated by the
calculated RSR (%) which was 39.4 % * 1.6. Generally, the results of this study suggest that
better results would be obtained when utilizing sensor strips from the same mat as compared to
sensor strips from various mats. As previously mentioned in Chapter 5, section 5.5.1, all sensor
studies employed the use of one cd-PVA mat per experiment to reduce experimental variation,
which was satisfactory at the scale of this study. However, the heterogeneity observed in the
nanofiber mats may have greater implications during industrial scale production, therefore future
studies should involve further optimization of the electrospinning process under controlled
environmental conditions (in our study electrospinning was not conducted under controlled
environmental conditions as the relevant equipment was not available), as electrospinning

conditions play a crucial role in the production of homogenous fibers (Ertas and Uyar, 2014).

6.5.4 The sensitivity of the cd-PVA sensor system

The sensitivity of the cd-PVA sensor system was investigated by evaluating the calibration
characteristics of the system. Based on naked eye assessments from the macroscopic images
obtained in Figures 6.4 and 6.6 at varying concentrations of glyphosate, a positive sensor
response was achieved at low concentrations of pure glyphosate (0.1- 40 ug/ml) and glyphosate
in the formulations Wo (1.95 — 3.9 x 10° pg/ml) and Ro (1.95 — 7.8x 10° pg/ml), however the
calibration curves constructed demonstrated poor linearity at the these concentrations in pure
glyphosate (R*= 0.43) and glyphosate in the formulations Wo (R*= 0.003) and Ro (R’= 0.58)

(Figures 6.5 and 6.7). Good correlation coefficients (Table 6.4) were observed in the linear range
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for pure glyphosate (60- 500 pg/ml, R?= 0.96) and glyphosate in Wo (7.8 x 10° — 500 x 10°
ng/ml, R*= 0.97) and Ro (15.6 x 10° — 500 x 10° ug/ml, R?= 0.97). The results observed
therefore indicate that the cd-PVA sensor system could be utilized for semi-
qualitative/qualitative determinations at lower glyphosate concentrations, with quantitative

determinations being achievable at higher concentrations.

The practical LOD was selected as an accurate representation of the cd-PVA sensor system
sensitivity and was used for comparative analysis. The use of the practical limit of detection
(based on naked eye assessments or the lowest analyte concentration which resulted in a sensor
signal response) for the measurement of system sensitivity in sensors has been reported by
several authors (Abbaspour et al., 2010; Guo et al., 2010; Kim et al., 2001; Nath and Chilkoti,
2002; Wang et al., 2008; Wang et al., 2011; Yang and Tae, 2006; Yao et al., 2010).

The cd-PVA sensor system displayed a significant increase in system sensitivity and precision
when compared to the scale-down glyphosate method (refer to Chapter 4, Table 4.3). The
practical LOD values for pure glyphosate (0.1 pg/ml) and glyphosate in the Ro (1.95 pg/ml) and
Wo (1.95 pg/ml) formulations (Table 6.4) were 4.0 x 10%, 3.4 x 10° and 2.8 x 10° times lower,
respectively, than the reported LOD values for the scale-down method. RSD values obtained for
the calibration curves for pure glyphosate and glyphosate in Ro and Wo were all below 20 %
indicating greater system precision, when compared to the scale-down system. The sensitivity of
a sensor is directly associated with the availability of detection sites for molecular binding
interactions (Matlock-Coangelo and Baeumner, 2014). Electrospun nanofibers are inherently
characterized by a high surface area to volume ratio and a porous non-woven structure (Chigome
and Torto, 2011; Huang et al., 2003; Long et al., 2009; Ramakrishna et al., 2006). The drastic
increase in sensitivity observed in the cd-PVA sensor system, when compared to the scale-down
method, was attributed to these characteristic features (Panda and Sahoo, 1990). The porous
nature and high surface area to volume ratio of PVA electrospun nanofibers provided a large
loading capacity for the sensing material (copper salt) and an increased functionalized surface
area (increase in the availability of the detection sites), for glyphosate molecule binding. In
addition, a high surface area to volume ratio allowed for the rapid mass transfer rate of
glyphosate molecules to the copper ions situated within the nanofiber mat (Matlock-Coangelo
and Baeumner, 2014).
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Colorimetric spectrophotometric studies on glyphosate detection by Jan et al. (2009) reported a
LOD of 1.1. pg/ml over a glyphosate concentration range of 1.0-70 pg/ml. More recently, similar
studies by Sharma et al. (2012) and Waiman et al. (2012) reported a Sandell sensitivity of 0.091
ug.cm® (equivalent to 0.091 pg/ml, over a glyphosate concentration range of approximately 0-40
ug/ml and the lowest quantifiable glyphosate concentration at 0.084 pg/ml (over a glyphosate
concentration range of 0.084-21.8 pg/ml), respectively. The practical LOD obtained for pure
glyphosate using cd-PVA sensor system was within the range of reported values in literature.
Although good results were reported for LOD values using spectrophotometric detection
methods, it must be taken into consideration that these methods utilized much larger sample
volumes in comparison to the current study. Compared to standard methods used for glyphosate
detection (e.g. HPLC and GC) (summarized in Chapter 1, Table 1.5), the current method
demonstrated a lower sensitivity. However, standard methods for glyphosate detection are often
limited due to cost and complexity and the present method is extremely advantageous, due to its

simplicity, potential for on-site application and immediate response time.

Interestingly, the cd-PVA sensor system displayed a greater sensitivity (19.5 fold increase)
towards pure glyphosate when compared to glyphosate in formulation (Wo and Ro) (Table 6.4);
this observation was similar to the findings reported for the scale-down method (refer to Chapter
4, section 4.5.2). This result suggests that the cd-PVA sensor system may also be susceptible to
the adjuvants present in formulation, which may have caused an overall reduction in the system
sensitivity at lower glyphosate concentrations. The colorimetric chemical sensor for glyphosate
detection in literature demonstrated an LOD value of 7.28 pg/ml (Da Silva et al., 2011). In
comparison, the current method proposed in our study demonstrated a higher sensitivity for both

pure glyphosate and glyphosate in formulation.

The MRL set for glyphosate in drinking water/water varies greatly between different countries
and agencies. The health based value for glyphosate in drinking water, set by the WHO, is 0.9
pg/ml (WHO, 2004) and the USEPA has set the MRL for glyphosate in drinking water at 0.7
ug/ml (Coutinho et al., 2008; Miro et al., 2012). In South Africa no water quality guidelines are
implemented currently for glyphosate. However as previously mentioned (refer to Chapter 1,
section 1.2.5), studies by Mensah et al. (2013) resulted in the derivation of short-term (0.25
pg/ml) and long-term (0.002 pg/ml) water standards for glyphosate in the formulation
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Roundup®. With the exception of the long-term standards derived by Mensah et al. (2013), the
cd-PVA sensor system demonstrated sufficient sensitivity for the detection of pure glyphosate in
water; however, based on the MRL's, this system demonstrated limited sensitivity with regards to
glyphosate detection in the formulations Wo and Ro.

A review by Wang et al. (2013) has highlighted the recent rapid advancement of research
towards the production of ultrasensitive sensors using the electrospinning/netting (ESN) process
for the development of 3-D nanostructures. ESN combines the electrospinning process and the
electro-netting process for the production of nano-fiber/nets, which are in essence nano-nets
which are supported by the conventional nanofiber network structure (Wang et al., 2013).
Amongst several attractive characteristics, these structures display extremely small diameters
(less than 20 nm), which would result in significantly high surface areas, which would, in turn,
improve sensor sensitivity (Wang et al.,, 2013). This technique has been successfully
demonstrated in the development of ultrasensitive sensors for the detection of formaldehyde and
copper. Ding et al. (2011b) developed a highly sensitive and selective colorimetric sensor strip,
based on polyaniline/polyamide-6 NFN, for the detection of Cu®* in aqueous solutions, with a
reported practical LOD (naked eye assessment) of 0.0001 pg/ml. More recently, Wang et al.
(2012) developed an ultrasensitive colorimetric gas sensor, based on methyl yellow impregnated
nylon-6 NFN for the detection of formaldehyde, with a reported practical LOD (naked eye
assessment) of 0.04 pg/ml. Based on the findings in the current study we propose that the
sensitivity of the cd-PVA sensor system for the detection glyphosate, more specifically
glyphosate in formulation could be vastly improved by further optimizing the surface chemistry

of the PVA nanofiber (1-D structure) using the electrospinning/netting method.

6.5.5 Application of the cd-PVA sensor system to real environmental water samples

(recovery studies)

The applicability of the cd-PVA sensor system was investigated by determining the recovery of
glyphosate in environmental water samples. For the recovery study, no chemical analysis of
environmental water samples was conducted, however the un-spiked (negative control:

environmental water sample containing no glyphosate) control samples did not demonstrate cd-

176



Chapter 6: Cd-PVA sensor system for glyphosate determination in water

PVA sensor responses (Figure 6.8). The sample matrices selected for this study were therefore
compatible with the cd-PVA sensor assay i.e. none of the water samples contained detectable (if
glyphosate was present in the water sample it would be at concentrations lower than the practical
limit of detection observed for pure glyphosate, glyphosate in Ro and Wo using the cd-PVA
sensor system) levels of glyphosate, which may have led to false positive results. The use of
negative controls to determine the compatibility of sample matrices for a specific assay, in the

absence of chemical analysis, has been reported in literature (Hossain and Brennan, 2011b).

As previously mentioned, recovery studies were conducted without employing any pre-treatment
strategies (other than a simple filtration step to remove large particulate matter). The observed
visual response (macroscopic images) to pure glyphosate and glyphosate in Ro and Wo

demonstrated a good correlation with the quantitative data (Figure 6.9).

Environmental water samples were obtained from two different water systems that demonstrated
varied characteristics and matrix complexities, namely the Swartkops Estuary and Grey Dam.
Overall the recoveries observed in the two environmental water samples Figures 6.9A1, 69B1
and 6.9C1 ranged from 7.81 % to 118.02 % for pure glyphosate, 14.49 %to 169.2 % for
glyphosate in Ro and 38.82 % to 229.73% for glyphosate in Wo, respectively. The wide range of
recoveries observed strongly suggest that the sensing capacity of the cd-PVA sensor system is
susceptible to matrix effects in environmental water systems, which are most likely governed by
water matrix type and complexity (Lieberzeit and Dickert, 2007) and may therefore cause

interfering effects when quantifying glyphosate.

The poorest recoveries for pure glyphosate (spiked concentrations: 60 and 200 pg/ml), and
glyphosate in Ro (spiked concentrations: 65 and 250 mg/ml) and Wo (65 and 250 mg/ml) were
observed in water samples obtained along varying points of the Swartkops Estuary, namely:
sample A (Bridge N3), B (Brickfields) and C (Fishwater flats). More than one representative
sample was selected from the Swartkops estuary due to the large temporal and spatial variability
observed in this region (Binning and Bair, 2001), which would result in a varied distribution of
different compounds/ions along the different sampling sites. The Swartkops Estuary samples
were representative of a nutrient rich, aquatic region, characterized by moderate to high salinity
(Gardner et al., 1983), located in a highly industrialized and urbanized area, which would make
it susceptible to various anthropogenic influences (Gyedu-Ababio et al., 1999). The Swartkops

177



Chapter 6: Cd-PVA sensor system for glyphosate determination in water

Estuary is considered a polluted water system with previous pollution studies indicating the
presence of several pollutants including, varying high concentrations of heavy metals such as
copper, zinc and manganese and hydrocarbons (Bate et al., 2004; Binning and Baird, 2001;
Hilmer and Bate, 1987). The poor recovery observed in the Swartkops Estuary may have been
attributed to the presence of pollutants in the aquatic system, together with the high matrix
complexity (nutrient rich and moderate to high salinity) presented by this water system, which
may have interfered with the recovery of pure glyphosate and glyphosate in Ro and Wo.
Although the Swartkops Estuary demonstrates high temporal and spatial variability, the
recoveries obtained from the different sites (A, B and C) all demonstrated poor recoveries and

definitive comparisons could not be made between the sites.

The best recovery (for environmental water systems) was observed in the Grey Dam samples
spiked with pure glyphosate at both concentrations tested (60 pg/ml: 118.02 % =+ 2.3, 200 pg/ml:
110.42 % + 2.8). Interestingly, the recovery for glyphosate in Wo at lower concentrations (65
mg/ml: 229.7 % * 13.06) demonstrated possible interfering effects and poor recovery results
were also observed for glyphosate in Ro (65 mg/ml: 169.2 % + 9.41, 250 mg/ml: 256 % +
24.71). Grey Dam is an untreated water reservoir, which is located a few kilometers outside
Grahamstown. Grey Dam water is used for recreational purposes (swimming activities) and
provides a source of drinking water (once the water has been pumped through the water
treatment plant) for the City (Tandlich et al., 2010). Studies on Grey Dam are extremely limited
however; a study by Tandlich et al., 2010 described Grey Dam as a receiving site for human
fecal contamination, based on the information available at the time of this study (Tandlich et al.,
2010). When compared to the Swartkops Estuary; the Grey Dam site represents a relatively
unpolluted water system which may explain the overall improved recoveries observed for the
Grey Dam water samples, more specifically for pure glyphosate. Although overall improved
recoveries were observed for the Grey Dam water samples when compared to the Swartkops
Estuary, results observed for glyphosate in the Wo and Ro formulations strongly suggested the
presence of interfering compounds/ions in this water system. Pure glyphosate may demonstrate a
higher tolerance to possible interfering species presented in this specific water system when
compared to glyphosate in formulation. In addition, the differences observed between the Wo

and Ro formulation also suggest the possible role of adjuvants present in formulation, which

178



Chapter 6: Cd-PVA sensor system for glyphosate determination in water

together with compounds and ions present in the environmental water, may exert a combined or

synergistic interfering effect on the determination of glyphosate.

Although the overall recoveries observed in this study were not ideal with respect to the direct
application (no pre-treatment) of the cd-PVA system to the determination of glyphosate in
environmental waters, the results obtained allowed insight into the possible susceptibility of the

cd-PVA sensor system to matrix effects.

Very good recoveries for pure glyphosate and glyphosate in the formulations Ro and Wo were
obtained for the control water sample E (distilled water, which represented pristine water
samples) at all the concentrations tested (Figure 6.9). This result validated the capacity of the cd-
PVA sensor system to successfully quantify glyphosate (pure and in formulation) in water

provided matrix interferents are not present.

Recovery studies conducted by Gonzalez-Martinez et al. (2005) for a glyphosate immunosensor
supported the findings of the current study with respect to matrix interfering effects being
observed in the absence of pre-treatment strategies. Recoveries higher than 150 % were reported
in three different environmental water samples. This effect was attributed to the presence of the
anion hydrogen carbonate in the water samples and the interfering mechanism proposed was
based on the interaction between the nucleophilic nitrogen atom from glyphosate and the
electrophilic carbon from hydrogen carbonate. Other studies in literature reporting on the
recovery of glyphosate in water samples generally indicated higher recovery rates when
compared to our study; however it must be noted that these studies conducted various pre-
treatment and pre-concentration strategies before sample application and recovery analysis.
Colorimetric spectrophotometric analysis by Jan et al., (2009) indicated a glyphosate recovery
above 85 % at 5, 10, 15 pg/ml glyphosate concentrations in environmental water samples.
Colorimetric spectrophotometric studies by Sharma et al. (2012) revealed recovery rates in water
between 94.2 and 97.9 % for pure glyphosate at concentrations between 33.8 and 84.5 pg.
Similar recovery rates (between 92.4 and 96.5 %) were obtained for glyphosate in the
formulation, Glyfos Daker, at the same concentrations, however the nature (environmental water
sample or tap water) of the water samples used was not described in the study. The recovery
values reported by Da Silva et al. (2011) for the glyphosate chemical sensor in river water
samples was between 93.2 and 102.6 % for pure glyphosate (75-300 pg/ml) and between 91.3
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and 102.9 % (75-300 ug/ml) for glyphosate in three different glyphosate commercial
formulations. Based on the results of our study and the recovery rates reported after pre-
treatment/pre-concentration strategies in literature, we can deduce that the pre-treatment/pre-
concentration of water samples prior to glyphosate determination would significantly improve

the recoveries observed.

6.5.6 The specificity and selectivity of the cd-PVA sensor system

The cross-reactivity of the cd-PVA sensor to AMPA and glycine, (the structural analogous to
glyphosate) was investigated. The results shown in Figure 6.10B indicate that glycine and
AMPA only produced 16 % of the sensor response observed for pure glyphosate and naked eye
observations demonstrated no clear color alteration upon the application of the two compounds
to the sensor strips (Figure 6.10A). The results observed are similar to the reported findings
shown for the scale-method (refer to Chapter 4, Figure 4.6); however a slightly greater response
was displayed by the cd-PVA sensor system. This could be attributed to the overall increased
sensitivity of the cd-PVA sensor. Overall this result suggests that the cd-PVA sensor system
demonstrates a high specificity for glyphosate. Similar to the scale-down method (refer to
Chapter 4, section 4.5.2), the results observed may likely be explained by the poor reactivity of
carbon disulfide with glycine and AMPA (primary amines) for the formation of the
dithiocarbamate intermediate, in comparison to the reactivity of carbon disulfide with glyphosate
(secondary amine).

The selectivity (via interference studies) of the cd-PVA sensor system was evaluated to
determine the susceptibility of the sensor to compounds commonly found in environmental
waters. Results in Figures 6.11 and 6.12 strongly suggest that different compounds and ions

exhibited varied interfering effects on the cd-PVA sensor system.

The ability of glyphosate and dithiocarbamates to bind strongly and selectively to metals has
been well established (Fuentes-Martinez et al., 2009, Jian et al., 1999, Zhou et al., 2013). The
selectivity of the cd-PVA sensor system (Figure 6.11) indicated interfering effects from all the
metal ions tested with the exception of Zn™ ions (alkali metal) for pure glyphosate. Glyphosate/
glyphosate dithiocarbamate demonstrated high selectivity for the alkaline earth metals at the
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concentrations tested in this study (Ca®* and Mg?"), as significant interfering effects were more
pronounced in reactions containing these two metal ions, with Ca®* exhibiting the greatest
interference overall (Figure 6.11F). The glyphosate dithiocarbamate ligand also showed an
affinity for complex formation with the transition metals (Fe**, Mn* and Zn?"). The results of this
study are not surprising as the metal chelating properties of glyphosate and dithiocarbamates
have been regularly exploited in literature for the determination of varying trace metals (Badr et
al., 1995; Batterham et al., 1997; Ramesh et al., 2002; Wai, 1995, Zhou et al., 2013). Interfering
effects were observed in the presence the compounds EDTA and citric acid for glyphosate in the
formulations Ro and Wo, as well as the counterions, SO,> (for pure glyphosate and Wo) and CI°
(for glyphosate in the formulations Ro and Wo) (Figure 6.12) and, interestingly, the overall
effect observed indicated significant (P< 0.05, P< 0.01) increases and decreases in the detection
signal with the addition of these compounds and ions at varying concentrations.

Reports in literature present contrasting results, which strongly suggest that interfering effects
are dependent of several factors, including the type of detection system used, the concentration
of the analyte being detected and the interfering compounds of interest. Studies by Steenkamp
and Coetzee (1993), investigating the determination of toxic heavy metals (e.g. nickel, cobalt,
cadmium and lead) by reversed-phase high performance liquid chromatography using the
chelating ligand, sodium diethyldithiocarbamate, showed that sulfate (10 mg/ml), chloride (10
mg/ml) and phosphate (5 mg/ml) anions inhibited metal complex formation. However, nitrate ion
concentrations as high as 100 mg/ml caused no significant effects. Earlier findings by Bond and
Wallace (1981) indicated no interfering effects from sulfate, chloride anions at excess
concentrations (10 fold the concentration of added copper) on copper determination based on
metal-dithiocarbamate complex formation and reversed-phase liquid chromatography coupled to
electrochemical detection. The various effects of different anions and cations on the
determination of lead and cadmium using pulse polarography, after the adsorption of the metal
ions to morpholine-4-dithiocarbamte-CTMAB-napthalene or microcrystalline naphthalene
absorbents, were investigated by Dubey and Puri (1994). The results of their study showed no
interference effects from ions and compounds such as citrate, sulfate, zinc and manganese,
however ferrous (I11) ions and EDTA caused significant interference/s evidenced by the severe

reduction in the detection of lead and cadmium.
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EDTA and citric acid are known to form complexes with copper (Kimura et al., 2007; Liu and
Lin, 2013; Pitluck et al., 1987; Van Kley and Clayrell, 1973). Van Staden and Botha (1999)
evaluated the use of EDTA and citrate as masking agents for interfering ferrous ions in the
spectrophotometric determination of copper (complexed to diethyldithiocarbamate). The results
of the Van Staden and Botha (1999) study indicated that increasing concentrations of EDTA
enhanced the complexation of copper to the dithiocarbamate and demonstrated no significant
effects on the sensitivity of this system. However, increasing concentrations of citrate
demonstrated an increase in sensitivity and percentage interference in the presence and absence
of ferrous ions, which was characterized by increases in peak heights. Therefore, this study
proposed that the observed effects were due to the ability of citrate to form complexes with
copper and ferrous ions and contributed to the signal detected. This theory is likely to explain the

increased interference signals observed in the present study.

The differential selectivity of the glyphosate/glyphosate dithiocarbamate for the various
interfering metal ions, anions in its pure glyphosate form, and within formulation, suggests that
adjuvants present in formulation were a contributing factor. Overall, the results indicate that the
interference observed was dependent of the concentration of the interfering ion, together with the

form in which glyphosate was detected.

The data observed in this study confirms the high susceptibility of the cd-PVA sensor system to
compounds and ions commonly found in environmental water systems and would explain the
poor recoveries observed in environmental water systems, in particular the recoveries observed
for the Swartkops Estuary samples. It can be concluded that pre-treatment/pre-concentration
methods would be a requirement for improvement of the applicability of the cd-PVA sensor
system for the detection of glyphosate in environmental water systems. Studies by Da Silva et al.
(2011), based on the colorimetric chemical sensor for the detection of glyphosate support, some
of the findings of the current study, with regards to the interference from metal ions, more
specifically copper and ferrous ions on the detection of glyphosate. This study successfully
employed the use of a clean-up solid-phase extraction procedure of environmental water
samples. Future studies could investigate the use of this procedure towards improving the

applicability of the cd-PVA sensor system.
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6.6 Conclusions

Although the cd-PVA sensor system demonstrated an optimal color development time of
50 minutes and a color stability of up to 4 hours, reagent mobility was observed over
time, which subsequently lead to color non-uniformity. A color development time of 5
minutes proved suitable for the study and was therefore selected for future analysis.

The cd-PVA sensor showed good short-term stability (~ 2.5 weeks) under ambient
storage (23 °C) conditions, however findings strongly suggested the susceptibility of this
system to moderate to high humidity conditions, which was shown by the poor storage
stability at 4 °C.

The cd-PVA sensor system demonstrated good internal precision (RSD values below 20
%, RSR: 39.4 + 3.16), however this system was limited with regards to reproducibility
(RSD values above 20 %). This was attributed to the heterogeneous nature of the
nanofiber mats produced during electrospinning.

The calibration studies indicated practical LOD values of 0.1 pg/ml and 1.95 pg/ml for
pure glyphosate and glyphosate in the formulations Ro and Wo, respectively. Based on
the calibration curve characteristics the cd-PVA system would be suitable for semi-
qualitative/qualitative detection for glyphosate at lower concentrations and quantification
could be achieved at higher concentrations.

The cd-PVA sensor demonstrated very good specificity towards the glyphosate structural
analogs AMPA and glycine.

The cd-PVA sensor system was susceptible to matrix effects from environmental water
systems and the susceptibility of the system to interfering species commonly found in
environmental water systems was confirmed. Therefore, the pre-treatment/ pre-
concentration of environmental water samples would be a requirement when using this
assay.

Very good recoveries (between 94.9 % £ 5.8 and 112.2 + 18.6) were observed in the
pristine water sample (distilled water), which validated the capacity of the cd-PVA sensor
to successfully quantify glyphosate in the absence of matrix effects.
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CHAPTER 7- GENERAL CONCLUSIONS AND FUTURE
RECOMMENDATIONS

The current study involved the investigation of the acute toxicity effects (in vitro studies) of
glyphosate and glyphosate formulations (Ro and Wo) in humans at low to moderate dose
exposure and the development and characterization (analytical performance) of a novel

nanofiber-based colorimetric sensor (cd-PVA sensor) for glyphosate determination in water.

Glyphosate toxicity studies were undertaken to validate the need for the development of a rapid,
simple and cost-effective detection method, for glyphosate determination in water. Overall, the
main aims of the present study were important, particularly for countries such as South Africa,
where a large majority of the country’s population (primarily rural communities) remain highly
dependent on natural water systems (Nkwonta and Ochieng, 2009). The extensive use of
glyphosate based herbicides in South Africa, together with the lack of knowledge (mainly due to
financial limitations and the availability of analytical techniques) and the absence of regulatory
limits with regards to the levels of glyphosate present in environmental water systems
(Dabrowski et al., 2005; Dalvie et al., 2009; Dalvie et al., 2006; Mensah, 2013) further
highlighted the importance of this study.

Glyphosate has been classified as a category Il (relatively low acute toxicity) and E herbicide
(no evidence of reproductive toxicity and carcinogenicity) which suggests that this herbicide
displays a low toxicological potential in humans (USEPA, 1993; WHO, 2004). Although some
studies assessing the toxicological capacity of glyphosate at sub-lethal concentrations are in
support of the classification criteria recognized for glyphosate (Mladinic et al., 2009; Pienigzek
et al., 2009), the theory that glyphosate is relatively non-toxic to humans contradicts studies,
which have demonstrated the capacity of glyphosate/glyphosate based formulations to cause
several deleterious effects in human (including endocrine disruption, genotoxicity and
cytotoxicity), at environmentally relevant concentrations and concentrations likely to be

encountered by humans (refer to Table 1.4, section 1.2.4).
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Toxicological studies conducted in human white blood cells, human whole blood cells and the
HEC1A human endometrial cancer cell line, confirmed the cytotoxic potential of pure
glyphosate and glyphosate in the formulations Ro and Wo at low (environmentally relevant

exposure levels) to moderate (occupational and residential exposure levels) exposure.

The human whole blood model demonstrated greater sensitivity when compared to the human
white blood cell model and was therefore considered a more suitable model for toxicity
assessments in this study. Interestingly, the results of cytotoxicity studies in human whole blood
demonstrated two different dose-response profiles, namely monotonic (exposure to Wo) and
non-monotonic (exposure to pure glyphosate and Ro) dose response profiles. The non-monotonic
dose-response relationship observed in this study has been reported in literature primarily in
toxicological studies investigating the effects low dose exposures for various compounds
(Vandenberg et al., 2012). Although not conclusively determined, our study proposed that this
toxicological profile may be linked to overcompensations by the cell system, which is caused
due to the disruption of homeostasis (Calabrese and Baldwin, 2001). This finding provided the

scope for future work in this specific area.

Results observed in human whole blood and the HEC1A cell line also indicated the role of
adjuvants in glyphosate toxicity, made evident by the varying toxicities displayed by the two

different formulations (Ro and Wo).

The HECL1A cell line proved a suitable and sensitive model for this study, as the most significant
cytotoxicity results were observed in this cell line after exposure to pure glyphosate (cell
reduction) and the formulation Wo (cell proliferation), when compared to results obtained for the
MCF-7 and the MDA-MB-231 breast cancer cell lines. This finding strongly suggests that the
toxicity displayed by glyphosate varies depending on cell type and, to the best of our knowledge,
no reports have demonstrated the toxic effects of glyphosate in the HEC1A cancer cell line.

Some authors have reported on the endocrine disruptive capacity of glyphosate (Gasnier et al.,
2009; Kojima et al., 2004), however results from genotoxic studies indicated the carcinogenetic
potential of pure glyphosate and the glyphosate based formulations Ro and Wo in both the ER-
positive HEC1A cancer cell line and the ER-negative MDA-MB-231 cancer cell. This
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highlighted the possibility that glyphosate and its formulations may cause cell damage through

estrogenic and non-estrogenic mechanisms.

Pro-inflammatory studies revealed preliminary evidence suggesting that pure glyphosate and
glyphosate formulations (Ro and Wo) demonstrated the capacity to elicit an acute inflammatory
response in human whole blood cells, however this result should be considered tentative as
future work would be required before immunomodulation is considered a mechanism of toxicity

for glyphosate.

Overall our data supports the theory that glyphosate and glyphosate based herbicides display
acute toxic effects in humans at low to moderate dose exposure and subsequently validated the
development of the nanofiber-based cd-PVA sensor for glyphosate detection in water. The scope
of this study primarily investigated the acute toxic effects of low concentrations of glyphosate
within the range permitted by regulatory authorities specifically for the validation of the cd-PVA
sensor system. Environmental monitoring studies have however demonstrated the presence of
glyphosate residues in surface and ground waters (Chapter 1, Table 1.3) at levels lower than the
test concentrations assessed in the present study. Future toxicity studies should include
assessments at glyphosate concentration levels observed in environmental water systems (The
average concentration of glyphosate found in surface and ground waters in South Africa is still
largely unknown) to provide greater insight on the toxic effects of this herbicide and its

formulations under more representative conditions.

Several detection methods have been developed for the determination of glyphosate in water
(refer to Chapter 1, section 1.2.6). Although these methods demonstrate high sensitivity and are
able to detect glyphosate a very low concentrations, these methods are often limited by cost, time
and the use of complicated instruments that require skilled technicians. The potential impact of
glyphosate on human health, together with the extremely limited monitoring of glyphosate
concentrations in South African environmental waters, has highlighted the need for the

development of a cost-effective, rapid and reliable detection method for glyphosate.

Our study demonstrated the development of a novel first generation nanofiber-based colorimetric
sensor (cd-PVA sensor) for the detection of glyphosate and glyphosate in formulation in water.

To the best of our knowledge, only one chemical sensor (filter paper-based sensor) has been
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reported for glyphosate (Da Silva et al., 2011) to date and there have been no reports for
nanofiber-based chemical sensors for glyphosate. The detection method selected for the current
study was based on the principle reaction reported by Jan et al. (2009), which involved the
reaction of glyphosate with carbon disulfide for the formation of a glyphosate dithiocarbamate
intermediate, followed by a reaction with copper (in the form of copper nitrate) for the formation
of a yellow colored complex, which could be detected spectrophotometrically at 435 nm. The
principle assay reported by Jan et al. (2009) required the use of large sample volumes, therefore
towards improving the applicability of this assay for sensor development, this study
demonstrated the successful scale-down of the principal assay method to a total assay volume of
1 ml. The scale-down method was successfully applied to the detection of pure glyphosate and
glyphosate in formulation (Ro and Wo). Analytical performance parameters, including
specificity and sensitivity, were determined for the purposes of comparative analysis with the cd-
PVA sensor system. The scale-down method was optimized with respect to reagent
concentration, pH and reaction time, which would serve as the foundation in proof of concept

experiments for cd-PVA sensor system.

The scale-down method was subsequently followed by the successful production of collectable,
bead-free cd-PVA nanofibers mats, using the electrospinning process. SEM analysis of the
nanofiber mats indicated a heterogeneous nanofiber mat structure, therefore future studies were
conducted using one mat per experiment to reduce experimental variation. The resultant cd-PVA
nanofiber mats were cut into 10 mm x 10 mm squares and served as colorimetric chemical

sensors for glyphosate detection in water.

The proof of concept study involved the application of a small volume (30 pl sample volume,
which sufficiently covered the entire sensing area) of a glyphosate dithiocarbamate intermediate
sample (1000 pg/ml) onto the cd-PVA nanofiber sensor strips, which resulted in an immediate
(approximately 3 seconds) color change from blue to yellow in the presence of glyphosate. The
proof of concept for the cd-PVA system was validated and the cd-PVA sensor system developed
in this study successfully detected glyphosate at a volume 4-fold lower than was required for the
scale-down method. The cd-PVA sensor system was optimized with respect to pH (pH 12) and
carbon disulfide concentration (6 %). During the proof of concept study the cd-PVA sensor

system was characterized by its simplicity (simple assay method and quantification procedure)
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and a rapid/immediate sensor response (naked eye detection) in the presence of glyphosate,

which would provide an advantage over previous glyphosate detection methods.

Following the development of the cd-PVA sensor system for glyphosate detection, the final
objective of the current study was to investigate various analytical parameters (i.e. color
development and stability, storage stability, cd-PVA system precision, cd-PVA system
reproducibility, sensitivity, selectivity and specificity), to determine the practical applicability of

the cd-PVA sensor system.

The cd-PVA sensor system was characterized by the ability to detect glyphosate in formulation
(Ro and Wo), good specificity with regards to the glyphosate structural analogs (AMPA and
glycine) (16 % sensor response), a satisfactory system precision (RSD values below 20 %) and
good short-term storage stability (~ 2.5 weeks) under ambient storage conditions. The cd-PVA
sensor system also demonstrated good sensitivity, more specifically in the detection of pure
glyphosate (practical LOD value of 0.1 pg/ml). The detection limit for pure glyphosate was
comparable and within the range of the detection limits reported for spectrophotometric
glyphosate detection methods (Jan et al., 2009; Sharma et al., 2012; Waiman et al., 2012). More
importantly, based on the MRL guidelines set by the USEPA (0.7 pg/ml) and WHO (0.9 pg/ml)
for glyphosate in drinking water and the proposed short term standards (0.25 pg/ml) proposed by
Mensah et al. (2013) for the glyphosate formulation, Roundup® in South African environmental
waters, the cd-PVA sensor system demonstrated satisfactory sensitivity for the detection of pure
glyphosate. Although the cd-PVA sensor showed poorer sensitivity with respect to the detection
of glyphosate in Ro and Wo (when compared to water guidelines), which may limit applicability,
the practical LOD values (1.95 pg/ml) obtained for glyphosate (in both formulations) overall
demonstrated greater sensitivity when compared to the reported chemical sensor for glyphosate
(reported LOD, 7.28 pg/ml) (Da Silva et al., 2011). Some studies (Chapter 1, Table 1.3) have
indicated the presence of glyphosate residues, in environmental water systems at lower levels
than the LOD reported for the cd-PVA sensor. Future studies should involve enhancing the
sensitivity of the cd-PVA sensor system, to improve its applicability over a wider range of

glyphosate concentrations.

Although recovery and interference studies confirmed the susceptibility of the cd-PVA sensor

system to compounds and ions commonly found in environmental water systems, good
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recoveries were observed in distilled water samples representative of pristine waters, which
validated the ability of the cd-PVA sensor to quantify glyphosate and glyphosate in formulation
(Ro and WOo) in water, in the absence of interfering matrix effects. Based on these findings it was
concluded that pre-treatment/pre-concentration, strategies such as solid-phase extraction, would

be a requirement when using this assay in future studies.

The cd-PVA sensor demonstrated various advantageous characteristics; however this sensor also
presented some limitations with regards to its practical applicability. These included color non-
uniformity across the sensor area over time (attributed to the mobility of matrix components
within the nanofiber network), poor system reproducibility (attributed to the heterogeneous
nanofiber mat structure) and a limited long-term stability (attributed to the low mechanical
integrity of PVA and potential susceptibility of the system to high humidity conditions). The
limitations encountered in the cd-PVA sensor system appear to be directly linked to nanofiber
structural design, which suggests that this would be a key factor to investigate for future studies.
Focus should be placed on further optimization of processes which would control the structural
composition and integrity of the cd-PVA nanofibers, ultimately with the aim to enhance the

analytical performance of the system and subsequently improve its practical applicability.

Several methods have been proposed throughout the current study as possible future strategies
for improving the analytical performance of the cd-PVA sensor (refer to Chapter 6) examples

include:

1. Further optimization of the electrospinning process under environmentally controlled
conditions, for the production of homogenous nanofiber mats, with smaller nanofiber
diameters and pore sizes, which would improve the reproducibility and structural integrity

(improve long-term storage and reduce reagent migration) of the sensor system.

2. The use of cross-linking methods/blending methods/the incorporation of structural
reinforcing compounds such as hydrotalcite for the improvement PVA nanofiber structural
integrity (improve long-term storage) and the potential for the reduction in reagent migration
due to stabilization effects (Kubo and Kadla, 2003; Scothford et al., 1998; Zhou et al.,
2011a).
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3. The incorporation of cellulose nanocrystals into the PVA nanofiber matrix, to improve the
rigidity and resistance of the cd-PVA sensor system to humidity effects (improve long-term
stability) (Ago et al., 2012).

4. The optimization of the surface chemistry of the cd-PVA sensor system, by converting the 1-
D nanostructure of PVA nanofibers to a 3-D nanostructure using the electrospinning/netting
method, which would potentially significantly improve the sensitivity of the cd-PVA sensor
system, particularly for the detection of glyphosate in formulation (Wang et al., 2013).

5. In the current study, the derivatization of glyphosate was based on the principle reaction
reported by Jan et al. (2009) and therefore involved the use of carbon disulfide. When using
this assay careful handling and the appropriate disposal of this chemical would be required.
Future studies could explore the use green chemistry protocols for the derivatization of
glyphosate.

Although the cd-PVA sensor system would require further work to improve its practical
applicability, the knowledge gained from this current study has provided the foundation for
future developments in nanofiber-based colorimetric chemical sensors for the detection of
glyphosate.
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Appendix I: Reagent List

Table I.1: Reagents list and chemical suppliers

Reagent

Chemical supplier (catalog number)

3-(4,5-Dimethythiazol-2-Y1)-2,5-diphenyltetrazolium bromide (MTT)

Aminomethylphosphonic acid (AMPA)

Ammonia solution (32 %)

Ammonium chloride

Boric acid

Calcium chloride

Camptothecin

Carbon disulfide

Chloroform

Citric acid

Copper (I1) nitrate hydrate

Copper (1) sulfate

Dimethyl sulphoxide (DMSO)

Dulbecco’s Modified Eagle’s Medium (DMEM,+ 4.5 g/L glucose, + L-

glutamine, containing phenol red)

ELISA kit (IL-1p)

Duchefa Biochemie
(298-93-1)

Sigma-Aldrich
(657611-59)

Merck
(1122040 LC)

Associated Chemical Enterprises
(12125-02-9)

Merck
(1.100165.0500)

Merck
(1524900 EM)

Cell biolabs, Inc

Sigma-Aldrich
(335266-1L)

Merck
(1.02447.0500)

Merck
(1.00244.0500)

Sigma-Aldrich
(13778-31-9)

Sigma-Aldrich
(C3036-250G)

Merck
(SAAR1865000LP)

Lonza
(BE12-604F)

eBioscience
(88-7010-22)
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ELISA kit (IL-6)

ELISA kit (TNF-0)

Ethylenediamine tetracetic acid disodium salt (EDTA)

Ferrous sulfate

Fetal bovine serum (FBS)

Glycine

Glyphosate (purity: 99.5 %)

Lipopolysaccharide (LPS, from Escherichia coli 0111)

Magnesium chloride

Manganese (I1) sulfate

OxiSelect™ Comet Assay Kit

Penicillin-streptomycin

Poly (vinyl) alcohol (99 % hydrolyzed, M,,: 146,000-186,000)

Pottasium chloride

Pottasium hydrogen carbonate

Rosewell Park Memorial Institute Medium (RPMI, (+ 25mM HEPES,

+L-glutamine) 1640

Roundup® (Efekto, 360 g/L glyphosate potassium salt)

eBioscience
(88-7066-22)

eBioscience
(88-7346-22)

Merck
(223-60-20EM)

Merck
(234-60-00EM)

Thermoscientific
(SV30143.02)

Merck
(SAAR2676600EM)

Sigma-Aldrich
(4221)

Sigma-Aldrich
(L4391)

Sigma-Aldrich
(M8266)

Sigma-Aldrich
(M7634)

Cell biolabs, Inc
(STA-351)

Gibco Invitrogen Corporation

(15140-122)

Sigma-Aldrich
(363065)

Merck
(504-20-20EM)

Merck
(4854-0500)

Thermoscientific
(SH30255.01)

Local store (Eastern Cape, South Africa)

252



Appendices

Sodium chloride Merck
(1.06404.0500)
Sodium hydroxide Sigma-Aldrich
(221465)
Sodium sulfate Merck
(5825200EM)
Tris(hydroxymethyl) aminomethane Merck
(1.08382.1000)
Triton® X-100 Merck
(1.08603.1000)
Tryphan blue Sigma-Aldrich
(T8154)
Trypsin (10 %) Thermoscientific
(SV30037.01)
Wipeout® (Kombat, 500 g/L glyphosate potassium salt) Local store (Eastern Cape, South Africa)
Zinc sulfate Merck
(758.2860EM)
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Appendix Il: Standard curves for the determination of TNF-a, IL-1p, IL-6 in human whole

blood and isolated white blood cells.

ELISA standard curves for TNF-a (4-500 pg/ml), IL-1B (4-500 pg/ml) and IL-6 (2-200 pg/ml)
were generated using commercial ELISA kits, according to manufacturer’s instructions
(eBioscience). Absorbance values were determined spectrophotometrically at 450 nm (reference
wavelength: 570 nm) using a Biotek Powerwave XS microplate reader. Standard curves
constructed for the human whole blood and human white blood cell model are shown in Figures

[1.1 and I1.11, respectively.
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Figure I1.1: ELISA standard curves (whole blood). A: TNF-a B: IL-1p C: IL-6.
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Figure 11.11: ELISA standard curves (white blood cells). A: TNF-a B: IL-1p C: IL-6.
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Appendix I11: Comet assay % TDNA results and the correlation study between TL (um)
and OTM

The % TDNA shown in Figure Il1.1 was obtained using Image J (Comet assay plugin) analysis
and demonstrates DNA damage in the HEC1A, MCF-7 and MDA-MB-231 cancer cell lines
following a 4 hour exposure period to pure glyphosate (500 and 1000 pg/ml) and glyphosate in
the formulation Ro and Wo (500 and 800 pg/ml). Camptothecin (35 pg/ml) was used as a positive
control in this study.

The correlation studies comparing the data obtained using the TL and OTM measurements
(mean values as percentages against the untreated control) are shown in Figure I11.11.
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Figure I11.1: DNA damage in HEC1A, MCF-7 and MDA cell lines assessed by tailDNA (%). Cells were
exposed at 37 °C over a 4 hour period to different concentrations (untreated, test concentration and
reference concentration) of A: pure glyphosate B: Ro and C: Wo. Camptothecin (35 pg/ml) was used as a
positive control in this study. Values are presented as mean values £ SEM (n=50). ANOVA single factor
analysis was used to determine significant differences from the untreated control "P < 0.05, P < 0.01.
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Figure I11.11: Correlation curves comparing tail length (TL) and Olive tail moment (OTM) measurements
described as percentages (obtained from mean values) against the untreated control at different glyphosate
doses (0, 500, 800 or 1000 pg/ml). The results of the positive control (Camptothecin, 35 ug/ml) were
included in this study are indicated by the last data point on each curve. Untreated control= 100%. A:

Pure glyphosate B: Ro C: Wo.
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Appendix 1V: Estimated fiber diameters calculated for pure PVA and copper-doped PVA
nanofibers based on the frequency table.

Table V.1 and Table IV.11 show the frequency table and mean fiber diameters for pure PVA and
copper-doped PVA.

Table I1V.1: Frequency table for pure PVA nanofibers and the calculated mean fiber diameter (um)

Class interval Frequency (F) Midpoint value (M;) (F(M))
0.1-0.2 13 0.15 1.95
0.2-0.3 30 0.25 7.5
0.3-0.4 5 0.35 1.75
0.6-0.7 8 0.65 5.2
0.7-0.8 3 0.75 2.25
0.8-0.9 3 0.85 2.55
0.9-1 2 0.95 1.9
1-1.1 1 1.05 1.05
1.1-1.2 2 1.15 2.3
1.2-1.3 3 1.25 3.75
2 70 30.2
Mean fiber diameter (um): 0.43+£0.22

(F)(M)/(Fy)

Table 1V.11: Frequency table for copper-doped PVA nanofibers and the calculated mean fiber diameter
(nm)

Class interval Frequency (F) Midpoint value (M;) (F)(M)
0.1-0.2 6 0.15 0.9
0.2-0.3 25 0.25 6.25
0.3-0.4 10 0.35 35
0.4-0.5 11 0.45 4.95
0.5-0.6 8 0.55 4.4
0.6-0.7 8 0.65 5.2
0.9-1 2 0.95 1.9
> 70 27.1
Mean fiber diameter (um): 0.39+£0.09

(F)(My)/(Fy)
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