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SUMMARY 

Engineered nanoparticles (ENP) are being used in many commercial products and 

applications, such as biological imaging, toothpaste and electronics. As the production, use 

and disposal of these products increase, environmental releases are inevitable. The 

environmental toxicity and mechanisms of toxicity of these particles are mostly unclear. 

Studies regarding these factors of ENP are necessary for sustainable growth of safety by 

design nanotechnology development while also protecting the environment.  

The aim of this project was to compare the toxicological effects of CdTe quantum dots 

(QDs), nanodiamonds (NDs) and nano gold (nAu) using the soil nematode Caenorhabditis 

elegans (C. elegans) and to relate the effects to the uptake and distribution of these particles 

in the organism. Physicochemical behaviour, uptake and toxicity (growth, fertility and 

reproduction) in the nematode C. elegans was assessed for QDs and ND with three different 

charged functional groups (COOH, PEG, NH3), as well as for citrate capped nAu. The wild-

type (N2) C. elegans strain was used for this study and exposures were carried out in M9-

media over a period of 96 h with Escherichia coli (E. coli) OP50 as food source. 

Internalization was only assessed for quantum dot groups since they were the only groups to 

display some form of response. Internalization was observed using CytoViva®, which 

revealed QDs within the intestine, gonads and vulva of the nematodes. Scanning electron 

microscopy did not successfully show internalization of particles within the cells and 

suggests that transmission electron microscopy would be better suited to visualize particles 

to assess cytotoxicity.  

After 96 h exposures, growth inhibition was observed from bulk metal (Cd and Te) ionic salt 

exposures at low mg/L levels and QD-NH3 functionalized particles at higher levels of 

exposure. These results indicate that ionic salts are more toxic than their nano equivalents. It 

also indicates that the positive charged functional groups (NH3) particles are more toxic than 

the neutral and negative charged functionalized QDs when assessing growth. Fertility was 

not significantly affected by exposures and reproduction results indicated that QDs are 

significantly more toxic to C. elegans than NDs and nAu. Reproduction results also indicated 

that the PEG functionalized group had a greater inhibitory effect on reproduction than the 

other particles. There was a concentration dependent toxicity for all nanoparticles assessed. 

Aims and objectives of this project was met, and all three hypotheses where accepted. 

Quantum dots were internalized by C. elegans. Metal particles were more toxic than 

carbonaceous ENPs and charged particles did induce more toxicity in C. elegans. These 

results suggest that there are possibly different modes of uptake and mechanisms of toxicity 

between differently charged particles and different types of nanoparticles. Thus, 
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composition, particle coatings and sizes affect nanomaterial toxicity, these should be 

considered and integrated into nanomaterial production. 

Keywords: 

Caenorhabditis elegans, Nanoecotoxicology, Quantum dots, Cadmium, Tellurium, Diamond, 

Gold, Exposure, Pore water. 
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1 CHAPTER 1: STUDY RATIONALE  

1.1 Nanotechnology and nanoparticles 

Nanotechnology is a relatively new but growing field of technology and advancements in it 

have resulted in materials that can be used in many research fields and commercial 

products (Rio-Echevarria & Rickerby, 2015). It is defined as the manipulation of matter at the 

nanoscale to produce new materials that have novel properties and functions (Mansoori & 

Soelaiman, 2005). The nanoscale is measured in nanometers (nm) and the EU defined the 

term ‘nanoscale’ as size range from approximately 1 nm to 100 nm (EU-Commission, 2011). 

They also state that the International Organisation for Standardisation (ISO) defines the term 

“nanomaterial” (NM) as a “material with any external dimensions in the nanoscale or having 

internal structure or surface structure in the nanoscale”. Most definitions involve controlling 

and understanding of occurrences and materials below 100 nm (Tretter, 2006), however 

aggregates can be formed above this size.  

Nanotechnology is also commonly referred to as a “refining technology”, i.e. it enables the 

improvement of existing technologies. Nanofabrication is a large part of nanotechnology and 

involves the manufacturing of materials at a nanoscale. These materials are referred to as 

engineered nanoparticles (ENP). This means that ENPs are chemicals and substances 

manufactured on the same microscopic nanoscale (Nasional Nanoscience Initiative, 2017).  

Once the material that incorporates ENPs starts becoming commercially produced, particles 

can be released in to the environment during the production of the material or in succeeding 

activities like the packaging of the product, transport and storage of the product (Buzea et 

al., 2007; Viswanath & Kim, 2016). Engineered nanoparticles can be released into the 

environment as waste or industrial pollution. They can also be released directly into soil, air 

or water systems or they can be released on purpose when used in remediation (Tratnyek, 

2008).  

Once these ENPs are released in to the environment (the method of release determined by 

the product itself) they can agglomerate, link with suspended solids or sediment, or they 

could be accumulated by organisms and enter drinking water and food sources (Boxall et al., 

2007). However, the fate of ENPs depends on their characteristics and the characteristics of 

the environmental system they are released into (Brant et al., 2007). These fate-determining 

characteristics include, among others, surface charge, functional groups, size and whether it 

is a metal or an organic particle (Boxall et al., 2007). This means that almost every 

nanomaterial can react differently in the environment and have different outcomes, such as 

agglomeration of ENPs into larger clusters and integration of ENPs into other aggregated 

http://www.sciencedirect.com/science/article/pii/S0160412016300575#bbb0045
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materials (Matranga & Corsi, 2012). This could also increase the bioavailability and toxicity 

of these materials to algae, phytoplankton, filter feeders and benthic organisms. As the 

utilization of these new materials increases, human and wildlife exposure to ENPs is also 

expected to increase. 

Nanotechnology risk assessment research reveals the potential impacts of nanoparticles 

(NPs) on human health and the environment (Nanoionics, 2016). This knowledge is 

essential to help balance the technology’s benefits and potential unintended consequences. 

The intention is not to impair technological growth, but rather promote sustainable growth, as 

these technologies can also benefit the environment (e.g. water treatment technologies) 

(Viswanath & Kim, 2016). 

It is estimated that by 2020 the total amount of industrial NPs is expected to increase from 

1000 to 58000 tons (Maynard, 2006). This makes the release of NPs during production a 

major concern. However, with the help of on-going research, environmental regulations 

should eventually limit the amount of ENP waste that enters the environment through 

discarding or accidental release.  

Boxall et al., (2007) reports many different ecotoxicological effects of ENP on microbes, 

plants, invertebrates and fish have been found. Even though ecotoxicological effects have 

been reported for a number of aquatic and soil organisms, a considerable amount remains 

unknown. Over the last 5 years there has also been an effort to invest more funding in 

researching the human and environmental effects of nanotechnology. Scientific data are 

scarce and further research is needed, specifically towards ENP characterization and the 

detection of these particles in different media, as well as their toxicology, ecotoxicology, 

exposure, persistence, mobility and biological and environmental fate (Rio-Echevarria & 

Rickerby, 2015). 

1.2 Pore water 

Sediment pore water is also referred to as interstitial water. This is the water between 

sediment particles. Sediment is a complex matrix, an important part of aquatic ecosystems 

and can affect water quality in many ways. It plays an essential role as habitat or spawning 

grounds for many species. It also supports primary production, and animals feeding on 

organic matter are found in sediments. These animals include nematodes, mayflies, 

crustaceans, clams and snails (Kalinowski & Zaleska-Radziwll, 2011). Sediment adsorbs 

several persistent pollutants giving it the potential to induce bio-accumulation and 

biomagification within an ecosystem. This means it acts as a long-term source of pollution 

for surface waters.  
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1.3 Caenorhabditis elegans 

The nematode Caenorhabditis elegans (C. elegans) is used as a model organism for pore 

water habitats, in a range of laboratory exposures. Nematodes are very diverse and the 

most abundant invertebrates in freshwater sediments (Majdi & Traunspurger, 2015). 

Caenorhabditis elegans feeds on bacteria (Rhabditid) and is found in nutrient-rich freshwater 

sediments, mainly in pore water of soils and sediments (Roh et al., 2010). This species has 

shown to be an appropriate test organism for both aqueous medium and solid substrates, 

using several toxicity parameters, such as mortality, growth, reproduction, and behaviour 

(Höss et al., 2009). Using these nematodes as bioindicators and ecotoxicological model 

species can give information regarding contamination and biodiversity loss in sediments and 

soil. Rhabditid nematodes are generally thought to be relatively insensitive to toxicants, as 

they are in such close contact with microbes and their potentially toxic discharge (Boyd & 

Williams, 2003). Caenorhabditis elegans is generally regarded as moderately sensitive 

(Boyd & Williams, 2003). The collembolan Folsomia candida is regarded as the most 

sensitive soil invertebrate, followed by the oligochaetes, Eisenia fetida and Enchytraeus 

albidus (Hodda et al., 2009).  

Caenorhabditis elegans has numerous features that make it ideal as a model bioindicator 

organism. Firstly, C. elegans is easy and low-cost to maintain in a laboratory. Secondly, its 

short life cycle (∼ 3 days) and large brood size allows many individuals to be produced 

relatively quickly. Caenorhabditis elegans also has a small body size (between 0.5 mm and 

1 mm), making it possible for in vivo assays to be conducted in 96-well microplates. 

1.4 Aims and Objectives 

Sediment pore water acts as a sink for contaminants in aquatic ecosystems and was 

therefore chosen as test substrate and the sediment dwelling nematode, C. elegans as the 

model organism. Three groups of ENPs, i.e. Cadmium Tellurium quantum dots (QDs), 

nanodiamonds (NDs) and nano gold (nAu) were selected for this study. Three different 

functionalized forms of QDs and NDs were used, i.e. carboxyl (COOH), ammonia (NH3) and 

polyethylene glycol (PEG). The hypotheses of this project were: 

• Quantum dots will be internalized by C. elegans. 

• Metal NPs will be more toxic than carbonaceous ENPs. 

• Charged particles will induce more toxicity in C. elegans. 
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Subsequently the aim of this study was to compare the toxicological effects of QDs, NDs and 

nAu using the soil nematode C. elegans and to relate the effects to the uptake and 

distribution of these materials in the organism. The specific objectives of this study were to: 

1. Assess the influence of QDs, NDs and nAu on the growth, reproduction and fertility of 

C. elegans. 

2. Compare the influence of functional groups on the toxicity of QDs and NDs to C. 

elegans. 

3. Compare the effects of bulk chemicals (i.e. Cd, Te and Chloroauric acid) to their 

nano equivalents (QDs and nAu) on the growth, reproduction and fertility of C. elegans. 

4. Relate the uptake and distribution of QDs to sublethal effects on C. elegans.  
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2 CHAPTER 2: LITERATURE REVIEW 

2.1 Nanoparticles 

Products that contain ENPs with unique properties drive the increasing advances in 

nanotechnology due to their rapid commercialization. This is evident when considering the 

vast amount of publications on nanotechnology (Maghrebi et al., 2011). In comparison, there 

are not nearly as many publications on nanoparticle ecotoxicity (Buzea et al., 2007). 

Commitment to nanotoxicity research is essential, because without this commitment a 

currently used or future available nanoparticle product, with delayed or bioaccumulated 

toxicity could cause substantial human distress or environmental damage. Nanotechnology 

has not yet proved to be a major risk to public health, but it is a possibility that can and 

should be prevented. To ensure that a new material is developed responsibly, it is essential 

that production, development and disposal of these materials are addressed with regards to 

the risks to health and the environment (Ray et al., 2009). 

As previously mentioned toxicity of ENPs depends on chemical composition, shape, size 

and particle ageing. Some NPs, such as nAu particles, seem to be non-toxic (Connor et al., 

2005). Others can be produced to be non-toxic and others can have beneficial health effects, 

such as the antibacterial properties of silver NPs and nAu used for biological imaging (Bosi 

et al., 2003; Gwinn & Vallyathan, 2006). Taking this in to consideration, it is evident that in 

order to obtain accurate toxicity information for policy and regulatory processes, the 

toxicology, morphology and particle ageing of each particle should be taken in to 

consideration (Buzea et al., 2007). 

Nanoparticles can be nanoscale in one dimension (e.g. surface films), two dimensions (eg. 

strands or fibres), or three dimensions (e.g. particles) (Figure 1). They can exist in four 

different forms with three different shapes.  The forms are aggregated, single, agglomerated 

or fused. The shapes are tubular, spherical, or irregular (Alagarasi, 2009). Common types of 

NPs include fullerenes, nanotubes, quantum dots and dendrimers. According to Siegel (cited 

by Alagarasi, 2009), nanostructured materials are classified as zero dimensional, one 

dimensional, two dimensional and three-dimensional nanostructures. There are four 

recognised classes of NPs (Klaine et al., 2008): 

1) Carbonanotubes and related materials 

2) Metal containing materials, including metal oxides 

3) Semiconductor nanocrystals (quantum dots) 

4) Zero-valent metals. 
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Figure 1 : (a) 0D spheres and clusters, (b) 1D nanofibers and wires, (c) 2D films, plates, and networks, (d) 

3D nanoparticles (Alagarasi, 2009) 

It is important to recognise that NPs are abundant in nature as well. They are produced by 

natural processes like volcanic eruptions, erosion, forest fires and by plants and animals, for 

example when animals shed skin and hair (Buzea et al., 2007). However, humans have 

created NPs for many years e.g. the by-products of burning reactions and cooking food. 

More recently they are created by chemical manufacturing, welding, combustion in engines 

and from coal and fuel for power generation (Donaldson et al., 2005). Engineered 

nanoparticles are used in tires, cosmetics, stain-resistant clothing, toothpaste and 

sunscreens, among others. The amount of ENPs produced, range between a few tons per 

year (car tyres) to a few micrograms per year (fluorescent quantum dots) (Buzea et al., 

2007).  

Engineered nanoparticles have been used by the cosmetics industry for numerous reasons 

(Raj et al., 2012). Silver NPs are used for their antibacterial properties in many different 

applications, such as socks, pillows, face masks, wet wipes, soap and shampoo. Fabrics are 

also modified by coatings of NPs to create stain and wrinkle free properties (Lines, 2008). 

Novel technologies have also been developed to desalinate water. These technologies are 

among the most promising developments in nanotechnology. Nanosorbents, nanocatalysts 

and bioactive ENPs are used to enhance water quality (Ghasemzadeh et al., 2014). 

However, most of the health effects of the entire scope of ENPs that are used for consumer 

products are still unknown. Nanotoxicology has revealed some materials, which were 

previously considered safe, do have adverse health effects. For example, nanosilver 

(antibacterial agent), has proven to be toxic to cells and Buzea et al. (2007) describes this 

cytotoxicity to be greater than that of asbestos. Nanoparticles become unrecognisable to the 

cell-dermis and this is why they are considered harmful. They have the ability to enter living 

organisms and translocate within them, causing excessive damage (Shang et al., 2014). 

This is due to their small size, allowing them to breach physiological barriers. Their toxicity is 

also due to their large surface areas and enhanced surface activity. If inhaled, their low mass 

causes them to be trapped inside the lungs, this means that they cannot be expelled out of 

the body (Alagarasi, 2009). 
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The toxicity of each NP is unique and depends on the unique arrangement of its atoms, as 

well as the particle surface toxicity as this area makes direct contact with cells and biological 

material (Buzea et al., 2007). According to Buzea et al. (2007) surface coatings can have 

two effects on particles. The coating can make less harmful particles more toxic or it can 

decrease the toxicity of harmful particles. Another example is that of spherical nAu particles 

that have various surface coatings. They are not toxic to human cells, whether they are 

internalized or not (Goodman et al., 2004). It is possible for quantum dots of CdSe to 

become non-toxic when a unique coating is applied (Derfus et al., 2004). Due to the vast 

variety of combinations of chemistry and shape, there are many different ENP possibilities. 

These particles can possibly have major toxicological and physical property differences.  

The cytotoxicity of certain ENP is a real cause for concern regarding risks to the 

environment. Human health threatening effects or secondary toxic effects can occur due to 

ENP being introduced in to water bodies. According to Ghasemzadeh et al. (2014) a very 

important and challenging task is to determine the toxicity thresholds for new ENP as they 

emerge.  The efficiency of currently used biomarkers needs to be asses in the study of 

environmental nanotoxicity (Ghasemzadeh et al., 2014). To achieve quantitative ecological 

risk assessment, a technique to characterize and measure nanoparticles in aquatic and 

terrestrial environments is required (Klaine et al., 2008). According to Klaine et al. (2008) 

routine concentration measurements for regulatory purposes is very far in to the future, as 

there are many problems regarding the measurement of NPs in natural matrixes that first 

have to be solved.  

Given their increased production, NPs have the potential to be released in to the 

environment and subsequently affect ecosystem health. To address this issue, it is 

necessary to first determine the fate and behaviour of ENPs in the environment (Klaine et 

al., 2008). It is important to consider the matrix (soil, sediment or water) they are released in 

to and how it could affect their toxicity. Manufactured NPs can enter the environment through 

intentional or unintentional releases. Intentional release of NPs includes when they are used 

to remediate contaminated soils. This includes iron NPs that are used to remediate 

groundwater (Klaine et al., 2008). Nanoparticles that reach land can contaminate soil, move 

to surface and ground waters, and reach biota. It is also important to remember that particles 

in solid wastes can reach aquatic systems by wind or rainwater runoff (Pérez et al., 2009) 

(Figure 2). 
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Currently, there are no peer-reviewed literature regarding concentrations of NPs in water 

and sediments, and definitely none regarding their physiochemical forms or distribution. 

Models however, have been used to estimate potential releases and loads (Klaine et al., 

2008). The most widely used NPs, such as silver (Ag) and oxides of cerium, titanium and 

zinc are expected to be present in natural waters between 1 and 10 g/L, and total ENP 

concentrations may be close to 100 g/L. Concentrations in sediments may be even higher 

(Boxall et al., 2007). Tiede et al. (2015) estimated exposure to ENPs via drinking water in the 

United Kingdom using a qualitative ranking system and simple exposure model.  This 

predicted ENP concentrations in source water in the μg/L range for a worst-case scenario 

and in the low μg/L to ng/L range for a more realistic scenario.  

Notably, human and environmental exposures to ENPs need to be estimated and 

understood, if they are released in to the environment. More specifically, for environmental 

risk assessment, either predicted or measured environmental concentrations are needed. 

Fate and exposure models are currently the only realistic estimation method for ENP 

exposure concentrations, due to the fact that quantification, characterization and analytical 

detections are very limited (Hartmann et al., 2014). Standard animal models (i.e. daphnids) 

have been used in most of the initial nanoecotoxicology work. The uncontrolled and 

unintentional ENP interactions are more relevant to environmental impacts, as these 

interactions are more likely to have negative effects on biota (Klaine et al., 2008).  

To help address these concerns, we studied the environmental transformation and toxicity of 

three representative NPs, i.e., NDs, a typical carbon NM, QD nanoparticles, one 

representative of semiconductor nanocrystals, and nAu, a metallic NM. Nanodiamonds and 

QD each contained 3 different functional groups (-NH3, -COOH & -PEG) containing various 

charges, in order to measure the level of toxicity related to particle charge. 

Figure 2 : The fate of nanomaterials in the environment (Pérez 

et al., 2009) 
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2.1.1 Quantum dots 

Quantum dots (QDs) are a class of materials that capitalize on quantum effects of matter. 

Measured changes occur in the particle’s ability to accept or provide electrical charge, when 

quantum confinement comes in to play. This is also reflected in the particle’s catalytic ability 

(Buzea et al. 2007). Quantum dots can have different reactive cores. These cores can be 

metal or semiconductors, which influence the optical property of the particles. Some 

examples of semiconductor cores are cadmium selenide (CdSe) or cadmium tellurium 

(CdTe) reactive cores (Kleine et al., 2008). Semiconductor QDs are very useful as biological 

labels because of their small size. Their emission spectrum can also be adjusted and they 

have greater photostability and longer photoluminescence decay times in comparison with 

dyes (Wuister et al., 2003). 

Inhalation of a high dose cadmium (Cd) can cause vomiting, nausea and lung irritation.  

Emphysema, liver damage and damage to the central nervous system can be caused due to 

long-term low-dosage exposure (Shah, 1998). There are a number of products that contain 

Cd, some of these are metal coatings, pigments and batteries. Cadmium is also a by-product 

of fossil-fuel burning and cigarettes (Buzea et al., 2007). Although elemental Cd is a lung 

carcinogen and has long-term harmful effects to kidneys and bone, CdTe is more stable and 

less soluble. Quantum dots containing Cd and Te are used for their high fluorescence 

efficiency and good stability (Kim et al., 2015). Functionalization with secondary coatings or 

“capping” materials such as mercaptopropionic acid and polyethylene glycol (PEG) are used 

to improve solubility and maintain QDs in a nonaggregated state (Rzigalinski & Strobl, 2009). 

This is done to enhance for medical applications. Ultimately, it is this CdTe core of the 

quantum dot that may cause harmful effects. Rzigalinski and Strobl (2009) stated that Cd 

toxicity from QD cores is likely to be a significant contribution to QD toxicity. 

In vitro studies 

Bhatia et al. (cited by Derfus et al., 2004) showed reduced Cd on the QD surface and 

release of free Cd ions due to surface oxidation of QDs. This was linked to cell death. 

Yamamoto et al. (cited by Kirchner et al., 2005) found that the cytotoxicity of QDs was also 

affected by the surface-covered functional groups (e.g., -NH3 and -COOH). They also 

suggested that QDs taken up by cells resulted in much higher cytotoxicity than when 

particles were only present in the medium surrounding the cells (Parak et al., 2002). Thus, 

surface variations of quantum dots will critically affect its physiochemical characteristics and 

subsequently, how it interacts with the cellular membrane and its uptake into the cells. Lovric 

et al. (2005) found that QDs were cytotoxic to rat pheochromocytoma cells (PC12) at a 

concentration of 1 μg/ml and induced cell death and membrane fragmentation. Cho et al. 
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(2007) used a Cd reactive dye and found that QD cytotoxicity was not related to Cd release 

from the particle, but due to the generation of free radicals. 

In vivo studies 

Toxic effects of QDs have been observed in bacteria, algae, invertebrates, fishes and also in 

some mammals. Freshwater mussels (Elliptio complanata) were exposed to concentrations 

up to 8 mg/L of QDs over 24 h (Klaine et al., 2008). Lipid peroxidation was greatly increased 

in the gills at higher concentrations and it was reduced overall in the digestive gland over all 

the concentrations. A degree of DNA damage was also observed, and after comparing this 

to effects of Cd ions it was established that observed toxicity is due to a combination of ion 

and colloidal forms (Klaine et al., 2008). A study by Hsu et al. (2012) tested florescent QDs 

capped with mercaptosuccinic acid on C. elegans. They found that growth was unaffected by 

1 µM exposure concentration, more embryos were produced prematurely and there was 

high embryo mortality. Kominkova et al. (2014) also found no effect on mortality of Eisenia 

fetida. 

2.1.2 Nanodiamonds 

The USSR was the first to produce nanodiamond (ND) particles in the 1960s. These 

particles however, remained unknown to the rest of the world until the end of the 1980s 

(Mochalin et al., 2012). Nanodiamonds are carbonaceous NPs and the latest development in 

nanotechnology and nanoscience has led to much attention being given to carbon-based 

NPs due to their extraordinary electrical, mechanical and thermal properties (Schrand et al., 

2007). 

Drug delivery and biomedical imaging are some examples of medical fields considering 

using nanodiamond particles. This is due to toxicology test indicating less toxicity than other 

carbon NPs (Mochalin et al., 2012). Nanodiamonds inherit most of the superior properties of 

bulk diamond.  These properties are optical properties and fluorescence, biocompatibility, 

extreme hardness, high electrical resistance and thermal conductivity, resistance to harsh 

environments and chemical stability. 

One cannot accept that carbon NPs are non-toxic just because diamond and glassy carbon 

is non-toxic. Manufacturers use different purification procedures and there are multiple 

different ways in which the surface of the particles can be functionalised, this means that the 

toxicity of nanodiamonds can be a major concern. In vitro and in vivo studies conducted to 

examine characteristics focus on cell viability, gene programme activity, and in vivo 

mechanistic and physiological behaviour (Zhang et al., 2016). According to Pérez et al. 

(2009) aggregation and sedimentation can occur in aquatic systems due to van der Waals 
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interactions of carbon nanotubes. These occurrences can be reduced by surface 

modification. This will then influence their environmental fate and toxicology. This same 

notion can be applied to NDs and should be taken into account when doing aquatic risk 

assessments.  

In vitro studies 

Shrand et al. (2007) used several methods to test the cytotoxicity of the NDs. These tests 

showed that a variety of cells are biocompatible with 2-10 nm NDs, with surface modification 

and without surface modification. These cells include macrophage, keratinocyte, 

neuroblastoma and PC12 cells. Low levels of reactive oxygen species (ROS) suggested that 

the nanodiamonds remain nonreactive, once inside the cell. However, the long-term effect of 

the internalized NDs on the cells needs to be further investigated and the different methods 

of internalization for different cells need to be recognised. 

Villalba et al. (2012) tested the toxic effects of nanodiamond-polyaniline composites in 

human embryonic kidney cell lines. The results indicated that there was no significant 

difference in cell survival between the control and cells treated with the nanomaterial. The 

morphology of the cells was also not affected by the nanocomposites during the incubation 

phase. Furthermore, the cytotoxicity of Detonation-generated nanodiamond particles (DND) 

was assessed by Keremidarska et al. (2014). They exposed primary rat mesenchymal stem 

cells to these NPs over a period of 72 h, were after it was found that these cells showed high 

sensitivity to DND particles, especially to the particles with smaller grain size and less 

impurities. This is a demonstration of the role the purification method has on the properties 

and toxicity of these particles. 

In vivo studies 

As previously mentioned, not many studies have described the fate and environmental 

presence of NDs in realistic scenarios. Yuan et al. (2009) found that NDs were mainly 

accumulated in the liver and lungs of mice. They found that NDs infused within the trachea 

of mice had low toxicity to the pulmonary area. Stress responses and impacts on nematode 

reproduction were assessed by feeding of fluorescent nanodiamond aggregates and 

microinjecting it into C. elegans. The nematodes were then tracked for several days. 

Unfunctionalized NDs persisted in the nematode lumen, NDs coated with bovine serum 

albumin (BSA) were absorbed into the intestinal cells and NDs that were microinjected into 

nematode gonads were transferred into the larvae and offspring. However, this had no 

impact on the reproductive abilities or survival of the nematodes (Mohan et al., 2010). 
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2.1.3 Nano gold 

Nano gold has been used since the ancient Roman Empire. It was used to stain the glass for 

stained glass windows and was first synthesised 153 years ago. Michael Faraday found that 

colloidal gold solutions have properties that differ from the bulk. According to Ray et al. 

(2011) this is also the origin of present gold nanotechnology. Their unique size, shape-

dependent optical properties and high chemical stability make nAu particles the perfect 

materials for environmental sensing (Murphy et al., 2008; Patolsky et al., 2004; Zhao et al., 

2004). Taking advantage of the rare optical properties of nAu, we can use it for sensing of 

various environmental contaminants, like pathogens (Ray et al., 2011). 

Nano gold also has great potential as therapeutic and diagnostic agents and for cosmetic 

uses, because of its inertness (which limits its toxicity to cells) and its unique optical and 

photothermal properties. These properties can be controlled and modified by changing the 

size, shape, and surface functionalization of the particles. Day to day products which include 

nAu particles are toothpastes and anti-ageing creams and masks. According to the 

Consumer Products Inventory, some of these products and are marketed as food 

supplements (Gonzalez-Moragas et al., 2017). Different kinds of nAu particles have been 

recommended as new tools for in vitro and in vivo molecular imaging and drug delivery 

(Bednarski et al., 2015). The possibility of in improving the oral absorption of drugs and 

poorly absorbed vaccines that are prone to gastrointestinal degradation, have gained the 

most interest in the field of drug delivery. However, only nAu particles used for “local heat 

generation in the plasmonic photothermal therapy” of atherosclerosis and cancer have, to 

date, reached clinical stage (Gonzalez-Moragas et al., 2017). 

In vitro studies 

Cellular tests by Goodman et al. (2004) found that negatively charged particles are 

moderately toxic, whereas anionic particles are fairly nontoxic. These tests were done on 

Cos-1 cells, human red blood cells and transformed Escherichia coli (E. coli) cells. They 

found that the toxicity of the nAu particles is related to their interactions with the cell 

membrane. This feature is facilitated by their strong electrostatic attraction to the negatively 

charged bilayer (Goodman et al. 2004). A library of nAu particles was tested for cytotoxicity 

using the K562 leukemia cell line and it was found that spherical nAu particles with a variety 

of surface modifiers are not characteristically toxic to human cells, even though they are 

taken up into the cells (Connor et al., 2005). The results with the CTAB-capped NPs and the 

gold-salt solution indicated that although some precursors of NPs might cause toxicity, the 

NPs themselves are not necessarily harmful to cellular function (Connor et al., 2005). 
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Generally speaking, the cytotoxicity of nAu particles is dependent on the type of toxicity 

assay, cell line and physical/chemical properties (Patra et al., 2007). 

In vivo studies 

A study by Gonzalez-Moragas et al. (2017) confirmed that nAu (11nm) particles did not 

cross the intestinal and dermal membranes of C. elegans. In vivo the nAu particle status is 

influenced by the physiological properties and the anatomy of the organism. These 

properties can modify the degree of agglomeration of particles and change their optical 

properties within the intestinal lumen. The acidic pH and the occurrence of biomolecules 

within the lumen play an essential role in toxicity. They also found that 100 μg/mL exposure 

concentration caused a significant decrease in the survival and reproduction of 11-nm 

AuNPs treated nematodes, compared to control nematodes (Gonzalez-Moragas et al., 

2017). They measured the uptake of NPs by using chemical analysis and found that 

nematodes ingested 500 times more 11-nm nAu particles than 150-nm nAu particles. A 

study by Botha et al., (2015) compared SSD plots for both ionic gold and nAu and observed 

that smaller organisms, like Daphnia, have higher sensitivity to ionic gold if compared to fish. 

With nAu exposures the opposite was seen. This was owed to different uptake and effect 

mechanisms of the organisms. 

2.2 Sediment and ecotoxicology 

As mentioned, the aggregation or agglomeration behaviour of most ENPs may lead to 

sedimentation and thus a build-up of ENPs in sediments and pore water (Hartmann et al., 

2014). Both anthropogenic contaminants and ENPs deposit into sediment.  As ENPs are 

most commonly insoluble in water, the sediment becomes the final depository for the ENPs. 

Ecotoxicological studies on the effects of ENPs on soil invertebrates are limited (Scott-

Fordsmand et al., 2008), unlike the large amount of scientific literature on nanotoxicity 

studies on mammals (Donaldson & Golyasnya, 2004; Maynard & Kuempel, 2005) and 

aquatic organisms (Lovern & Klape, 2006; Smith et al., 2007; Botha et al., 2016). Even 

though recent research and modelling suggest that ENPs are ultimately fated for soil and 

sediments, most research has been focused on aquatic environments. ENP fate and 

transport in terrestrial ecosystems has not been studied extensively (Judy & Bertsch, 2014).  

Much more natural organic matter (NOM) is present in sediments and sediment pore water, 

compared to soil. Another difference is that there is no oxygen present below the first few 

millimetres of sediment. Differences in NOM content and redox conditions between the top 

and bottom sediment compartments could result in very different transformation patterns of 

ENPs (Hartmann et al., 2014). This highlights the danger that ENPs of the same material 
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(class) will exhibit different toxic effects to the same organisms in different ecosystems. 

Nanotubes, fullerols, fullerenes, and polyurethane NPs have been found to strongly sorb to 

soil particles and are thus removed from the water (Tungittiplakorn et al., 2004). Coating, 

aging, and previous contact with sewage sludge were perceived to affect behaviour and 

transport of Ag NPs in soils (Good et al. 2016). This clearly suggests that each ENP is 

unique, has unique properties and effects, and the risk assessment for each should be 

evaluated on a “case-by-case basis” (Oberholster et al., 2011). 

The upper layers of sediment in water bodies are an essential habitat for aquatic organism 

communities because most invertebrate stages of stream-dwelling organisms are associated 

with this zone (Oberholster et al., 2011). Long-term responsible development of 

nanotechnologies depends heavily on better understanding the fate and behaviour of ENPs 

in the environment.  This can be achieved by doing more studies on ENPs and the affect 

ENPs have on sediment-dwelling organisms.  When released to the soil environment, ENPs 

may sorb to soil particles, may become transformed through biotic and abiotic processes, 

and in some cases, may be transported back to water bodies through runoff, leaching, and 

discharge from tiled agricultural fields (Good et al., 2016). 

The toxicity of metals in sediments has been shown to be predicted best by the pore-water 

concentration (Kemp et al., 1988). The bioavailability of metals in sediments is controlled by 

pore water and particle uptake by the organism, as the digestive fluids of benthic organisms 

cause particle-bound metals to become solubilized (Höss et al., 2001). This could also be 

applied to metal nanoparticle studies as well. 

Predictions of environmental concentrations of ENPs are needed in order to conduct their 

environmental risk assessment. Diagnostic data on ENP-concentrations in the environment 

are not yet available, this means that exposure modelling represents the only source of 

information on ENP exposure in the environment (Gottschalk et al., 2013). Environmental 

samples are also complex matrixes and thus, accurately measuring ENP concentrations in 

these samples is challenging. They may contain natural and ENP and other small particles 

(Good et al., 2016).  

Models have predicted sediment concentrations of 1.2 to 2000 μg/kg for manufactured 

carbon NPs (Koelmans et al., 2009). Mahapatra et al. (2015) has modelled concentrations of 

nAu particles in environmental compartments. The mean annual ecological concentration of 

nAu particles in surface water was estimated at 468 and 4.7 pg/L, respectively for the UK 

and US (Mahapatra et al., 2015).  Gottschalk et al. (2015) also used a model to predict the 

environmental concentrations of several NPs. They predicted Ag to range between 0 and16 
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μg/kg, QD’s between 0.2 and 45 μg/kg and ZaO between 30 and 4800 μg/kg in freshwater 

sediments. 

2.3 Nematodes 

According to Höss et al. (2001) nematodes play an important role in benthic food webs. They 

inhabit the interstitial water between organic and inorganic particles of sediment. The 

nematode C. elegans has become a widely used whole animal model for toxicology studies 

due to its dominance in the natural environment, extensive genetic and molecular knowledge 

about the animal, and easy maintenance. These toxicity assays have been validated as 

good predictors for the adverse effects of many chemicals in mammalian species. 

Caenorhabditis elegans is a nematode that feeds on bacteria and other small particles. They 

feed by taking up liquid with suspended particles and then reject the liquid while keeping the 

particles. The nematodes only have male and hemaphrodite sexes. Hemaphrodites are 

organisms that have both male and female reproductive organs (Wu et al., 2013).  

Gonzalez-Moragas et al. (2017) treated C. elegans with metal doses higher than doses 

administered to human. This study also highlighted the fact that C. elegans can serve as an 

animal model for toxicology tests, since vertebrates could not be treated under these harsh 

conditions due to ethical concerns. This means that even though C. elegans is a simple 

organism it can fill a gap within toxicological assessments. 

Caenorhabditis elegans is also known to be sensitive to Cd exposure and have also been 

successfully used in toxicological study for different ENPs, such as metal or metal oxide 

NPs, QDs, and carbon-based NPs (Wu et al., 2012; Mohan et al., 2010). According to Zhao 

et al. (2015) this organism is a useful organism for examining biodistribuition and 

translocation of ENP within an organism. It has also already been used for explaining the 

toxicological mechanisms of neurotoxicity from several specific ENPs (Li et al., 2012, 2013 

cited by Zhao et al., 2015). 

Wu et al. (2013) has reported that carbon nanotubes and hydroxylated fullerene pose toxicity 

toward C. elegans using lifespan, growth, and reproduction endpoints. Zanni et al. (2012) 

has also reported that graphite nano-platelets with a concentration up to 250 mg/L had no 

adverse effects on lifespan and reproduction of C. elegans. Although these are not 

nanodiamond particles, they are carbonaceous NPs. Jung et al. (2015) measured 

population- and organism-level toxicity using C. elegans. Various degrees of toxicity were 

detected from different forms of carbon nanotubes, graphene, carbon black, Ag, and fumed 

SiO2 NPs (Jung et al., 2015).  
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2.4 Imaging and classification of nanoparticles 

Most methods capable of distinguishing NPs from other small particles have distinct 

limitations (Good et al., 2016): 

•Ultraviolet (UV) - visible spectroscopy, hydrodynamic chromatography, and atomic force 

microscopy with dynamic light scattering are examples of methods that are restricted to 

particle-detection capabilities. These methods are unable to measure concentrations of the 

chemicals that make up the NPs. 

•They have high limits for detecting concentrations relative to expected concentrations of 

ENPs in surface waters. An example of this is liquid nebulization-differential mobility 

analysis. 

•They cannot work directly for liquid samples. This may lead to unintended errors during 

sample preparation for electron microscopy techniques. 

•They can only be used for one specific type or size of nanoparticle. This means that the 

method cannot be used for large scale monitoring of source water for example a protein-

based biosensor developed for negatively charged metal oxide ENPs. 

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 

scanning probe microscopy (SPM) have become more available for researchers to 

characterize NPs. Single-particle inductively coupled plasma mass spectrometry (ICP-MS) 

shows potential as a detection method for quantifying and sizing ENPs in environmental 

samples between ng/L and μg/L. Lee et al. (2014) used ICP-MS to detect minimum particle 

sizes of 15 nm for CeO2, 26 nm for Ag, and 119 nm TiO2 in tap water. Coupling FFF (flow 

field-flow) with ICP-MS is also promising, although this method is currently unable to detect 

very low ENP concentrations at the ng/L level (Lee et al., 2014). This can isolate the desired 

particle size distribution and then perform elemental analysis on that specific size 

distribution. According to Klaine et al. (2008) preliminary work using flow field–flow 

fractionation coupled to an inductively coupled plasma mass spectrometer (FlFFF-ICP-MS) 

could provide concentration and perhaps speciation data on ENPs. 

Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy propose ways to 

understand important concepts regarding the surface terminations of NPs. FTIR can 

distinguish functional groups and molecules that adsorbed to the surface of a particle. It can 

also detect changes in the surface chemistry of functionalized ENPs (Mochalin et al., 2012; 

Mohan et al., 2010). 

Observing NPs internalized by cells is essential for ecotoxicological as well as drug delivery 

research. It is important to understand how these particles are co-localized with different 



17 

 

subcellular components (CytoViva, 2017). This can be done using standard fluorescence 

imaging techniques and fluorescently labelled NPs; however, using darkfield illumination is a 

better option. CytoViva® has patented a darkfield illumination system with dual mode 

fluorescence capability. This technology, by integrating onto a standard optical microscope, 

creates a high signal-to-noise, darkfield-based image. This particular ability allows for fast 

observation of a wide range of NPs and pathogens, as well as cells and tissue. No 

fluorescence or other labelling is required to observe NPs in cells, tissue or other complex 

matrices. Meyer et al. (2010) studied the internalization of Ag NPs in C. elegans and found 

that particles agglomerated in the pharynx, gut and unlaid embryos. The presence of Ag was 

confirmed by hyperspectral imaging. 

Thus, while detection methods are being improved, current monitoring technologies are 

inadequate for detecting and quantifying ENPs. To determine source or finished water 

concentrations of ENPs, samples would need to be sent to research laboratories for 

characterization, where techniques for detecting ENPs in environmental samples are still 

under development (Good et al., 2016). 



18 

 

3 CHAPTER 3: MATERIALS AND METHODS 

3.1 Nanoparticles and exposure medium 

3.1.1 Nanomaterial stock 

Quantum dot nanomaterial (QDs) powder was supplied by PlasmaChem GmbH Rudower 

Chaussee 29, D-12489 Berlin (Lot# YF140402). Nanodiamond (ND) material powders were 

also purchased from PlasmaChem GmbH Rudower Chaussee 29, D-12489 Berlin (Lot# 

YF140114). MINTEK, a science council in South Africa, prepared and supplied the nAu 

stock solutions. The stock solution, which was made up of 14 ± 2 nm nAu with product code 

TMU14G, batch numbers (20130304FKP49b; 20130308FKP52; 20140905BM001). The 

stocks were prepared by standard citrate reduction techniques according to Murphy et al. 

(2008) and Fren (1973) and were sterilised using the filtration method.  

Positive control CdCl2 was provided by Kanto Chemical Co. Inc., product code JIS K 8120, 

batch number (303A5864) and TeCl4 was provided by SigmaAldrich (Lot # MKBL8016V). 

Benzyldimethylhexadecylammoniumchloride (BAC-C16) was also purchased from 

SigmaAldrich (Lot # BCBP5098V) and chloroauric acid was provided by SigmaAldrich. Stock 

solutions of 100 mg/l suspensions for each ENP and positive control was made in milliQ 

water (MilliQ Simplicity® UV), sonicated for an hour (Scientech, Ultrasonic Cleaner) and 

maintained by storage at room temperature in darkness. 

3.1.2 Exposure medium 

M9-medium (Table 1) was used as a medium for the nematode toxicity test. Since most 

nematodes live in soil pore water, M9 provides analogous test conditions (Wang et al., 

2009). The ENP stock suspensions were placed in a sonicator and sonicated for one hour 

prior to use. To make up the required exposure concentrations, relevant volumes of the 

stocks were added to the M9-media in each individual test well of a 24 well plate, in volumes 

of 1 mL/well (0.5 mL M9-nano stock and 0.5 mL E. coli). 
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Table 1 : Prepared amounts of salts added to one litre MilliQ water to prepare M9-media (ISO 10872, 
2010). All chemicals were purchased from SigmaAldrich. 

Component Mass (grams) 

Na2HPO4 

KH2PO4 

NaCl 

MgSO4 . 7H2O 

6 

3 

5 

0.25 

3.2 Characterization 

Before the initiation of the toxicity and growth toxicity tests, each ENP was characterized in 

order to understand their observed toxic effects. The pH, electrical conductivity and total 

dissolved solids (TDS) was also measured for each concentration of each material examined 

using an Exstick® II (Extech® instruments, Taiwan), made up in M9-media. The 

physicochemical properties that were determined included: zetapotential (surface charge), 

particle size and shape. Stock suspensions of QD and NDs (100 mg/mL) with functional 

groups PEG, COOH and NH3, as well as a nAu stock were prepared individually as 

previously mentioned and sonicated using an ultrasonic bath of 350W for 60 min. These 

stocks were used for characterization. 

Transmission electron microscopy (TEM) was used to examine the particle shape, size and 

aggregation patterns. Twenty μL of material suspensions were dried onto a 400 mesh 

carbon-coated copper grid and imaged with a FEI Tecnai G2 TEM at 200 kV. One drop of 

NM stock was dropped onto a carbon coated copper grid and allowed to settle. The excess 

water was removed using a filter paper by touching only the edge of the droplet and the grid 

was allowed to dry before examination (Botha et al., 2016). Hydrodynamic size distribution 

as well as zeta potential was measured by using Dynamic Light Scattering (Malvern 

Zetasizer Nano series, NanoZS). 

Metal content of QDs were measured by inductively coupled plasma mass spectroscopy 

(Agilent 7500CE). Powder samples (100 mg) were digested in 10 mL 65% HNO3 using the 

Ethos Easy MAXI-44 Microwave Digestion System for 50 minutes. Analytical efficiency was 

ensured by using a certified reference material (CRM) by preparing the CRM the same way 

as the samples (Table 2). The CRM that was used was NCS DC 73310 Stream Sediment 

from the China National Analysis Centre for Iron & Steel. 



20 

 

Table 2: Certified reference material for cadmium and tellurium with its percentage recovery. 

CRM (NCS DC 73310) Reference Measured % Recovery 

Cd 4.0 4,42 110,49% 

Te 0.29 0,37 128,24% 

3.3 Test organism and culture 

The C. elegans (strain N2) culture currently maintained at the North-West University was 

obtained from the Caenorhabditis Genetics Centre at the University of Minnesota, MN, USA. 

The organisms were maintained in stocks of dauer larvae on nematode growth (NG) agar 

according to standard procedures (ISO 10872, 2010). One litre of NG agar consists of 2.5 g 

casein peptone, 17 g of bacteriological agar, 3 g of NaCl, 1 mL cholesterol stock, 1 mL of 

calcium chloride stock, 1 mL of magnesium sulphate stock, 25 mL potassium phosphate 

buffer and 900 mL of water (ISO 10872, 2010). Two hundred µL of E. coli OP50 grown 

overnight in Luria Broth (LB) medium was added to NG agar plates and grown overnight to 

form a bacterial lawn. Cubes of agar containing stock culture nematodes were then 

transferred to new plates with bacterial lawn, and the process was repeated every fortnight. 

Plates were kept at in temperature incubators at 20 °C. As the bacterial food source ran 

out plates became dauer larvae stocks and proceeded to grow if new food plates were 

made. Agar plates were made in sterile conditions to avoid contamination.  

When nematodes synchronised to the same life stage were needed for a test, dauer 

(starved) larvae were transferred to an NG agar plate with a fresh lawn of E. coli OP50. After 

a period of three days at 20°C many gravid hermaphrodites, as well as stage 1 and 2 

juveniles, were present on the plate. According to ISO testing the first larval stage is used to 

start the test. To obtain nematodes synchronized to this life stage, the plates were first 

rinsed with M9-Medium. This suspension, which contained nematodes of all stages, was 

then filtered through a 10 mm mesh size nylon net (Instrument makers, North-West 

University, Potchefstroom) and subsequently through a 5 mm mesh size net to hold larger 

juveniles and adults back. The filtered suspension contained only first-stage juveniles. The 

length of these individuals was between 100 µm and 300 µm (n  30). 

3.4 Toxicity tests  

The toxicity tests were carried out according to the standard ISO 10872 (2010) protocol. Ten 

individuals were transferred to each well in a 24 well plate, in four replicates, using a micro 

pipette. The exposure period lasted 96 h in darkness at 20 ± 2 °C. For each test replicate 
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(N=4), 500 µL aliquot of stock solution at 2 times the required test concentration was diluted 

with a further 500 µL of E. coli OP50 stock (1000 ± 50 FAU) to yield the desired test 

concentration in a 1 mL volume and the appropriate food density. The exposure 

concentrations for ENP exposure ranged from 1 mg/L to 100 mg/L while the positive controls 

ranged from 0.005 mg/L to 2 mg/L (Table 3). Positive control CdCl2 (measured in 

concentrations of Cd per litre) had exposure concentrations between 0.125 and 2 mg/L. 

Concentrations of TeCl4 ranged between 0.005 and 0.125 mg/L (also measured in Te per 

litre). Chloroauric acid concentrations ranged between 0.005 and 2 mg/L as Au per litre. 

At the start of the test, 10 first-stage juvenile nematodes (J1) were transferred to each test 

well. The mean initial body length of the test organisms was determined using a Nikon 

H600L light microscope by measuring total length for 30 randomly selected J1 nematodes.  

3.4.1 Escherichia coli preparation 

A suspension of E. coli was prepared before the toxicity assay by inoculating 250 mL of 

sterilized Luria Broth (ISO 10872, 2010) with 20 μL of a frozen culture of E. coli OP50. This 

culture was set on a shaker incubator at 37 °C and 150 rpm for 17 h. The culture was then 

transferred into 250 mL centrifuge tubes and spun at 1750 rpm (Eppendorf Centrifuge 5430, 

Hamburg, Germany) for 20 min. The supernatant was poured out and the bacteria pellets 

were resuspended in 50 mL of M9-medium. This was repeated two more times. This 

suspension was then diluted in M9 and turbidity was measured using a spectroquant (Pharo 

300, Merck Millipore, Germiston, South Africa) and diluted to 1000 ± 50 Forzamin 

Attenuating Units (FAU; according to ISO 7027). Zero point one % of cholesterol stock 

(prepared according to ISO 10872) was added and shaken to mix properly. Five hundred µL 

of this bacterial solution was then added to each well immediately at the start of the test. 

3.4.2 Exposure assessment 

3.4.2.1 CytoViva® dark field imaging 

After the exposure period, live adult nematodes were collected from exposures of QDs. 

Quantum dots were also investigated in test media and in the exposed nematodes using a 

CytoViva® 150 Unit integrated onto an Olympus BX43 microscope. The internalization of 

materials was examined by dispersing the transparent nematode bodies on a glass 

microscope slide after exposure and heat killing. Only the highest concentrations (100 mg/L) 

of each material were used to better our ability to detect internalization. The nematodes were 

also not stained with Rose Bengal solution, as this will effect imaging results. 
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Cryopreserve gel (Tissue-Tek® OCTTM Compound) was used to mount exposed nematodes 

onto a microscope slide and stored at 4°C until processing using CytoViva®. Slides were 

carefully covered with a cover slip prior to imaging. Images of the exposure media and C. 

elegans were captured using the Dag excel X16 camera and DAGE Exponent software at 10 

and 60-fold magnification. 

3.4.2.2 Scanning Electron Microscopy  

After the exposure period, live adult nematodes were also collected from exposures of QDs 

for SEM. Once samples were collected using a micro pipette, they were placed in TODD’s 

fixative (Todd, 1986). After nematodes had stopped moving they were cut in half using a 

dissection blade under a dissecting microscope (Nikon SMZ 1500) at 11.25 fold 

magnification. Samples were left in the fixative overnight at 4 °C. Organisms were then 

mounted in agar (15 g/L bacteriological agar), small cubes with the samples inside were cut 

out and placed in fixative overnight at 4 °C. These samples were then washed three times 

for 15 min in 0.05 M cacodilate buffer. Post fixation was done in 1 % Osmium tetroxide 

(made up in cacodilate buffer) for 1 hour. Dehydration of the material was done in an 

increasing ethanol series (50 %, 70 %, 90 %, 100 %, 100 %) for 15min. Ethanol was then 

replaced with 100 % L R White resin for 15 min and then replaced with fresh L R White resin 

twice for 45 min.  The samples were then embedded in fresh 100 % resin into gelatine 

capsules and placed at 65°C overnight. Capsulated samples were then trimmed using a 

Minora blade and then ultramicrotomed at approximately 90 nm using a diamond knife, 

coated in carbon and imaged using a FEI quanta 250 FEG scanning electron microscope at 

200 kV. Energy Dispersive Spectrometry (EDS) measurements were also taken of each 

image. 

3.4.3 Effects assessment 

3.4.3.1 Growth, Reproduction and Fertility 

After 96 h of exposure at 20°C in, samples were mixed with 0.5 mL of an aqueous solution 

of Rose Bengal (0.3 g/L) per well to stain the nematodes for easier counting. The test was 

stopped by heat-killing the nematodes in an oven for 15 min at 80 °C, followed by storage at 

4 °C until further analysis. Nematodes were counted by moving the medium from the test 

wells into a petri dish using a pasteur pipette. The number of adult male nematodes was 

noted per exposure replicate since they are unable to reproduce. 

The reproduction was evaluated by counting the number of juveniles under a dissecting 

microscope (Nikon SMZ 1500 with a Nikon DS-Fi one camera and ImageJ software) at 7-

fold magnification. That number was then divided by the number of test organisms (10) that 
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were introduced minus the number of observed male test organisms. Length was 

determined by measuring the body length at 40-fold magnification using a light microscope 

(Nikon H600L, Nikon DS-Fi one camera and ImageJ software). Growth was then calculated 

by subtracting the mean initial body length of the test organisms from their mean body length 

after incubation. Growth is represented as a percentage of the control. Fertility was 

measured by indicating the percentage of recovered hermaphrodites that were gravid in 

each replicate (ISO 10872, 2010). 

Table 3: Exposure concentrations used for all exposure testing with nano gold, nanodiamonds and CdTe 
quantum dots and the associated controls. 

Material Concentrations (mg/L) 

Quantum dots 

QD-COOH 0 1 5 10 25 50 100 

QD-PEG 0 1 5 10 25 50 100 

QD-NH3 0 1 5 10 25 50 100 

Positive controls (ionic) 

CdCl2 0 0.125 0.25 0.5 0.75 1 2 

TeCl4 0 0.005 0.01 0.05 0.5 0.75 0.125 

Nanodiamonds 

ND-COOH 0 1 5 10 25 50 100 

ND-PEG 0 1 5 10 25 50 100 

ND-NH3 0 1 5 10 25 50 100 

Gold nanoparticles 

nAu 0 1 5 10 25 50 100 

Positive controls (ionic and standard) 

Chloroauricacid 0 0.005 0.01 0.1 0.5 1 2 

BAC 15 - - - - - - 

*QD refers to CdTe quantum dot particles. ND refers to nanodiamond particles. CdCl4 and TeCl6 are 
positive controls for quantum dot exposures. Chloroauric acid is a positive control for nAu exposures, 
and BAC is a positive control for all exposures. The negative control for all exposures was M9 (0 mg/l). 

3.5 Statistical analyses 

The dose-response function, i.e. effect concentration with x % of population affected (ECx 

values) were calculated using non-linear regression analysis in Toxrat®. To test for normal 

distribution, Shapiro-Wilk´s test was used and the Levene test was used to test for variance 
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in homogeneity. One-way Analysis of Variance was performed using to calculate the 

statistical differences (p < 0.05) between the different concentrations of the three functional 

groups of each ENP, as well as any significant differences between the control and the three 

functional groups of each material. Kruskal-Wallis test was performed to calculate the 

statistical differences for all the data that were not normally distributed. 
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4 CHAPTER 4: RESULTS 

4.1 Characterization 

Physicochemical parameters of M9-medium containing the 10 different exposure 

concentrations were measured at the beginning of the tests. The physicochemical 

parameters in the stock solution (100 mg/L) were analyzed in MilliQ water. Temperature 

ranged between 20 and 22 °C. Conductivity ranged between 0.20 ± 0.02 and 16.15 ± 0.05 

mS/cm and TDS ranged between 0.14 ± 0.01 and 11.36 ± 0.02 mg/L.  

4.1.1 Quantum dots 

Metal dissolution from the QDs revealed that Te was the highest in the COOH functionalized 

material (Table 4). Particles functionalized with PEG had a maximum size of 510 nm and a 

mean size of 159 nm, which is much larger than the other functionalized particles, when 

checked using TEM (Figure 3). The PEG functionalized particles also had the greatest Cd 

dissolution but not as much as the Te from COOH particles. The NH3 functionalized particles 

had the smallest size (75 nm) and also had the lowest percentage of metal dissolution. Metal 

concentration results from ICP-MS shows highest concentrations of Te and Cd in NH3 stock 

solutions, indicating more particles present per concentration. The pH, conductivity and of 

the different exposure mediums was very constant and ranged between 6.89 and 7.09 

(Table 5).  

Table 4 : Characterization (mean ± SD) of CdTe-quantum dot stock solutions (n=3) in MilliQ water (100 
mg/L). 

CdTe quantum 

dots 

Max Size 

(nm) 

Mean Size 

(nm) 

Dissolution 

(% Metal 

released) 

Metal Concentrations 

(µg/g) 

Carboxylate 

(COOH) 

370 84 ± 58 Cd 2.1% 259.5 ± 0.22 

Te 23.69% 491.1 ± 1.76 

Polyethylene glycol 

(PEG) 

510 159 ± 72 Cd 2.43% 275.2 ± 9.05 

Te 3.23% 588.3 ± 26.10 

Ammonia (NH3) 290 75 ± 50 Cd 0.74% 363.8 ± 9.91 

Te 0.39% 1856.2 ± 66.3 
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Table 5: Physicochemical parameters (mean ± SD) of CdTe quantum dots at different exposure 
concentrations in M9-media. 

 Concentrations (mg/L) pH Conductivity (mS/cm) TDS (g/L) 

Q
D

-C
O

O
H

 

1 6.96 ± 0.02 15.81 ± 0.03 10.98 ± 0.11 

5 6.94 ± 0.01 15.93 ± 0.04 11.12 ± 0.01 

10 6.96 ± 0.02 15.93 ± 0.12 11.17 ± 0.02 

25 6.96 ± 0.01 15.95 ± 0.02 11.19 ± 0.02 

50 6.95 ± 0.01 15.90 ± 0.04 11.09 ± 0.07 

100 6.93 ± 0.01 15.51 ± 0.04 10.76 ± 0.06 

Q
D

-P
E

G
 

1 6.90 ± 0.02 15.10 ± 0.17 10.64 ± 0.01 

5 6.92 ± 0.01 15.17 ± 0.10 10.58 ± 0.11 

10 6.90 ± 0.02 15.16 ± 0.11 10.55 ± 0.07 

25 6.92 ± 0.01 15.08 ± 0.19 10.73 ± 0.04 

50 6.94 ± 0.01 15.39 ± 0.07 10.75 ± 0.06 

100 6.96 ± 0.01 15.95 ± 0.07 11.14 ± 0.04 

Figure 3: Transmission electron microscopy images of CdTe quantum dots. 
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 Concentrations (mg/L) pH Conductivity (mS/cm) TDS (g/L) 
Q

D
-N

H
3
 

1 6.96 ± 0.01 15.85 ± 0.02 11.01 ± 0.06 

5 6.96 ± 0.01 15.74 ± 0.06 11.00 ± 0.06 

10 6.95 ± 0.01 15.80 ± 0.18 11.03 ± 0.08 

25 6.95 ± 0.02 15.72 ± 0.13 10.93 ± 0.13 

50 6.96 ± 0.02 15.66 ± 0.03 10.89 ± 0.02 

100 6.96 ± 0.01 15.49 ± 0.06 10.87 ± 0.01 

C
a

d
m

iu
m

 

0.125 6.89 ± 0.02 15.20 ± 0.01 10.64 ± 0.06 

0.25 6.91 ± 0.01 14.62 ± 0.31 10.48 ± 0.10 

0.5 6.91 ± 0.01 14.87 ± 0.10 10.28 ± 0.12 

0.75 6.90 ± 0.02 14.90 ± 0.17 10.52 ± 0.01 

1 6.91 ± 0.01 15.08 ± 0.04 10.50 ± 0.09 

2 6.91 ± 0.01 15.06 ± 0.06 10.53 ± 0.04 

T
e
ll

u
ri

u
m

 

0.005 7.07 ± 0.02 15.01 ± 0.04 10.72 ± 0.13 

0.01 7.09 ± 0.01 15.2 ± 0.06 11.05 ± 0.08 

0.05 7.09 ± 0.02 15.18 ± 0.05 11.05 ± 0.08 

0.075 7.05 ± 0.03 15.27 ± 0.10 11.15 ± 0.10 

0.1 7.02 ± 0.03 15.13 ± 0.15 11.28 ± 0.12 

0.125 7.02 ± 0.02 15.95 ± 0.08 11.6 ± 0.12 

4.1.2 Nanodiamonds 

Characterization of ND particles are presented in Table 6 and Figure 4. Particles 

functionalized with the PEG functional group were the smallest particles while COOH 
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functionalized particles were the largest. All particles had a much larger maximum size than 

the mean size, indicating possible agglomeration. The highest conductivity and TDS is that 

of QD-PEG 1 mg/L. The pH ranges were also very constant (Table 7). 

Table 6: Characterization (mean ± SD) of nanodiamond stock solutions in MilliQ water (100 mg/L). 

Nanodiamonds Max size (nm) Mean size (nm) 

COOH 792 176 ± 90 

PEG 177 115 ± 10 

NH3 586 95 ± 10 

 

 

Table 7: Physicochemical parameters (mean ± SD) of nanodiamonds in M9-media. 

 Concentrations (mg/L) pH Conductivity (ms/cm) TDS (g/L) 

N
D

-C
O

O
H

 

1 7.14 ± 0.01 15.27 ± 0.01 10.66 ± 0.02 

5 7.14 ± 0.01 14.96 ± 0.02 10.42 ± 0.02 

10 7.19 ± 0.01 14.06 ± 0.07 9.87 ± 0.03 

25 7.18 ± 0.01 7.30 ± 0.02 8.34 ± 0.03 

50 7.23 ± 0.01 7.30 ± 0.02 5.08 ± 0.04 

Figure 4: Transmission electron microscopy images of nanodiamonds in MilliQ water. 
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100 7.39 ± 0.02 0.20 ± 0.02 0.14 ± 0.01 
N

D
-P

E
G

 

1 7.14 ± 0.01 16.36 ± 0.02 11.40 ± 0.05 

5 7.16 ± 0.01 16.15 ± 0.15 11.36 ± 0.02 

10 7.17 ± 0.01 16.15 ± 0.05 11.26 ± 0.07 

25 7.17 ± 0.01 15.97 ± 0.09 11.17 ± 0.08 

50 7.16 ± 0.01 15.60 ± 0.23 11.04 ± 0.01 

100 7.13 ± 0.02 15.33 ± 0.02 10.67 ± 0.02 

N
D

-N
H

3
 

1 7.16 ± 0.02 16.09 ± 0.07 11.27 ± 0.03 

5 7.17 ± 0.01 15.62 ± 0.01 10.94 ± 0.02 

10 7.16 ± 0.01 14.40 ± 0.12 10.07 ± 0.08 

25 7.19 ± 0.01 11.69 ± 0.02 8.22 ± 0.05 

50 7.21 ± 0.01 8.24 ± 0.01 5.75 ± 0.01 

100 7.33 ± 0.05 0.21 ± 0.01 0.15 ± 0.01 

 

4.1.3 Nano gold 

Nano gold particles were stable in the citrate stock solution and maintained a range of 14 ± 2 

nm within the stock when checked using TEM (Figure 5). Dissolution of ions from the particle 

is less than 5 % (Table 8). The lowest conductivity is that of chlororauric acid 2mg/L and nAu 

100 mg/L, and the highest is that of chloroauric acid 0.005 mg/L. As the concentrations 

increase the TDS and conductivity decreases and pH was in the normal range (Table 9). 

Table 8 : Characterization (mean ± SD) of a stock solution of citrate capped gold nanoparticles at 1g/L 
concentration. 

Nanogold  Mean size (nm) Dissolution 

Citrate capped  14 ± 2 < 5 % 
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Figure 5 : Transmission electron microscopy images of nano gold particles in citrate buffer 1 g/L. 

 

Table 9: Physicochemical parameters (mean ± SD) of nano gold in M9-media.  

 Concentrations (mg/L) pH Conductivity (ms/cm) TDS (g/L) 

n
A

u
 

1 7.69 ± 0.01 15.43 ± 0.01 10.86 ± 0.09 

5 7.68 ± 0.01 15 ± 0.04 10.31 ± 0.09 

10 7.62 ± 0.02 14.12 ± 0.04 9.78 ± 0.09 

25 7.69 ± 0.01 11.96 ± 0.02 8.4 ± 0.09 

50 7.64 ± 0.01 10 ± 0.04 7.98 ± 0.09 

100 7.63 ± 0.01 9.95 ± 0.06 7.58 ± 0.09 

C
h

lo
ro

a
u

ri
c

 a
c
id

 

0.005 7.16 ± 0.02 15.94 ± 0.04 11.09 ± 0.09 

0.01 7.23 ± 0.02 15.72 ± 0.06 10.94 ± 0.09 

0.1 7.15 ± 0.01 15.64 ± 0.05 10.94 ± 0.09 

0.5 7.25 ± 0.01 14.92 ± 0.01 10.43 ± 0.09 

1 7.2 ± 0.01 13.91 ± 0.01 9.73 ± 0.09 

2 7.32 ± 0.01 7.94 ± 0.02 5.58 ± 0.09 
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4.2 Toxicity tests 

4.2.1 Exposure assessment 

4.2.1.1 CytoViva® darkfield microscopy 

For the purposes of the exposure assessment, only the QD exposures were used due to the 

low toxicity observed in the ND and nAu expsoures. CytoViva® darkfield microscopy was 

applied to C. elegans after exposure to the three functionalized groups of QDs at 100 mg/L. 

Figure 7 presents the control exposures with no visible particles inside the nematode after 

exposure to M9-media. There is also no visible physical damage to the anterior part of the 

nematode with the pharynx (Figure 6A) and intestine (Figure 6C) clearly visible. Figure 6B 

represents the middle section of the nematode, with embryos visible. A light microscopy 

image of a control exposed nematode is presented in Figure 6D. Figure 7A shows the 

presence of QD-COOH particles associated with the posterior gonads of the organism. 

There are no embryos visible in the middle section but particles can be seen in the intestine, 

as well as the spermatheca and oocytes (Figure 7B). Damage to the body can also been 

seen in Figure 7B and Figure 7C around the outer surface were the oocytes are present. 

Figure 8 indicates internalized QD-PEG particles after 96 h exposures to 100 mg/L. All 

images are various middle sections of the organism and it is evident that these individuals 

were much thinner than the control exposed nematodes. Particles can be seen in the 

intestine (Figure 8A), oocytes (Figure 8C and Figure 8D) and spermatheca (Figure 8C). 

Larger particle agglomerations were also visible in the vulva (Figure 8B). No particles can be 

seen within this specific section in nematodes exposed to 100 mg/L QD-NH3. It can be seen 

that the nematodes here are much thinner than the control and no oocytes or embryos can 

be seen (compare Figure 9).  
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Figure 6 : CytoViva®  (A,B,C) and light microscope (D) images of Caenorhabditis elegans after 96 h 

exposures to M9-media. 
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Figure 7 : CytoViva® (A, B) and light microscopy (C) images of Caenorhabditis elegans after 96 h 
exposures to Cd Te quantum dots functionalized with COOH, 100 mg/L. 
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Figure 8 : CytoViva® images of Caenorhabditis elegans after 96 h exposures to CdTe quantum dots 
functionalized with PEG, 100 mg/L. 
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Figure 9 : CytoViva® images of Caenorhabditis elegans after 96 h exposures to CdTe quantum dots 
functionalized with NH3, 100 mg/L. 
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4.2.1.2 Scanning electron microscopy 

To visualize the presence of QD particles inside the tissues SEM with dark field back scatter 

was applied to different cross sections of C. elegans (Figure 10). The anatomical positions of 

the different cross sections of C. elegans after exposure to QDs were referenced against 

images provided by WormAtlas (2017). Based upon reference cellular ultrastructure 

components (WormAtlas, 2017) it seems that the connective tissue between the gonads of 

nematodes exposed to QD-COOH and QD-PEG was affected, revealing open spaces 

between them. The lumen of the intestine (Figure 10C) appears to be thinner when 

compared to the control images (Figure 10 i-iv). The QD-COOH exposure organisms appear 

to have more lipid droplets within the intestine (Figure 10B). Based on EDS results it was not 

possible to identify any Cd or Te (as part of the QD) in any of the sections that were 

assessed (Table 10). 

Table 10 : Energy Dispersive Spectrometry results of each exposure group, indicating percentage 
contribution of elements present in the nematode image scan. 

 Elements (%) 

Material C O Al Si P S Cl As Y Os Total 

QD-COOH 80.24 17.18   0.27 0.23 0.92  1.17  100 

QD-PEG 63.28 22.93 0.24 1.11 1.04 0.6 3.4 0.73 0.79 5.88 100 

QD-NH3 82.91 15.16    0.28 0.48  1.17  100 

Cd 79.97 17.07   0.34 0.19 1  1.43  100 
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Figure 10: Scanning electron microscopy micrographs using dark field back scatter showing cross 

sections Caenorhabditis elegans after exposure to CdTe-quantum dots and cadmium. The anatomical 

position of Caenorhabditis elegans cross sections and the cellular ultrastructure (images i – iv) were 

adapted from WormAtlas (2017). 
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4.2.2 Effect assessment 

4.2.2.1 Effect concentrations (ECx) 

Growth, fertility and reproduction were used to calculate ECx values for all the materials. For 

some of the materials EC50 values could not be calculated and therefore EC10 and EC20 

values with upper and lower confidence limits (CL) are also reported. The No Observed 

Effect Concentration (NOEC) and Lowest Observed Effect (LOEC) values were also 

calculated. 

4.2.2.1.1 Quantum dots 

The ECx, NOEC and LOEC values of QDs are presented in Table 11. An EC50 value for QD-

COOH could not be calculated, as concentrations examined where to low. Both the NOEC 

and LOEC for growth are higher than 100 mg/L. The QD-COOH has a reproduction EC50 

value of 0.001 mg/L No QD-COOH EC10 or EC20 could be calculated for reproduction. 

Quantum dots-PEG have a growth EC10 value of 203.8 mg/L. EC20 and EC50 values could not 

be calculated. Both the NOEC and LOEC for growth are higher than 100 mg/L. The QD-PEG 

NOEC and LOEC for reproduction are higher than 100 mg/L. The QD-NH3 has a growth 

NOEC value of 5 mg/L and the LOEC value of is 10 mg/L. The QD-NH3 has a reproduction 

EC10 value of 0.005 mg/L, EC20 value of 0.02 mg/L and an EC50 value of 0.237 mg/L. The Cd 

has a growth EC10 value of 0.687 mg/L, an EC20 of 0.856 mg/L and L and an EC50 of 1.304 

mg/L. Both the NOEC and LOEC for growth are lower than 0.125 mg/L. Cadmium has a 

reproduction EC50 value of 0.008 mg/L. No Cd EC10 or EC20 could be calculated for 

reproduction. Both the NOEC and LOEC for reproduction are lower than 0.125 mg/L. 

Tellurium has a growth EC10 value of 0.048 mg/L and an EC20 of 0.135 mg/L. No EC50 could 

be calculated for growth. The NOEC value for growth is 0.01 mg/L and the LOEC value for 

growth is 0.05 mg/L. No Te EC10, EC20 or EC20 could be calculated for reproduction. Both the 

NOEC and LOEC for reproduction are higher than 0.125 mg/L. 

The growth EC10 and EC20 values for the bulk chemicals Cd and Te were statistically lower 

than QDs (Table 11), indicating that they are more toxic than their nano equivalents. EC10 

and EC20 values for the QDs suggest that QD-NH3 is the most toxic to growth of C. elegans 

and EC50 values of reproduction indicate no statistically significant effect from either material.  
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Table 11 : Effect concentration values of CdTe-quantum dots and their bulk chemical equivalents. 

 
QD Toxicity endpoints with upper and lower limits (mg/L) 95%-CL 

 Functional 

groups 
EC10 EC20 EC50 NOEC LOEC 

G
ro

w
th

 

QD-COOH 30.6a 

75.0 

71.9a 

199.14

5 
n.d. 

n.d. 

˃=100 ˃100 

12.5 26.942 n.d. 

QD-PEG 203.8 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

˃=100 ˃100 

n.d. n.d. n.d. 

QD-NH3 23.6b 

32.4

5 

30.8b 

41.881 

51.2a 

34.987 

5 10 

17.2 22.655 74.17 

Cd 0.69ab 

0.84 

0.86ab 

1.042 

1.30a 

1.66 

˂0.13 ˂=0.13 

0.56

2 
0.706 1.02 

Te 0.05ab 

0.11

2 

0.14ab 

0.381 

n.d. 

n.d. 

0.01 0.05 

0.02 0.046 n.d. 
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1. n.d. = could not be determined/below the detection limit 

2. Values within the same column with the same superscript symbol are statistically different (p < 0.05). 

 

 QD Toxicity endpoints with upper and lower limits (mg/L) 95%-CL 

R
e

p
ro

d
u

c
ti

o
n

 

QD-COOH 0 

0 

0 

0 

0.001 

0.002 

n.d. n.d. 

0 0 0.001 

QD-PEG 0.002 

312.

5 

0.01 

979.3 

0.247 

n.d. 

˃=100 ˃100 

0 0 0 

QD-NH3 0.005 

8.22 

0.02 

21.3 

0.24 

723.2 

n.d. n.d. 

0 0 0 

Cd 0 

0.03

1 

0 

0.13 

0.008 

2.69 

˂0.13 ˂=0.13 

0 0 0 

Te 0 

0 

0 

0 

0 

0 

˃=0.13 ˃0.13 

0 0 0 
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4.2.2.1.2 Nanodiamonds 

ND-COOH has the highest EC10 and second highest EC20 for growth (Table 12). The NOEC 

and the LOEC for growth is higher than QD. The EC values for reproduction are much higher 

than the other two functional groups. The upper and lower CL for ND-PEG all EC values 

could not be determined, thus NOEC and LOEC is identified as higher than 54 mg/L. 

Reproduction EC values were determined for all functional groups and NOEC is 10 mg/L 

and LOEC 25 mg/L. ND-NH3 has the lowest EC10 and an EC20 for growth. The EC50 could 

not be determined and the NOEC and LOEC values for growth of nematodes after exposure 

to ND-NH3 are also the lowest of the three groups. Reproduction has much smaller EC 

values than growth and showing a NOEC of 5 mg/L and an LOEC of 10 mg/L. 

Statistically the growth and reproduction EC10 value of ND-COOH was significantly higher 

than that of ND-NH3. Both EC20 and EC50 values of reproduction between these two 

functional groups were statistically different. ND-COOH and ND-PEG also differed 

statistically regarding their EC10 and EC20 values of reproduction. Particles containing PEG 

are the most toxic to reproduction and particles containing NH3 is the most toxic to growth. 

 

Table 12: Effect concentration values of nanodiamonds and their bulk chemical equivalents. 

 ND Toxicity endpoints with upper and lower limits (mg/L) 95%-CL 

 Functional 

groups 

EC10 EC20 EC50 NOE

C 

LOE

C 

G
ro

w
th

 

COOH 

100.6a 125.2 134.7 243.1 235.6 1188.4 50 100 

80.8 72.828 42.31 

PEG 

91.9 n.d. 162.4 n.d. n.d. n.d. ˃=54 ˃54 

n.d. n.d. n.d. 

NH3 

10.6a 42.74

5 

38.8 181.63

8 

n.d. n.d. 10 25 

2.617 8.782 n.d. 
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 ND Toxicity endpoints with upper and lower limits (mg/L) 95%-CL 
R

e
p

ro
d

u
c

ti
o

n
 

COOH 

68.8ab 285.1 76.5ab 303.3 93.8a 491.5 50 100 

16.6 19.5 17.2 

PEG 

0.90b 22.3 1.89b 38.9 7.79 298.7 10 25 

0.04 0.099 0.23 

NH3 

4.98a 6.13 7.18a 8.783 14.4a 18.4 5 10 

4.05 5.882 11.3 

3. n.d. = not determined 

4. Values within the same column with the same superscript symbol are statistically different (p < 0.05). 

 

4.2.2.1.3 Nano gold 

Comparing nAu to ionic gold (chloroauric acid), it is evident that nAu toxicity based on EC10 

is much lower for reproduction and no significant difference in growth (Table 13). 

Reproduction was the most sensitive endpoint since EC values could be calculated for 10, 

20 and 50%. The NOEC and LOEC values for nAu growth are greater than 100 mg/L, which 

is the same as QD-COOH and QD-PEG. Chloroauric acid has NOEC and LOEC values 

similar to those of Cd and Te positive controls. 
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Table 13: Effect concentration values of nano gold and its bulk chemical equivalent. 

 nAu Toxicity parameters with upper and lower limits (mg/L) 95%-CL 

 Functional 

groups 

EC10 EC20 EC50 NOE

C 

LOE

C 

G
ro

w
th

 

nAu 

95.8a 209.8 n.d. n.d. n.d. n.d. n.d. n.d. 

43.8 n.d. n.d. 

Chloroauric 

acid 

0.97a 1.09 1.06 1.23 1.24 1.74 0.5 1 

0.87 0.90 0.87 

R
e

p
ro

d
u

c
ti

o
n

 nAu 

68.5 n.d. 91.9 n.d. 161.3 n.d. ˃=100 ˃100 

n.d. n.d. n.d. 

Chloroauric 

acid 

0.002 0.074 0.007 0.20 0.06 3.19 n.d. n.d. 

0 0 0.00

1 

5. n.d. = not determined 

6. Values within the same column with the same superscript symbol are statistically different (p < 0.05). 

 

4.2.2.1.4 Positive control using BAC-C16 EC50 determination 

The toxicity range of BAC-C16 as positive control was also determined (Figure 11). The 

EC50 for BAC-C16 was determined to be 30 mg/L and this concentration was used as the 

universal positive control for all exposures. 
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Figure 11 : The growth of Caenorhabditis elegans exposed to various concentrations of BAC-C16 in M9-
medium. 
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4.2.2.2 Growth 

4.2.2.2.1 Quantum dots 

Growth of nematodes showed a dose dependant decrease across all three functional 

groups, with QD-NH3 having the steepest downward trend as the concentration increased 

(Figure 12 C). There was statistical difference between the control, and 50 mg/L and 100 

mg/L exposures. There was no statistical difference between the control and any of the 

concentrations of QD-PEG exposure groups (Figure 12 B). The QD-COOH however, did 

show a statistical difference (p ˂ 0.05) between the control and 100 mg/L exposure 

concentration (Figure 12 A). The cadmium bulk chemical showed statistical significant 

decreases between the control and all concentrations except the lowest (0.125 mg/L) (Figure 

12 D). Tellurium only showed a statistical significant (p ˂ 0.05) difference between the 

control and the highest two concentrations (0.1 and 0.125 mg/L) (Figure 12 E). Tellurium and 

Cd were statistically different when looking at the one common exposure concentration, i.e. 

0.125 mg/L. This means that at the same concentration Te was more toxic to growth than 

Cd. Growth in the positive controls were significanly lower compared to the control. 

4.2.2.2.2 Nanodiamonds 

The ND-COOH showed a significant stimulation in growth at the 1 mg/L exposure when 

compared to the control (Figure 13 A). All other concentrations showed a slight decrease as 

the exposure concentrations increased. There is a statistical difference between the lowest 

and the highest concentration regarding nematode growth, meaning there was a notable 

dose dependant inhibition of reproduction. Nematodes exposed to ND-PEG showed no 

statistical difference between the control and the exposure concentrations (Figure 13 B).  

The ND-NH3 exposures indicated a dose dependant decrease in growth up to 50 mg/L 

exposure, where after there was a slight increase in growth at 100 mg/L (Figure 13 C). The 

growth of the three highest concentrations (25, 50 and 100 mg/L) did differ statistically from 

the control. Only ND-NH3 and ND-PEG growth at 100 mg/L was statistically different. 

Growth in the positive controls were significantly lower compared to the control.  

4.2.2.2.3 Nano gold 

Chloroauric acid has a much higher toxicity compared to the nAu exposure concentrations. 

Nano gold showed a slight dose dependant decrease in growth with only the 100 mg/L 

exposure being statistically lower than the control (Figure 13 D). Chloroauric acid showed a 

bimodal response pattern, decreasing from 0.005 to 0.1 mg/L, then increasing to 0.5 mg/L 

and decreasing rapidly to 2 mg/L exposure (Figure 13 E). Only the 2 mg/L growth differed 
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statistically from the control. The growth of 100 mg/L nAu exposed nematodes only differed 

statistically from that of QD-NH3 100 mg/L exposure nematodes. The growth of the general 

positive control (BAC-C16) was statistically different from the control in each exposure.  
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Figure 12 : Percentage growth change following CdTe-quantum dot exposures. The asterisks indicates 
statistical difference (p < 0.05) from the control. 
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Figure 13 : Percentage growth change following nanodiamond and nano gold exposures. The 
asterisks indicate statistical difference (p < 0.05) from the control. 
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4.2.2.3 Fertility 

4.2.2.3.1 Quantum dots 

QD-COOH showed no statistical decrease in fertility compared to the control (Figure 14 A). 

QD-PEG showed a bimodal response pattern as the concentration increased, however no 

statistical difference was observed (Figure 14 B).  Nematodes exposed to QD-NH3 

experienced a dose dependant decrease in fertility until 50 mg/L, but then spiked to 100 % 

fertility at 100 mg/L exposure concentration (Figure 14 C). Both 25 and 50 mg/L exposures 

differed statistically from the control, in terms of fertility. Cadmium showed a bimodal 

response pattern between 0.0125 mg/L and 1 mg/L and then a sharp decrease at 2 mg/L 

(Figure 14 D). Only 2 mg/L exposure concentration had a statistically significant effect on the 

fertility of the nematodes. Tellurium had no statistically significant effect on fertility (Figure 14 

E).  

4.2.2.3.2 Nanodiamonds 

ND-COOH also has a bimodal response pattern but none of the exposure concentration 

values were statistically different from the control (Figure 15 A). ND-PEG showed the same 

bimodal response pattern where only 50 mg/L has a statistically lower fertility when 

compared to the control (Figure 15 B). ND-NH3 showed a bimodal response pattern where 

only 50 mg/L has a statistically lower fertility when compared to the control (Figure 15 C).  

4.2.2.3.3 Nano gold 

Nano gold showed no statistical difference in fertility compared to the control (Figure 15 D). 

Nematodes exposed to chloroauric acid showed a bimodal response with a dose dependant 

decrease between 0.5 mg/L and 2 mg/L exposure concentrations (Figure 15 E). Only 1 mg/L 

and 2 mg/L had a fertility value statistically lower than the control. 
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Figure 14 : Mean percentage fertility following CdTe-quantum dot exposures. The asterisks indicates 
statistical difference (p < 0.05) from the control. 
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Figure 15: Mean percentage fertility following nanodiamond and nano gold exposures. The asterisks 
indicate statistical difference (p < 0.05) from the control. 
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4.2.2.4 Reproduction 

4.2.2.4.1 Quantum dots 

Reproduction is indicated as number of juveniles per adult hermaphrodite. Both QD-COOH 

and QD-NH3 have a bimodal response pattern as the concentrations increase (Figure 16 A & 

C). All exposure concentrations caused a statistically significant decrease in reproduction. 

QD-PEG caused a dose dependant decrease in reproduction (Figure 16 B). At the lowest 

exposure concentrations, QD-COOH, QD-PEG and QD-NH3 already causes reproduction 

inhibition of more than 50%. As a result, all concentration of all three materials also differed 

statistically from the control.  

Cadmium exposures showed a bimodal response pattern with all exposure concentrations 

causing statistically significant inhibition of reproduction compared to the control (Figure 16 

D). Nematodes exposed to Te experienced a dose dependant decrease in reproduction and 

the reproduction after exposure to all concentrations differed statistically from the control 

(Figure 16 E).  

4.2.2.4.2 Nanodiamonds 

ND-COOH showed a bimodal response pattern with 100 mg/L causing a statistically 

significant inhibition of reproduction compared to the control (Figure 17 A). Nematodes 

exposed to ND-PEG had a dose dependant decrease (Figure 17 B). Only 100 mg/L caused 

reproduction inhibition statistically different from the control. ND-NH3 caused a dose 

dependant decrease in reproduction (Figure 17 C). All concentrations higher than 10 mg/ L 

showed a statistical difference in reproduction compared to the control.  

4.2.2.4.3 Nano gold 

Nematodes exposed to nAu presented a slight dose dependant decrease in reproduction 

however, none of the concentrations had a reproduction statistically different from the control 

(Figure 17 D). The reproduction of chloroauric acid exposed nematodes showed a more 

notable dose dependant decrease, with the highest 4 concentrations (0.1, 0.5, 1 & 2 mg/L) 

statistically different from the control (Figure 17 E). 
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Figure 16 : Mean reproduction following CdTe-quantum dot exposures. The asterisks indicates 
statistical difference (p < 0.05) from the control. 
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Figure 17 : Mean reproduction following CdTe-quantum dot exposures. The asterisks indicate statistical 
difference (p < 0.05) from the control. 
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5 CHAPTER 5: DISCUSSION 

5.1 Environmental distribution 

When considering the toxicity of ENPs their physicochemical properties are of key 

importance These properties include the specific surface area, size, structure, morphology, 

chemical composition, solubility, reactivity, surface properties and production of reactive 

species (i.e. charge and coating) (Buzea et al., 2007). These unique physicochemical 

properties may induce new mechanisms that cause toxicological effects (Viswanath & Kim, 

2016). The surface areas of NPs can be adjusted in order to mitigate the associated toxicity 

which drives safety by design (Hobson et al., 2016). 

In this study there was a reduction in conductivity at the highest concentrations of NDs 

tested. The lower the conductivity, the fewer ions are present (Perlman, 2014). As the 

concentrations increased, the ions and TDS in the medium decreased causing lower 

conductivity. This can be caused by agglomeration of particles at higher concentrations 

(Onwudiwe et al., 2014), as Crane et al., (2008) reported that agglomerates form more easily 

when particle concentrations increase. The TDS in the lower concentrations are much higher 

than expected values of 2 g/L as reported by APHA (1999). In water with a very high TDS 

concentration, cells will shrink (Cheremisinoff & Davletshin, 2015) due to water movement by 

osmosis. These changes can affect an organism’s ability to move in a water column, causing 

an imbalance of homeostasis within an organism. This means that it will float or sink beyond 

its normal range (EPA, 2012). If nematodes are forced to move beyond their normal range it 

might affect their feeding and movement, meaning they might not survive. This could be one 

of the causes of toxicity observed in this study, due to high TDS values.  

The mean size of ENPs measured were much smaller than the maximum size observed, 

indicating that agglomerates were formed leading to larger particle sizes. Ivask et al. (2014) 

tested the effect of particle size on the toxicity of silver NPs in vivo. It was concluded that 

bulk dissolution explained the toxicity of particles between 20-80 nm but not of 10 nm. The 

smaller particles had more efficient cell-particle contact resulting in higher intracellular 

bioavailability of silver than in case of bigger particles (Ivask et al. 2014). Quantum dots with 

NH3 functional groups had the smallest particle size and the least Cd and Te dissolution. 

Roh et al. (2010) found that smaller CeO2 NPs were more toxic to C. elegans, and toxicity 

was observed at much lower concentrations (1 mg/L) than this study. It possible that this is 

due to induced cyp35a2 gene, involved in xenobiotic metabolism, expression by smaller 

particles, by mechanisms unknown and to be studied further. 
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The ionic salts do not have statistically different physicochemical parameters than their nano 

counterparts. Only chloroauric acid concentrations have significantly higher TDS and 

conductivity values than nAu. This means more metal ions were present in the chloroauric 

solution, thus, toxicity differences between ionic gold and nAu could be attributed to free 

ions. However, Wang et al. (2009) found that with Al2O3 NPs the toxicity could not be 

explained by only dissolved ions, and a nanoparticle-specific toxic mechanism may exist. 

This could be possible for the other materials, as no difference in TDS values between the 

ionic and nano particles were observed. It is also important to note that pH could have an 

effect on ion release and toxicity of ENP. Nematodes feed as they move through the water 

column meaning that particles can be ingested as they feed from the water. C. elegans has 

an intestinal pH ranging and oscillating between 3.5 and 6 (Chauhan et al., 2013), meaning 

that when particles are ingested they could agglomerate or be acidified into their ionic form 

within the intestine. 

5.2 Organismal exposure 

In the adult C. elegans hermaphrodite the vulva establishes the organ required for egg-

laying by connecting the uterus to the external environment (Pluskota et al., 2009). All QDs 

were internalized after 96 h of exposure and are clearly visible by CytoViva®. Particles were 

found in the intestine and reproductive organs such as spermatheca, gonads and vulva, 

which could directly be the cause of lower reproduction numbers. In this study, however 

particles could be visualised using CytoViva® but not by using SEM, as no metal was 

detected within organs by EDS.  

More lipid droplets were present in the intestine of nematodes exposed to QDs in this study. 

Lipid droplets are a class of eukaryotic cell organelles for storage of neutral fat such as 

triacylglycerol (TAG) and cholesterol ester (CE) (Zang et al., 2010b). Increased presence 

and size expansion of lipid droplets can be caused by genetic defects in a peroxisomal beta-

oxidation pathway in C. elegans (Zhang et al., 2010a). Results of Zhang et al. (2010a) 

suggests that lipid droplet size in C. elegans is dynamic and is linked intimately to storage, 

mobilization, and peroxisomal catabolism of fat. This means that enlarged droplets observed 

within the intestine after exposure to QDs can be due to disruption of the peroxisomal beta-

oxidation pathway. Metabolomic studies need to be done in order to verify this.  

Some hatched nematodes were observed within nematodes exposed to QDs in this study 

but are not shown. Pluskota et al. (2009) found that silica NPs lead to reproduction inhibition 

due to damaged vulva muscles and lead to an increase in the BOW (bag of worms) 

phenotype of C. elegans. This is an egg laying defect that causes fertilized embryos to hatch 

from eggs within the body of the organisms. The juveniles then begin to feed on the soft 
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tissue of the parental animal within the body. Slotkin et al. (2007) also states that this has 

been seen in mammalian oocyte development after exposure to nanocrystal QDs. Further 

detailed analysis is needed to determine the mechanism of this toxicity. According to 

Fröhlich (2012) intracellular targets of ENPs are mitochondria, lysosomes, the nucleus, and 

intracellular proteins. If the mitochondrial metabolism is compromised it could cause the 

generation of free radicals. This study could not verify these results, as TEM is required to 

view ultrastructure. However, there was a noticeable effect on the gonads of nematodes 

exposed to QD-COOH and QD-PEG.  

5.3 Organismal response 

As reproduction is the ultimate factor when considering population growth, it is important to 

recognize materials that affect reproduction more than growth. Since the life cycle of C. 

elegans is so short it is important for this organism to reproduce at a high rate, if this is 

affected then it could cause a decline in the population.  

Effect concentration values for reproduction indicate that QDs have the lowest values (0.002 

mg/L) statistically, making them more toxic then NDs (68.804 mg/L) and nAu (68.51 mg/L). 

Quantum dots with PEG groups were the most toxic when assessing reproduction, but the 

least toxic when assessing growth. This possibly indicates different mechanisms of toxicity. 

Mechanisms could include surface damage, uptake and distribution via the gut, damage to 

the uterus, cellular uptake and damage to cellular membranes, as well as oxidative stress 

(Usenko et al., 2008; Zhu et al., 2008). Quantum dots showed a significant effect on fertility 

at higher exposure concentrations, and this indicates a link between gonad deformation and 

fertility. Both ND-PEG and ND-NH3 also showed a significant reduction in fertility. Reduced 

fertility capacity can be explained as a part of compensatory or defence mechanism to digest 

the toxicity induced by ENPs (Roh et al., 2010).  

The surface charge of ENPs therefore affects their internalization and localization within 

organismal tissue and cells. The QD-NH3 (positively charged particle) had the smallest mean 

particle size (after nAu) and lowest metal dissolution, but was the most toxic when 

comparing EC10 values of growth. Fröhlich (2012) found that phagocytic cells preferably 

interact with positively charged particles. According to Fröhlich (2012) positively charged 

NPs cause more pronounced disruption of plasma membrane integrity, stronger 

mitochondrial and lysosomal damage than anionic NPs possibly due to a negative 

membrane potential. Similarly Collin et al. (2014) found that positively charged CeO2-NPs 

were significantly more toxic to C. elegans and bioaccumulated more than the neutral and 

negatively charged CeO2-NPs (Collin et al. 2014), causing oxidative stress in the organisms. 
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Thus, the potentially higher toxicity caused by positively charged particles can be attributed 

to more cellular particle uptake. 

In the light microscopy images of this study, severe damage to tissue can be seen after 

exposure to QD-PEG 100 mg/L. Quantum dots functionalized with PEG had the largest 

mean particle size and highest release of Cd and Te. Therefore, this damage could be due 

to cellular loss due to intracellular particle uptake, as well as ion release from particles 

binding to cell receptors or ion channels, causing necrosis. The stronger interaction of 

phagocytes with negatively charged particles may be the reason for higher cytotoxicity in the 

NH3 functionalized particles within this study, reflected as an observed decrease in growth. 

According to Wu & Horvitz (1998) C. elegans has a phagocytotic protein (CED-5) that is 

similar to that of a human DOCK180 phagocytic protein. 

Zhao et al. (2015) found that unfunctionalized QDs induced dose dependant abnormal 

foraging behaviour. They also found that QDs induced dysfunction and deficits in 

development of RMEs motor neurons, as QDs could be translocated into RMEs motor 

neurons through the intestinal barrier (Zhao et al., 2015). This could be the cause of the lack 

of growth at higher concentrations of QDs, less foraging results in less food uptake and less 

energy available for growth as well as reproduction.  

Nano gold did not have a significant effect on C. elegans growth. When looking specifically 

at growth, it is evident that of all the ENP in this study, QD-NH3 has the most significant dose 

dependent effect, whereas QD-PEG statistically had no effect on growth. This is similar to 

results by Roh et al. (2010) and Contreras et al. (2013) that found no significant effects on 

growth of C. elegans after exposure to CeO2 NPs and core-shell QDs (CdSe/ZnS), 

respectively. Within this study, ND-NH3 shows significant toxicity to growth, where both the 

other functional groups of NDs did not. It is important to note that both QD-NH3 and ND-NH3 

are the ENP that are negatively charged, once again suggesting that charge has an effect 

on growth toxicity. 

In this study mortality was not measured and thus LC50 values were not calculated, but it can 

be assumed that an EC value will be lower than the LC50 value, as affects can be seen 

before lethality occurs. Wang et al. (2009) reported a 24-h LC50 value, for C. elegans 

exposed to ZnO NPs in K-medium much lower than most of the EC values for QDs, NDs and 

nAu found in this study. Zhao et al. (2015) also found that CdSe/ZnS-QDs did not affect the 

reproduction of C. elegans. This study chose concentrations much higher, but did find the 

EC10 reproduction concentrations of QD-PEG and QD-NH3 in agreement with previously 

mentioned study.  
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ICP-MS data also showed that there was more Cd and Te present in suspension of QD-NH3, 

and these particles were also the smallest. Thus, toxicity could be due to the smaller cationic 

particle being more bioavailable for ingestion, as well as internalization in to cells or simply 

more small particles present in the suspension. Tellurium was also more toxic than Cd and 

more Te was present in each solution, indicating Te could be the cause of QD-NH3 toxicity. 

Notable toxic effects were also observed for ND-NH3 and could thus also be linked to the 

smaller size of the particles or oxidative stress. 

Both the bulk chemical Cd and Te showed toxicity to growth, fertility and reproduction at 

much lower concentrations than their nano equivalents. This is similar to findings by Hsu et 

al. (2012) following exposure of C. elegans to QDs. The Te showed higher toxicity compared 

to Cd, this could be due to sedimentation of Te out of the medium. For gold the chloroauric 

acid also showed much higher toxicity (100-fold) than nAu.  

After exposure to ENP, reproduction of C. elegans was significantly affected by all ENPs 

except nAu. Cadmium and tellurium salts were the most toxic to reproduction. Quantum 

dots-NH3 is more toxic than QD-COOH at higher concentrations. This could be due to higher 

agglomeration of QD-COOH at higher concentrations (Crane et al., 2008), decreasing the 

potential for particles to penetrate cells (Viswanath & Kim, 2016). Nanodiamonds showed 

less toxicity towards reproduction overall compared to QDs and nAu. This could be due to 

metal dissolution and toxicity of QDs and oxidative stress. Yan et al. (2011) showed elevated 

levels of reactive oxygen species (ROS) induced by MSA-capped CdTe-QDs on human 

umbilical vein endothelial cells. These particles also induced mitochondrial apoptosis 

pathway, which leads to cell death and could be the cause of observed tissue damage seen 

in QD exposures in this study. Elevated levels of reactive oxygen species can cause 

oxidative stress, resulting in reduced reproduction and growth. As the mean particle sizes 

ranged between 14 and 176 nm, the toxicity can be due to bulk metal dissolution. When 

looking at NDs, the NH3 functionalized materials seems to have more effect on growth than 

reproduction and PEG more on reproduction than growth, this could indicate different 

mechanisms of toxicity for each functionalized material. Nanodiamond-PEG particles also 

have has a larger chain of molecules that could cause the difference in toxicity endpoint 

results.  

Overall the ionic salts were more toxic than their nano equivalents. But toxicity of NPs are 

not necessarily due to ion release, as different functional groups induced different levels of 

toxicity. The data that Zhao et al. (2015) collected on the release of Cd2+ from QDs implies 

that toxicity of these particles on motor neurons are not necessarily due to Cd2+ release. 

Engineered nanoparticles can act through the generation of reactive oxygen species (ROS) 

outside of the cell (Klotz & Sies, 2009). This can damage the plasma membrane by causing 
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holes in the membrane (Ryabchikova et al., 2010) or bind to membrane proteins such as 

nicotinamide adenine dinucleotide phosphate-oxidase, Ca2+ channels (Brown et al., 2007), 

and membrane receptors (Jiang et al., 2008). 
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6 CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions  

To conclude, the biological effects of ENPs with different functional groups and their bulk 

metal salts were extensively evaluated in this study using C. elegans as a model organism. 

All of the tested QDs and ND-NH3 caused growth inhibition in C. elegans. Clear dose 

dependent differences were also seen in reproduction after exposure to all ENPs. However 

significant differences in the dose-response curves of fertility were not observed. Bulk metal 

salts caused reduced reproduction and growth in C. elegans, but a low incidence of fertility 

deficiency was observed, thus indicating that C. elegans was affected by different 

mechanisms when comparing ionic and nano-forms. The fact that QD-NH3 affected growth 

more than reproduction, and QD-COOH affected reproduction more than growth within the 

same ENP group also indicates different mechanisms of toxicity between functional groups. 

Overall, positively charged particles are more toxic than neutral and negatively charged 

particles. Metal analyses of QDs indicated higher concentrations of Cd and Te in NH3 

funcionalized goups, which could be the cause of higher toxicity of this material. The QDs 

are also more toxic than both NDs and nAu. Bulk metal salts are considerably more toxic 

than their nano equivalents. From this study, we can also deduce that QDs and nAu could 

have low bioavailability in the gut of nematodes as their biological effects are far less severe 

than their bulk metal salts. 

The principal questions were whether ENPs would be ingested into C. elegans, whether they 

are internalized, and if all toxicity could simply be attributed to metal ion release. If the latter 

were the case then the need for toxicological studies would be less pressing, since Cd 

toxicity is relatively well-studied. It was found that QDs are in fact both ingested and 

internalized by C. elegans based on CytoViva® images. However, SEM images and EDS 

could not confirm the internalization, but this method only examines the surface of the image 

and thus, TEM would be better suited to determine internalization. Nematodes have been 

collected for TEM analysis and will be assessed. Particles within the intestine and 

reproductive organs can impair growth inhibiting nutrient uptake and egg laying deficiencies, 

respectively. Based on literature, the toxicity observed could also be due to a nonspecific 

decrease in feeding and decreased mobility from particles binding to the cuticle and forming 

aggregates within intestinal lumen.  

However all inhibition effects that were observed, were only at high exposure concentrations 

(5 mg/L and above) relative to likely environmental levels, although this is an area of current 

uncertainty. While the exact levels of ENPs that are likely to occur in the environment are still 



60 

 

unclear, it appears that concentrations will usually be in the µg/L or µg/kg range and thus 

nontoxic in the conditions that were used in this study. However, at the source of 

nanomaterial release there may be “hot spots” where concentrations will reach toxic levels 

as NPs have a high mobility within sediments through pore water. 

In this study it was established that the measured indicators of stress on organism level were 

ENP concentration-dependent. From the data obtained it was apparent that certain 

concentrations of the tested ENPs in artificial pore water (M9-media) have the potential to 

negatively affect benthic organisms such as C. elegans’ reproduction and behaviour, and 

subsequently changing the benthic ecosystem by population density decreases. This 

ecosystem forms important part of the aquatic environment and the food web. This study 

also highlights how C. elegans can help to better our understanding of nano/bio interactions 

at different biological levels as an exceptional model organism, ranging from the whole 

animal down to cells and molecules. All objectives where met and hypotheses accepted. 

6.2 Recommendations 

Further studies should incorporate environmental variables such temperature, dissolved 

oxygen and organic ligands.  

The degree of ENP aggregation and changing of optical properties inside the intestinal 

lumen of the organism where both acidic pH and the presence of biomolecules play an 

essential role should also be determined.  

Multi-generational studies should be done in order to establish whether nematodes may 

have the capacity to adapt or acclimate to the presence of low levels of trace ENPs. 

Further studies into the underlying mechanisms implicated by these sub lethal endpoints 

should be undertaken, such as oxidative stress, ultrastructure damage and metabolomic 

pathway analyses.  

The methods used should also be adapted for future studies with regards to reducing 

agglomeration of particles and finding a more environmentally relevant exposure medium.  

Uptake of particles should be further verified by TEM and CytoViva® hyperspectral images 

using different position and orientations. SEM images should also be done on the same area 

of the organism for each material. 

Lastly, from this study it is evident that future studies need to be conducted to further 

examine possible modes of internalization and toxicity, which is important in understanding 

the environmental and human toxicity of NPs to help in mediating technological growth with 

environmental safety. Chapter 1 Section 2(4)(a)(viii) of the National Environmental 
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Management Act (107 of 1998) clearly states that “negative impacts on the environment and 

on people’s environmental rights should be anticipated and prevented, and where they 

cannot be altogether prevented, are minimised and remedied”. 
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