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ABSTRACT

Nanomaterials are defined as materials where one dimension is sized 1 nm — 100 nm and are
emerging technologies that are used for the benefit of mankind. Two noteworthy materials include
nanodiamonds (NDs) and nano copper oxide (nCuQO) as they have intrinsic properties that make
them appealing for their uses in the medical and agricultural fields. However, once in an aquatic
environment, they can negatively affect the organisms that inhabit it. The effects that
contaminants exert on aquatic organisms can be organized into adverse outcome pathways
(AOP), starting from the first anchor point, where the organism is affected on a molecular level,
and in turn how this molecular initiating event is responsible for any changes in their physiological
processes, influencing an apical endpoint within the organism or its population. Although these
pathways are available for various contaminants, they are still scarce for nanomaterials. This
study aimed to construct an AOP for NDs and nCuO and copper chloride for the freshwater
shrimp, Caridina africana. Firstly, C. africana were acutely exposed to sublethal concentrations
(LC10 and LCy) of two nanomaterials and copper ion to assess the sublethal effects on the
shrimp’s physiological processes, such as their respiration rate, heart rate as well as behaviour.
Thereafter, chronic toxicity tests were carried out to determine mortality rates after long-term
exposure. The shrimp were subjected to metabolomic analyses to determine the anchor point
responsible for the physiological changes exerted. Of the two nanomaterials, nCuO was more
toxic than NDs at sublethal concentrations. The toxicity was expressed throughout the altered
physiological processes, such as elevated respiration rates, decreased heart rate and reduced
locomotor activity. The nCuO toxicity can be attributed to its particle size, agglomeration potential
that results in the uptake of the particle, its adherence to the external surface of the shrimp and
the uptake of copper ions following dissolution from the material by the shrimp. This resulted in
NCuO causing the generation of reactive oxygen species. The copper chloride’s toxicity resulted
in an increase for all physiological endpoints. Its toxicity can also be caused by the dissolution of
copper ions, which accumulates in the shrimp and generates reactive oxygen species, altering
their physiological processes. Nanodiamonds toxicity is attributed to the same parameters as
nCuO, and although considered inert, it caused the generation of reactive oxygen species,
resulting in an elevated respiration rate and a decrease in locomotor activity. The different
nanomaterials’ effects on the endpoints were related to their physicochemical characteristics.

These hierarchical biological responses were successfully integrated into the AOP construct.
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ABBREVIATIONS

Abbreviation

Description

% O Percentage dissolved oxygen

°C Degrees Celsius

po/L Microgram per litre

pL Microlitre

ANOVA Analysis of variance

AO Adverse outcome

BPM Beats per minute

CaCl Calcium chloride

cm Centimetre

Cu Copper

CuCl; Copper chloride

DLS Dynamic light scattering

g Grams

GF-AAS Graphite furnace atomic absorption
spectrometry

h/hr Hours

HCI Hydrochloric acid

HNO3 Nitric acid

KCI Potassium chloride

KEs Key events

LC Lethal concentration

mg/L Milligram per litre

MgSO4 Magnesium sulphate

MIE Molecular initiating event
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min Minutes

mL millilitre

NABF National aquatic bioassay facility
NacCl Sodium chloride

nCuO nano Copper oxide

NDs Nanodiamonds

NMs Nanomaterials

PLS-DA Partial least square discriminant analysis
ROS Reactive oxygen species

TEM Transmission electron microscopy
VIP Variable importance of projection
ZP Zeta potential
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CHAPTER 1 INTRODUCTION AND PROBLEM STATEMENT

1.1 Nanomaterials

Heiligtag & Niederberger (2013) reported that the use of nanotechnology first occurred in the
fourth century to generate a glass cup that changes colours under different lighting conditions,
using silver, gold and copper nanopatrticles for this historic piece, indicating that nanomaterials
(NMs) are the building blocks for this technology. Nanotechnology is considered one of the most
promising technologies in the 215 century, and is used for the benefit of mankind through medical,
agricultural and architectural applications, such as nano drugs and diagnostic tools, nano
pesticides and surface coatings due to their unique properties (Pacheco-Torgal & Jalali, 2011;
Nikalje, 2015; Bayda et al., 2019; Fadiji et al., 2022).

Nanomaterials can be produced anthropogenically (engineered/incidental) or found naturally.
Anthropogenic NMs are produced via: industrial activities, construction sites, welding fumes,
combustion particulates, roads, traffic and exhaust emissions, brake pads and fuel additives.
These activities can produce metal oxides (e.g. Manganese, Iron, Copper, Zinc, Nickel,
Aluminium, Cobalt and Titanium) nanoparticles (Sadik, 2013; Dolez, 2015; Jeevanandam et al.,
2018; Barhoum et al., 2022; Wang et al., 2022a). Naturally occurring NMs can be formed by
volcanic activity, forest fires, weathering and other biogeochemical processes (Dolez, 2015;
Jeevanandam et al., 2018; Hochella et al., 2019; Lespes et al., 2020; Barhoum et al., 2022).

In nanomaterial engineering, there are two approaches to NM production: breakdown (top-down)
or bottom-up. A top-down approach reduces the structural size of the materials towards the
nanoscale, whereas a bottom-up approach is the formation of larger nanostructure from tiny
atoms/molecules (see Figure 1.1) (Igbal et al., 2012; Suresh, 2013; Arole & Munde, 2014; Habiba
et al., 2014; Rawat, 2015; Ovais et al., 2017; Singh et al., 2020a; Abid et al., 2022).
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Figure 1.1  Approaches and processes utilized in the synthesis of nanopatrticles.

As summarized from the European Commission (2022), a nanomaterial needs to fulfil at least one
of the following criteria: 1) the particle has one or more external dimensions within 1 nm — 100
nm, 2) the particle has an elongated shape, like a rod, fibre or tube where two external dimensions
are smaller than one nm and the other dimension is greater than 100 nm, 3) the particle has a

plate-like shape where the dimensions fall within the same category as point 2.

They can be classified based on either their dimensions or their composition. For dimensions,
there are four types: 0-D, 1-D, 2-D, or 3-D. For composition, there are also four types, such a
carbon, metal, semi-conductor, or nanocomposite (Figure 1.2). Figure 1.2. shows the different
categories that are used to classify nanomaterials Do & Pham (2010); Kim et al. (2012); Sweet et
al. (2012); Cha et al. (2013); Kitching et al. (2013); Suresh (2013); Vitiello et al. (2015); Chen et
al. (2018a); Chen et al. (2018b); Poh et al. (2018); Ghassan et al. (2019); Khan (2019); Neupane
et al. (2019); Patel et al. (2019); Bertolacci et al. (2020); Din et al. (2020); Ebina et al. (2020);
Singh et al. (2020a); Wang et al. (2020a); Yaqgoob et al. (2020); Sabzehmeidani et al. (2021); Xu
et al. (2021); Zuo et al. (2021); Abid et al. (2022), such as dimensions and composition.

2



Nanomaterials

Classification of nanomaterials

Dimension

0-D
-Nanospheres & Clusters

Material

Carbon based

1-D
Nanotubes, wires & rods

2-D
Sheets

3-D
Interconnected architecture

Graphene & Fullerenes

|

Metal based Inorganic
Copper, Silver & Gold NPs

I

Semi-conductor based
Silicon carbide, Cadmium sulfide &
Zinc selenide NPs

Nanocomposite
Aluminium oxide & Silicon carbide

Polymer/Ceramic Metal NC

Inorganic/organic
Polymer

Inorganic/organic
Hybrid
Polymer/layered
Silicate

Ceramic-Ceramic
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Figure 1.2 Classifications of nanomaterials based off their dimensions and composition.
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Nanoparticles have various intrinsic properties (see Table 1.1.) which include: optical, electrical, mechanical, magnetic and

thermodynamic properties which affects their application.

Due to the properties of NMs, nanotechnology has found many uses in agriculture, environmental and architectural applications, as
well as for drug delivery and diagnostic tools in medicine. As with most emerging technologies, they have both advantages and
disadvantages as outlined in Table 1.2 (Anik et al., 2019; Ghadimi et al., 2020; Mushtagq et al., 2020).



Table 1.1 Intrinsic properties of nanomaterials, how to measure the properties and what they are used for:

Property: Definition: How their properties are affected: | Methods used to | Applications: Reference(s):
determine
property:
Optical Optical absorption and | Dependent on surface atoms, | Carlo method and | Biological, cell imaging | (Bhagyaraj &
fluorescence properties. It is | electronic structure and size - | spectroscopic and photo thermal | Oluwafemi, 2018;
dependent on size, shape and | specifically the quantum effect and | techniques therapeutic Adewuyi & Lau, 2021;
surface of NM surface plasmon resonance applications Pooja et al., 2021,
Sahoo, 2022).
Absorption and scattering of light
Electrical Electrical conductivity, | Dependent on size, NMs can exhibit | Lennard Jones | Batteries, diodes and | (Matsui, 2005; Min et al.,
photoconductivity, and | great electrical conductivity | potential lasers 2019; Coetzee et al.,
resistance properties when compared to their 2020).
bulk counterparts.
Mechanical Toughness, hardness, super | Dependent on size, as NMs can | Van der Waals | Surface engineering | (Guo et al., 2013; Wu et
plasticity, brittleness, rigidity, | exhibit great mechanical properties | forces, capillary | and tribology al., 2020a; Adewuyi &
ductility and porosity. that are not present within their bulk | forces, electrostatic Lau, 2021).

counterparts

forces, solvation and
structural and
hydration forces




Magnetic Magnetic properties due to | Anon-magnetic elementcanbecome | Vibrating sample | MRI contrast, tissue | (Lu et al, 2007,
electronic distribution | magnetic at a nanoscale. magnetometer / | repair and | Akbarzadeh et al., 2012;
(supermagnetism/superparama Direct current | immunoassay of | Guo et al, 2013;
gnetic) magnetometry biological fluids Adewuyi & Lau, 2021,

techniques Arosio, 2021).

Thermal/Melting/ | Melting entropy, enthalpy & | Dependent on size and shape. | X-ray diffraction / | Thermal therapy (Gao & Gu, 2015;

Thermodynamic

melting point. This property
gives rise to the stability of a NM
suspension.

Melting point and melting entropy of
nanofiims are greater than that of
nanowires and for nanowires greater
in size than the nanoparticles of the
same material. Nanoscale materials
have a large surface to volume ratio
than their bulk counterparts, thus
altering their thermal/thermodynamic
properties

electron diffraction
can be wused to
determine this
property and

transmission
electron microscopy

(Kareem & Mawllod,
2020).




Table 1.2 Various uses of nanotechnology, examples and their advantages and disadvantages.

Use

Product/s

Nanomaterial

Advantages

References

Agricultural

Nanopesticides

Nanofertilizers

Carbon-based

Titanium dioxide

Controlled release, prevents
premature degradation, enhance
efficacy over a long time, lesser

need for application

Prasad et al., 2017; Jose & Krishnankutty,
2018; Mwaanga, 2018; He et al., 2019;
Shang et al., 2019; Fadiji et al., 2022).

Architectural | Steel Nanocomposites/Copper oxide Stronger, free of corrosion, lighter, | (Pacheco-Torgal &  Jalali,  2011;
. Niroumand et al., 2013; El Alfy et al.,
resistant to mould 2021).
Drywall Nano-gypsum
Coatings Titanium dioxide/Carbon-based
Medical Biosensors Carbon nanotubes/Gold nanopatrticles | Highly sensitive, ultrafast, | (Sun et al., 2008; Boisseau & Loubaton,
bi tibl d highl bl 2011; Gardner, 2015; Patra et al., 2018;
. . iocompatible and hi stable, . ; !
Drug delivery Abraxane/Nanodiamond . p“ ] gy é?doduiqjé ;Iéhﬁ\?vlg‘ozlzoér\z(gzdﬁtef ;’I’ 38282
site specific delivery and controlled Sim & Wong, 2021).
Medical Metal oxides/Quantum dots drug release
Imaging (MRI)
Cosmetics Sunscreen Zinc oxide/Titanium oxide Site-specificity,  biocompatibility, | (Katz, 2007; Raj et al., 2012; Effiong et al.,
¢ | lasti Hoct 2020; Fytianos et al., 2020; Yadwade et
ransparency, long-lasting effects .
Lipstick Silicon dioxide p ! y g 9 al., 2021; Gupta et al., 2022).
and stability
Mascara Carbon black




1.2 Nanomaterials in Aquatic Environments

The continuous use of nanotechnology allows for it to be released into the environment. Since
NMs are the building blocks for nanotechnology, this results in them being commercially available
and continually developed. This then leads to its increased usage, thus allowing it to be
discharged more frequently into aquatic environments through: direct entry, agrochemical spray
drift, precipitation, emissions, wastewater treatment plants and industrial waste (Batley et al.,
2013; Renzi & Guerranti, 2015; Malakar et al., 2021; Moloi et al., 2021). This is an issue as
bioaccumulation within aquatic organisms can occur and this may lead to biomagnification within
the food web (Uddin et al., 2020; Kuehr et al., 2021a).

NMs can exert toxic effects on the organisms once it enters their habitats. The toxicity of a NM is

dependent on a multitude of factors (see Figure 1.3.).
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Figure 1.3  Characteristics of NMs. *Abbreviations used are Dissoln = Dissolution, Conc =
Concentration, Agglom = Agglomeration.



2. Surface
Chemistry

It is noted that smaller sized NMs are more toxic than larger sized NMs.
This is because the former can be transported into an organism’s cells and
tissues as a smaller size results in an increase in the percentage of atoms
on the surface. These atoms drive the reactivity of the NMs (Sharifi et al.,
2012; Qvissipour et al., 2013; Jennings et al., 2015; Liu et al., 2022).

The surface chemistry of a NM affects its catalytic activity, its ability to
generate reactive species as well as its general cytotoxicity (Ovissipour et
al., 2013). The charge on the NMs surface relates to the surface chemistry
and is also affected by the physicochemical properties of the media (Liu et
al., 2022). It is noted that the surface charge influences the absorption of
ions and biomolecules that can affect the organism’s response to the
particle — selective adsorption, and ability to cross the blood-brain barrier
(Sharifi et al., 2012; Savage et al., 2019; Sreya & Chitra, 2021). The surface
charge of a NM plays a critical role in the aggregation of NMs, thus affecting
its colloidal behaviour (Sharifi et al., 2012; Jennings et al., 2015).

Nanomaterials have different shapes, such as spheres, tubes, rings and
fibres. Augustine & Hasan (2020) had reported that rod shaped NMs are
more efficient in uptake than spherical shaped NM, due to their ability to
effectively bind on cells, as the latter do not have many binding sites
available to interact with the surface of cells (due to its curvature, leading
to decreased surface available in comparison to rod shaped NMs)
(Chowdhury et al., 2019).



4.
Exposure
medium

Sreya & Chitra (2021) reported that the pH, ionic strength, salinity,
temperature, and dissolved oxygen of the medium can affect the charge of
the NMs surface. It also influences the membrane permeability in
organisms and affects the toxicity in cellular uptake pathways. It can also
affect the agglomeration rate of the NM and its ability to adhere to an

organism’s tissue surface (Sharifi et al., 2012; Ovissipour et al., 2013).

Polyethylene glycol (PEG) is a coating used for some NMs. It is a steric
stabiliser that aids in the NMs dispersion, but it can also affect the NM’s
stability in an aquatic environment, which in turn can affect the toxicity of
the nanoparticle (Jennings et al., 2015; Savage et al., 2019; Liu et al.,
2022). Sharifi et al. (2012) noted that coatings can prevent dissolution of a
NM, resulting in no release of toxic ions which make up the NM core.
Coatings can also modify the surface charge of a NM, making it more toxic
by altering its physicochemical properties (Sharifi et al., 2012; Sreya &
Chitra, 2021).

Avramescu et al. (2020) explains that solubility affects the stability of the
NM in the biological media, influencing the agglomeration of the NM, which
affects its interaction with the cells and the biological response.

Avramescu et al. (2020) states that metal based NMs can cause adverse
responses due to either the metal ions released from the NM, and the
dissolution can be influenced by the constituents of the exposure medium.
If nanoscale patrticles are soluble, they will dissolute. Depending on a low
or high surface dose, it can form toxic or non-toxic constituents, which can

result in potential injury and/or excretion (Borm et al., 2006).
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The toxicity of NMs do no follow traditional dose dependency. At high
concentrations, the NMs can result in high mortalities, but also have higher
agglomeration rates, thereby less interaction with the organism. At low
concentrations, sublethal effects occur, and these usually include
physiological changes, but not mortality (Ovissipour et al., 2013).

Nanomaterials undergo transformations to lower their surface energies.
Agglomeration is a common form of this transformation (Egbuna et al.,
2021; Liu et al., 2022). Agglomeration and aggregation are a process in
which the primary nanoparticles generate a group of secondary
nanoparticles, but agglomerates rely on van der Waals forces or
electrostatic forces — weak interactions — whereas aggregates is the end
result of agglomeration over a long period of time. This then results in
aggregates being fused together by metallic or covalent bonds — strong
interactions, making aggregation dependent on collision frequency and
attachment efficiency (Bruinink et al., 2015; Liu et al., 2022). Collision
frequency is dependent on the Brownian motion and differential settling
(Floyd et al., 2017). Agglomeration and/or aggregation is dependent on the
exposure medium conditions, such as pH. It has been noted that the
formation of larger aggregates results in reduced cell uptake due to its
larger size and reduced surface area (Liu et al., 2022). Another important
phenomenon regarding agglomeration/aggregation potential is the
Derajun-Landau-Verwey-Overbeek theory (DLVO). It refers to the
interactions between colloidal particles and the aggregation behaviour of
nanoparticles. It incorporates repulsive and attractive forces due to either
van der Waal’s attractive potential and Born'’s repulsive potential (Muneer
et al., 2020).
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When NMs are present in a medium, biomolecules present within the
10. media are able to adsorb onto the nanoparticle, forming a protein shell,
Protein which is then known as a protein corona (Gonzéalez-Garcia et al., 2022).

Coronas _ . _ _
This adsorption is aided by various forces that include hydrogen bonds and

van der Waal’s forces (Saptarshi et al., 2013). Protein coronas result in the
modification of a NMs physicochemical properties (Saptarshi et al., 2013;
Park, 2020; Gonzélez-Garcia et al., 2022). For example, a NM that has a
greater surface charge, will in turn attract more proteins (Gonzéalez-Garcia
et al., 2022). Thus, the formation of protein coronas is dependent on the
surface chemistry of the NM (Park, 2020). A protein corona can either
increase or decrease the immune response of an organism (Gonzalez-
Garcia et al., 2022). A weakly bound layer is a soft corona and this is
reversible, whereas a strongly bound layer is a hard corona, which is
irreversible (Saptarshi et al., 2013; Park, 2020).

1.3 Characterisation of Nanomaterials

There are techniques available to characterize NMs, which can aid in determining their properties
that can give rise to their toxicity (Figure 1.4).

a) Transmission Electron Microscopy (TEM)

A beam of electrons is transmitted through a thin sample, interacting with it. This forms an
amplitude contract image and the image can be magnified through the magnifying lens and
focused/projected onto an imaging device (Kalantar-zadeh & Fry, 2008; Heera & Shanmugam,
2015; Boddolla & Thodeti, 2018; Joshi et al., 2020; Malatesta, 2021).

Transmission electron microscopy reveals information about a NMs morphology and particle size
distribution. This characterization technique is useful as it is able to focus on one nanopatrticle in
a sample, and can thus identify and quantify the nanoparticles chemical and electronic structure
(Kalantar-zadeh & Fry, 2008). Since the physical and chemical components of NMs are
dependent on their composition and structures, thus TEM is able to assist with that visualization

and understanding (Kalantar-zadeh & Fry, 2008).
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Figure 1.4  Characterisation techniques for determining the properties of nanomaterials, such
as their size, shape, dissolution and agglomeration potential. *Abbreviations used are DLS =
dynamic light scattering and TEM = transmission electron microscopy.

b) Dynamic Light Scattering (DLS)

The NM suspension is exposed to a beam of light. As the light reaches the sample, the intensity
and direction of the light beam changes due to “scattering”. It can determine the hydrodynamic
size distribution and the state of aggregation of the NM suspension (Kalantar-zadeh & Fry, 2008;
Lim et al., 2013; Joshi et al., 2020). It is based off the Brownian motion of the nanoparticles —
since the particles are constantly colliding with one another, energy is transferred inducing particle

movement (Joshi et al., 2020).

The DLS technique has a short measuring time, is non-invasive, not labour intensive and is
extremely sensitive to towards small aggregates (Lim et al., 2013; Joshi et al., 2020). Thus, the
aggregation state of NMs can be determined with this technique (Dhas et al., 2018). It also assists
with determining the surface charge of nanoparticles, by adding a solution to a folded capillary
cell with two gold electrodes. When a voltage is supplied to the electrode, the particles will flow
towards the electrode with the opposite charge (Raval et al., 2019). This provides important
information pertaining to the possible toxicity of the NM suspension being tested by evaluating
the nanomaterial’s stability in a suspension, as well as confirming their size and surface charge,

which is useful when looking at their interactions with biomolecules.
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c) Dissolution

Clark et al. (2019) stated that dissolution can be determined by conducting dialysis experiments.
It can be measured with atomic spectroscopy technigues, such as atomic absorption spectrometry
(AAS) or inductively coupled plasma mass spectrometry (ICP-MS) (Hondow et al., 2015; Zhang
et al., 2015). The dissolution rate provides information as to how a particle may interact with its
biological and/or environmental components (Utembe et al., 2015). If ions are released at a fast
rate, the short-term toxic effect would be the same as the ionic form. On the other hand, if the
ions are released at a slow rate, the more likely the chances that the adverse effects exhibited by
the organism will be due to the particle itself (Utembe et al., 2015; Zhang et al., 2015). There are
factors that influence the dissolution of a NM and these include all the factors mentioned in Figure
1.4. (Hondow et al., 2015; Zhang et al., 2015). Dissolution of a NM is important because it can
affect cellular uptake, uptake pathway as well as mechanism of toxicity (Hondow et al., 2015;
Utembe et al., 2015; Sohal et al., 2018). Also, dissolution can still occur once within a cell (Utembe
et al., 2015).

d) CytoViva® Enhanced Darkfield Hyperspectral Microscopy

CytoViva® enhanced darkfield hyperspectral microscopy is used for the detection and
characterization of engineered nanoparticles (Badireddy et al., 2012). Scattered light from the
organism enters the objective and forms an image (SoRelle et al., 2016). The light scattered from
the particles passes the objective, and this leads to a clear and dark background with bright
appearing objects (Ishmukhametov & Fakhrullin, 2021). Using hyperspectral microscopy has

been noted to identify both intracellular and extracellular nanoparticle clusters (Roth et al., 2015).
1.4 Selection of nanomaterials used in this study.

Various types of NMs exist in anthropogenic activities and as mentioned in Table 1.2, examples
of everyday nanomaterials includes nanodiamonds (NDs) and nano copper oxide (nCuO).
Nanodiamonds are inert, but can still be functionalized, whereas nCuO toxicity can occur through

the release of copper (Cu) ions (van der Laan et al., 2018; Naz et al., 2020).

a) Nanodiamonds (NDs):

Nanodiamonds are an example of a carbon-based NM (Lai et al., 2020). They are a tetrahedral
network with carbon as their core and can have various functional groups (Fusco et al., 2020).

They are usually produced through methods of detonation, high temperature-high pressure
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milling, chemical vapor deposition as well as laser ablation (Basso et al., 2020; Fusco et al., 2020;
Lai et al., 2020). These specific NMs are known to have exceptional mechanical, optical and
thermal properties as well as tuneable surface properties that make them suitable for biomedical
applications, such as bioimaging and drug delivery (Dominguez et al., 2018; Basso et al., 2020;
Fusco et al., 2020; Qin et al., 2021). They also find applications in tribology, cosmetics and
sunscreen formulations, and have superior biocompatibility when compared to other nanocarbon

materials, such as carbon nanotubes (Basso et al., 2020; Fusco et al., 2020; Qin et al., 2021).

Nanodiamonds can be enhanced with PEG by covalent surface functionalization to increase its
colloidal stability (Jung & Neuman, 2021). Polyethylene glycol is a hydrophilic polymer that is able
to change the charge and chemistry of the NDs surface, making it useful in its various applications
(Lai et al., 2020).

Nanodiamonds are known to exhibit low toxicity, but the toxicity of this NM is dependent on its
size as smaller sized NDs do exhibit some levels of toxicity, when compared to the larger size
NMs (Dominguez et al., 2018). This is demonstrated in an in vivo exposure in which freshwater
clams were exposed to NDs of less than 6 nm. These clams experienced oxidative stress and
lipid peroxidation (Cid et al., 2015). In another in vivo study, nematodes were exposed to NDs
larger than 50 nm, and these nematodes experienced no deleterious effects (Mohan et al., 2010).

b) nano Copper oxide (nCuQ):

Nano Copper oxide has excellent thermophysical and antibacterial properties which makes them
useful in the production of electronics, sensors, paints, coatings and bactericides (Hanna et al.,
2014; Mansano et al., 2018; Rotini et al., 2018; Al Ghais et al., 2019). They are formed via green
synthesis, sol-gel and chemical vapor deposition (Eisermann et al., 2012; Etefagh et al., 2013;
Keabadile et al., 2020).

They present a relatively low dissolution rate in water, but are known to exert toxic effects on
aquatic organisms due to the copper ions being released from the NM or from both the material
and the ions (Pradhan et al., 2012; Croteau et al., 2014; Hanna et al., 2014; Mansano et al.,
2018). The dissolved ions from the NM can interact with cells and cross cell membranes giving
rise to reactive oxygen species (ROS), oxidative stress and apoptosis (Mansano et al., 2018).
Even though copper is an essential metal — plays an important role in oxygen transportation as
part of hemocyanin and is an essential cofactor for various enzymes involved in metabolic

activities - it can be toxic at elevated concentration, specifically in aquatic organisms, giving rise
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to the negative effects mentioned prior including enzyme inhibition and decreased respiration
(Hanna et al., 2014; Muralisankar et al., 2016; Al Ghais et al., 2019; Malhotra et al., 2020).

1.5 Determining the Toxicity of Nanomaterials using Toxicity Tests

There have been many acute toxicity tests conducted with carbon-based and nCuO NMs on
freshwater organisms. Acute toxicity tests are a short term assessment utilised to assess the
hazards of chemical contaminants to aquatic organisms (Arome & Chinedu, 2013). It is able to
provide one with guidelines on the dose that can be utilized in longer experimental studies (Arome
& Chinedu, 2013). Chronic toxicity tests measure the sublethal effects of a contaminant on the
organism giving an indication of the possible effects that can be experienced by the organism
long term (Muller et al., 2011). Sublethal effects include behavioural and physiological changes,
such as mobility, respiration and longevity (Mand & Karise 2015; Passantino et al., 2021) (Table
1.3).

Table 1.3 Exposure tests with nanomaterials on various organisms, focusing on different
endpoints.

Organism: Nanomaterial: Concentrations: End point(s): Reference:
Danio rerio | CuO-NPs (nanorods | 50 — 200 pg/L Oxygen consumption, | (de Oliveira Eiras et
(Zebrafish) & nanospheres) swimming ability al., 2022).
Daphnia magna | Single wall carbon | 0.01 mg/L — 10 | Mortality (Kim et al., 2010).
(Water flea) nanotubes mg/L
Daphnia magna CuO-NPs 10 pg/L — 1 mg/L Immobilization (Thit et al., 2016).
Poecilia  reticulata | CuO-NP 20 pg/L Uptake in gills , | (Mansouri et al,
(Guppy) bioaccumulation 2015).

Cu*ions
Cyprinus carpio | CuO-NP 0.1 mg/L— 1 mg/L | Bioaccumulation , | (Naeemi et al., 2020).
(Common carp) antioxidant  enzyme

activity

Procambarus clarkia | CuO-NPs 25 mg/lL - 250 | Mortality, (El-Atti et al., 2019).
(Red swamp mg/L bioaccumulation and
crayfish) oxidative stress

Freshwater organisms, specifically invertebrates, are utilized to study toxicity of materials in

aquatic systems from individual to population levels (Chaumot et al., 2014). They are well
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established for the toxicological studies of engineered nanoparticles (Wang & Liu, 2022).
Invertebrates are favoured for ecotoxicological studies because they are abundant, easily
available and exhibit a variety of biological traits (Chaumot et al., 2014; Wang & Liu, 2022).
Crustaceans are one of the groups of invertebrates that are used for ecotoxicological studies as
they are ecologically important in the freshwater ecosystem and are highly sensitive to
environmental stressors (Baun et al., 2008; Walters et al., 2016; Siregar et al., 2021). Daphnia
magna is part of the branchiopoda class. It is one of the most common crustaceans used for
ecotoxicity testing with national and international guideline standards (Baun et al., 2008; Wang &

Liu, 2022; Auffan et al., 2012). Another class of crustaceans that are often used, are decapods.
1.6 Decapods

Decapod crustaceans belong to the family Atyidae. They have biological characteristics that make
them important organism models for biochemical, physiological, and ecological research. These
characteristics are suitable size, ease to culture in a laboratory, tolerance to handling as well as
having individual traits that make them adapt to environmental conditions, and their advanced
circulatory hormones (Passantino et al., 2021). Shrimp is an example of the type of organism that
falls within the decapod order. The behaviour, adaptability, physiology, and morphology of
Caridina (H. Milne-Edwards, 1837), make them suitable for ecotoxicity testing. They also play an
important role in the ecosystem’s food webs (Mensah et al., 2012b). Caridina is a common genus
of shrimp that is used for ecotoxicity studies (see Table 1.4 below). Their adult body lengths can
range from 12 mm — 26 mm (Leuven et al., 2008; Suchayo et al., 2008; Mirimin et al., 2015).

Table 1.4 Studies exposing various Caridina species to a range of toxicants.

Species & genus Contaminant Reference

Caridina africana Atrazine (van Rensburg et al., 2022).
Caridina nilotica Herbicides (Mensah et al., 2012a).
Caridina laevis Pesticides (Sucahyo et al., 2008).
Caridina japonica Fipronil (Yang et al., 2008).
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Physiology

Caridina shrimps have five pairs of walking legs - pereiopods (shown in green in Figure 1.5). They
have stalked eyes and have antennas, which function as sensory feelers (shown in orange in
Figure 1.5). The thorax lies within the carapace which also encases the head (Hart et al., 2001;
Fransen, 2014). The abdomen of the shrimp is elongated. The shell of the shrimp is an
exoskeleton containing calcium and is moulted. These organisms have six pairs of feeding
appendages: the mandible; the maxillae (two pairs) and maxilliped (three pairs) (Hart et al., 2001;
Fransen, 2014). They possess five pairs of pleopods, which are used for swimming or
reproduction. The uropod, together with the telson allows for backwards movement. Shrimps use
their chelipeds for feeding (shown in blue in Figure 1.5). Atyid shrimp’s chelipeds are more brush-
like used to scrape and brush their food sources (Hart et al., 2001; Fransen, 2014). There are

chemoreceptors present on the antenna, and the pereiopods (Hobbs & Lodge, 2010).
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Figure 1.5 Shrimp Anatomy.

Cardiac system

Decapod crustaceans have an open circulatory system, where they have a single ventricle which
they coordinate the opening and closing of the valves. Haemolymph is drawn through the ostia,
pumped out and returned to the heart (McMahon & Wilkens, 1983; Guadagnoli et al., 2007).

The prebranchial haemolymph is taken from the tissues into the infrabranchial sinuses and the
haemolymph is guided to the gills via these sinuses to become reoxygenated (McLaughlin, 1983;

Felgenhauer, 1992). Post-branchial haemolymph is transported into the branchio cardiac veins
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and the oxygenated haemolymph surrounds the pericardial sinus of the decapod’s heart. The
haemolymph enters the heart via three pairs of ostia and leaves the heart through six aortic valves
which is then distributed to the five arterial systems (shown in purple in Figure 1.6) (McLaughlin,
1983; Felgenhauer, 1992).

The heart rate varies in response to sensory stimulation and locomotion (McMahon & Wilkens,
1983).
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Figure 1.6  The cardiac system of shrimp.

Respiratory system

The ventilatory system of crustaceans is controlled with a ventilatory central pattern generation.
This pattern generator is responsible for the uptake of oxygen across the crustacean’s gills via a
pumping action. The gills are located on the thoracic appendages — the base maxillipeds and
pereiopods as well as on the side of the thorax in the branchial chamber, which is encased in the
carapace (Felgenhauer, 1992; Hobbs & Lodge, 2010). It draws water across the gills through a
rhythmic movement. This constant diffusion of water from the gills surfaces into the blood poses
a challenge for the freshwater organisms as the pattern generation can be altered by
environmental changes with crustaceans. (McMahon & Wilkens, 1983; Bierbower & Cooper,
2009; Hobbs & Lodge, 2010).
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Behaviour

There are chemoreceptors that are present on the mouth, pereiopods and antenna of decapods.
The eyes and the chemoreceptors play a very important role in their behaviour (Hobbs & Lodge,
2010).

Decapods spend time and energy grooming themselves. They use their maxillipeds and/or
pereiopods to clean their other appendages/qgill from organisms that may attach to their bodies
and/or debris (Bauer, 1981). Shrimp locomotion involves swimming, walking as well as tail
flipping. They are able to swim through the use of their pleopods (Li et al., 2018a). Shrimp swim
for migration, cruising and foraging purposes. They also have an elongated abdomen and
uropods. With the use of these two they’re able to flex the abdomen and have a powerful “tail
flipping action”. This mechanism is used for speed and acceleration. However, this action is
energetically expensive, so it’s only used for short periods of time (Arnott et al., 1998; Zhang et
al., 2006; Yu et al., 2009; Li et al., 2018a).

Decapod crustaceans undergo moulting. The moulting process is controlled via the X-organ/sinus
gland complex. This is located within the eyestalks. This complex secretes a peptide hormone —
moult inhibiting hormone. The hormone is responsible for inhibiting the production of ecdysone
that occurs in the Y-organs, which is located in the cephalothorax — under the carapace (Chang,
1995; Phlippen et al.,, 2000; Nakatsuji et al., 2009). When there is a reduction in the moult
inhibiting hormone in the haemolymph, this decrease stimulates the Y-organs to synthesize and
secrete ecdysone. The ecdysone is then converted to the active moulting hormone by the
peripheral tissues, which then causes the crustacean to moult (Chang, 1995; Phlippen et al.,
2000; Nakatsuiji et al., 2009). An external environment may cause variation in behaviour within
individuals (Takahashi, 2022).
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1.7 Adverse Outcome Pathway

When an organism encounters a toxicant, it can alter their physiological responses on different
levels. An adverse outcome pathway (AOP) is a construct that can be utilized to determine how

a toxicant affects an organism starting from molecular levels.

An adverse outcome pathway (Figure 1.7) is a series of events that links a direct molecular
initiating event to an adverse event at an biological organizational level relevant to risk
assessment (Ankley et al., 2010). It is an important tool for risk assessment. Toxicity is linked
through different biological levels, causing sub-organism responses that can predict whole-
organism effects. These effects can then be extrapolated across species (Gerloff et al., 2017; Ma
et al., 2018; Goodchild et al., 2019; Halappanavar et al., 2019; Halappanavar et al., 2021).

Key Event

@.@ Relationships

Molecular ) Adverse
E— Key Event 1 E— Key Event 2 E—

Inititating Event QOutcome

Figure 1.7 Simplified adverse outcome pathway - adopted and adapted from (Halappanavar
et al., 2019).

i) Molecular Initiating Event (MIE): It is the first specialized key event of the pathway. Here

the toxicant/chemical interacts with a biomolecule and causes a disturbance at a
molecular level (Villeneuve et al., 2014). This interaction can be specific — ligand-receptor,
or non-specific — the toxicant physically sits on the biomolecule (Gerloff et al., 2017).

i) Key Event/s (KE/KEs): This can occur on a cellular, organelle and/or tissue level (Gerloff

et al., 2017). With key events, it is a measurable change in an organism’s biological state
that is considered essential, but not solely sufficient for its progression towards the final

part of the pathway, which is the adverse outcome (Villeneuve et al., 2014). Examples of
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b)

d)

ii)

key events includes: gene expression, altered physiology and functions (Zhou, 2015;
Carusi et al., 2018).

Metabolomics: The quantitative and qualitative study of metabolites that are present in
biological samples (Acosta-Tlapalamatl et al., 2022; Carmen, 2022). These metabolites
are dependent on the cellular response to environmental conditions (Acosta-Tlapalamatl
et al., 2022; Carmen, 2022). Metabolomics reflects the cellular state of an organism. It
aids in understanding the biological mechanisms that are elicited by chemical toxicants
(Davis et al., 2016; Carmen, 2022). This information describes the main pathways that are
affected by the toxicants and can thus be used for AOP construction and can identify
previously unidentified key events (Davis et al., 2016; Davis et al., 2017; Carmen, 2022).
Heart rate: Measurement of an organism’s heart rate provides a direct link to excitability,
and readiness of its internal environment (Bierbower & Cooper, 2009). The heart rate of
an organism reflects the physiological and psychological status of an organism. The rate
is affected via signals from the environment (Singh et al., 2020b; Agathokleous, 2022).
The heart rate is linked to the metabolism and can be influenced by various factors:
chemical exposure level, exposure medium, and time of exposure .

Respiration: Changes in respiration rates at sublethal concentrations of toxicants may
result in long-term negative effects on an organism’s community (Handy & Depledge,
1999; Lovern et al., 2007). Respiratory distress is obvious in acute toxicant incidents,
which makes it an important physiological change. Oxygen consumption rates show a
dose-response relationship in many organisms and toxicants, and it can also be used
instead of metabolic rate (Handy & Depledge, 1999; Lovern et al., 2007).

Behaviour: Biological behaviour of an organism is an ecological relevant response of an
organism at an individual level towards environmental changes (Wang et al., 2020b; Ford
et al., 2021). Behaviour could reflect physiological alternations, like survival and can show
the adaptation of the organism towards stressors (Dallas & Ross-Gillespie, 2015). The

swimming activity of organisms is used as an indicator for survival (Wang et al., 2020b).

Key Event Relationship/s (KER/KERS): This illustrates a direct relationship between KEs

It is based on empirical and plausible data (Villeneuve et al., 2014; Gerloff et al., 2017).
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iv) Adverse Outcome (AQO): An AO is how the toxicant affects the organ in an organism and

how this consequently impacts the individual. Examples of AOs include growth inhibition

and reduced survival (Villeneuve et al., 2014; Gerloff et al., 2017).

a) Lethality: Lethality/survival/mortality are often the endpoints/AOs that are utilized in AOPs
(Ankley et al., 2010; Russom et al., 2014; Knapen et al., 2018; Coady et al., 2019).

Once a toxicant, such as a NM, enters an aquatic system, it can exhibit negative effects on the

inhabitants. In the table below are a few studies that have created AOPs based on NM exposures.

Various organisms and NMs that were utilized for the generation of AOPs (Table 1.5).

Table 1.5 Adverse outcome pathways generated from nanomaterial exposures.*Abbreviations
used are NM = nanomaterial, MIE = molecular initiating event, KE(S) = key event(s), AO(S) =
adverse outcome(s).

development

Organism NM MIE KE(S) AO(S) Reference
Danio rerio Silver NP ROS generation | Oxidative stress Impaired (Ma et al., 2018).
on gonad tissue Germ cell | reproduction
apoptosis
Danio rerio | Copper oxide NP Impaired hatching | Starvation Embryo mortality (Muller et al., 2015).
embryos Delayed feeding & | Larval mortality

Daphnia pulex

Nanoplastic

ROS generation

Oxidative stress

Decreased
reproduction
Growth inhibition

(Liu et al., 2021).

Research pertaining to NMs and adverse outcome pathways on freshwater shrimps are limited.

When using the key words (“shrimp” AND “adverse outcome pathway” AND “NM”), Google

Scholar yields results where brine shrimp were used as a dietary supplement for other model

organisms being used for adverse outcome pathway studies, but no results were yielded for

freshwater shrimp being the model organism for NM adverse outcome pathway studies.
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1.8 Problem Statement

Nanotechnology has become a topic of interest within the scientific community due to its multitude
of applications. Nanomaterials — which are sized from 1 — 100 nm - are the precursors for the
development of this type of technology, and are commercially available in over 1 600 products
that includes - but are not limited to - medicine, personal care products, environmental
remediation as well as industrial in fuel additives, imaging agents, sunscreen, remediation and
food processing and packaging, respectively (Blaise et al., 2008; Pradhan et al., 2012; Exbrayat
et al., 2015; Jennings et al., 2015; Bundschuh et al., 2016; Vale et al., 2016; Chaurasia, 2017,
Khosravi-Katuli et al., 2017; Li et al., 2018b; Kandru, 2020). Thus, due to its continual
development and increased usage, it will be discharged more frequently into aquatic
environments (Blaise et al., 2008; Pradhan et al., 2012; Croteau et al., 2014; Exbrayat et al., 2015;
Bundschuh et al., 2016; Rotini et al., 2018).

Since aquatic environments act as a sink for most discharged pollutants/contaminants, assessing
the potential risks to aquatic wildlife is of utmost importance (Blaise et al., 2008; Edokpayi et al.,
2017). The bioavailability as well as toxicity potential of NMs are dependent on the aquatic
organism, such as their morphology, behaviour as well as the physicochemical characteristics of
their habitat (Jennings et al., 2015; Vale et al., 2016). However, it is also dependent on the NM
itself, such as its size, shape, solubility, structural properties as well as its chemical composition
(Ivask et al., 2014; Jennings et al., 2015; Canesi & Corsi, 2016; Vale et al., 2016).

Nanodiamonds and nCuO are just a few examples of NMs which are utilized in everyday life,
ranging from biomedical to industrial and commercial applications (Mochalin et al., 2012; Croteau
et al., 2014; Hanna et al., 2014; Ivask et al., 2014; Rotini et al., 2018; Basso et al., 2020; Fusco
et al., 2020). Nanodiamonds find use in drug delivery, tracing and therapeutic and diagnostic
tools. and are seen as inert and less toxic than other carbon-based NMs (Mochalin et al., 2012;
Zhu et al., 2012). The nano copper oxide has found use in antibacterial application, such as
bactericides, as well as exhibiting anticancer activity and is toxic to aquatic organisms. It is
responsible for enzyme inhibition, decreased immune function as well as decreased respiration
rate within crustaceans (Hanna et al., 2014; Bundschuh et al., 2016; Muralisankar et al., 2016; Al
Ghais et al., 2019; Chattopadhyay, 2020). An increase in their production and use will lead to a
greater release into the environment. This is just one of the issues concerning NMs, as there can

be a lack of information regarding their environmental safety (Hanna et al., 2014). Also, little is
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known of the toxicity of engineered nanopatrticles in the aquatic environment. Thus, understanding
the fate, bioavailability as well as the toxicity of NMs, will allow for its behavioural prediction and
the impact it may have on aquatic organisms and their systems (Pradhan et al., 2012; Croteau et
al., 2014; Hanna et al., 2014).

Crustaceans, such as Caridina africana (C. africana) are potential standard toxicity test organisms
as they are easily cultured and maintained within laboratory conditions, breeds throughout the
year, have unique biological characteristics — which are vulnerable to contaminants — are widely
distributed and have a relatively short life cycle. They also play an important role in the African

freshwater system food web (Muller et al., 2011; Mensah et al., 2012b; van Rensburg et al., 2020).

In the aquatic food web, predators feed on certain crustaceans, such as shrimp. If shrimp are
exposed to NMs through dietary or water exposure, they are bound to accumulate these NMs.
When the predators consume these shrimps, this gives rise to the phenomenon known as trophic
transfer (Jennings et al., 2015; Bundschuh et al., 2016; Hu et al., 2016). This will ultimately have
a detrimental impact on predators further up in the food chain. Therefore, understanding the

mechanisms and adverse effects of NM toxicity in smaller organisms is important.

Adverse outcome pathways (AOP) are a series of events that directly links a molecular initiating
event to an adverse effect at an organizational level that is relevant to risk assessment (Lee et
al., 2015; Gerloff et al., 2017; Ma et al., 2018; Goodchild et al., 2019; Halappanavar et al., 2019;
Halappanavar et al., 2020). The AOP framework provides the necessary information required for
deducing the effects across various species. Standard guideline tests are said to have sparse to
limited information on the toxicity of a substance and provide minimal data as to why a substance
is responsible for an adverse effect (Gerloff et al., 2017). Thus, the aim of an AOP is to provide
the knowledge base required to support the development of new testing methods (Gerloff et al.,
2017).
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1.9 Hypothesis, Aims and Objectives
1.9.1 Hypothesis

Ho: The adverse outcome pathway will not be effective in testing the effects that nanodiamond
and nano copper oxide have on Caridina africana.

Hi:: The adverse outcome pathway will be effective in testing the effects that nanodiamond and

nano copper oxide have on Caridina africana.
1.9.2 Aim and Objectives

The main aim of this project is to determine the effects of NDs and nCuO (through water borne
exposures) on the freshwater shrimp, Caridina africana by utilizing the AOP framework. The aim

can be achieved through the following objectives:

1. Characterizing the physico-chemical properties of the two NMs (NDs and nCuOQ) in exposure
media.

2. Exposing C. africana to selected concentrations of NMs (i.e. the LCip and LCy calculated
from LCso of NDs and nCuO following standard tests and using bioaccumulation to confirm
uptake).

3. Determine the effects of the two NMs on different components of the AOP framework— gene
expression, such as metabolomics (MIE). This is followed by KEs that includes physiological
effects (respiration and heart rate) and behavioural responses. The AOP is finalized by
looking at the mortality/lethality of the shrimp as the AO.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Ethics Statement

This study was declared “no risk” by the Faculty of Natural and Agricultural Sciences (FNASREC)
at North-West University, South Africa. The ethics number is NWU-00528-21-A9 (see Appendix
A).

2.2  Shrimp Sampling and Husbandry
2.2.1 Sampling

Shrimp were sampled from Oog van Gerhard Minnebron (Mooi River Ecosystem Trials for
Scientific Investigations - METSI) in Potchefstroom (-26.4798376, 27.1521772), South Africa.
Sweep nets (frame dimensions of 300 X 300 mm with a mesh size of 500 pm) were used to collect
the shrimp. Moss from the site was placed into the net and gently shaken to release the shrimps.
The shrimps were then placed in 20 litre (L) buckets containing their field water and were
transported back to the National Aquatic Bioassay Facility (NABF), North-West University,

Potchefstroom, South Africa on the same day of collection.
2.2.2 ISO media Preparation

To make 50 L of ISO media, four different salt are added; 14.74 g of calcium chloride
(CaCl;-2H,0), 6.16 g of magnesium sulphate (MgSO.-7H,0), 3.24 g of sodium hydrogen
carbonate (NaHCO3) and 0.28 g of potassium chloride (KCI) to 50 L of reverse osmosis (RO)
water. The ISO media was aerated for 24 hrs prior to use (Truter, 1994; Heckmann & Connon,
2007).

2.2.3 Acclimation

A 100 L tank was set up with the shrimp’s field water, and upon the shrimp’s arrival at the NABF,
the shrimps were left in the sample buckets to acclimate to the exposure room temperature for 48
hours (hr). They were then placed into the tank and acclimated for one week with ISO media in
an exposure room within the NABF. This acclimation period consisted of adding 20% ISO media
relative to the tank’s volume. Room parameters were adopted and adapted from Mensah et al.
(2011); Muller et al. (2011) and Mensah et al. (2012b), as the room temperature remained
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consistent at 23°C with a 12:12 light/dark cycle). After five days of acclimation, the shrimps that
were of appropriate sizes (approximately 1 cm — 1.5 cm total length — measured using a Zeiss
compound microscope (Carl Zeiss Microscopy, GmbH, Carl-Zeiss-Promenade 10 and Labscope
3.4.3 for Windows software) were sorted and placed into a 20 L tank, where they were acclimated
further until needed for laboratory exposures. The shrimps that were not of appropriate size were
placed into a separate tank 100 L tank for breeding purposes. The shrimp were fed either boiled
cucumber, algae wafers, or Shrimp King™ (Baby, Colour, Mineral, Protein, Complete, and Snow

pops granules/sticks) *Each product’s composition is listed in Appendix B.
2.3 Shrimp Identification

Three shrimp were randomly sampled from the tank and placed in an ice bath for two hours.
Thereafter, they were then placed in a beaker containing 70% ethanol (SIGMA) prior to DNA
extraction (Darbyshire et al., 2019).

The shrimp were removed from the beaker and placed onto a paper towel where they were
dabbed dry. The gut contents were excised from the shrimp to prevent cross-contamination with
the algae’s DNA (the shrimp’s food source). The abdomen area was cut and removed from the
rest of the organism and the tissue was cut into smaller pieces. This was done to break the
exoskeleton to allow for easier access to the abdomen tissue to aid in the extraction of DNA. This
was repeated for the other two shrimp. One of the shrimp’s heads was also used for analysis.
The tissue samples were then placed into separate vials and dried in a heat block to remove any
remaining ethanol. This was done at 56°C for nine minutes. The vials were then placed under the
microscope to ensure complete dryness. Genomic DNA was extracted using a Macherey-Nagel
kit, following the manufacturer’s instructions as outlined below. The DNA was verified using 1%

agarose gel electrophoresis (Zhou et al., 2021).
2.3.1 Extraction

Buffer T1 (180 pL) and Proteinase K (25 pL) were added and vortexed until the sample was in
solution (approximately five seconds/sample). The vials were then placed into a Provocell shaking
incubator for 3 hrs and 33 minutes at 56°C at 300 revolutions per minute (rpm). The elution buffer
was preheated in the heating block (70°C). Thereafter 200 pL of Buffer B3 was vortexed and
incubated at 70°C for ten minutes. The samples were then vortexed again. 210 pL of 96% - 100%

ethanol (SIGMA) was added to each sample vial followed by vigorous vortexing.
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NucleoSpin® Tissue Columns were placed into collection tubes (1 per sample). 500 pL of the
supernatant from each sample was added to their respective columns. The samples were then
centrifuged ([ 11 000 x g (12 600 rpm) for 1 minute]). After centrifugation, the collection tubes
were discarded, and the first set of columns was placed into new collection tubes. 500 pL of Buffer
BW (Wash Buffer) was added to each of the NuceloSpin® Tissue columns. The samples were
then centrifuged ([ 11 000 x g (12 600 rpm) for 1 minute]). The liquid was discarded, and the
column was placed back into the collection tube. 600 L of Buffer B5 (Wash Buffer 2) was added
to the column and centrifuged ([ 11 000 x g (12 600 rpm) for 1 minute]). The flow tube was
discarded, and the column was placed back into the collection tube. The samples were
centrifuged again to remove any residual ethanol ([ 11 000 x g (12 600 rpm) for 1 minute]). The
NucleoSpin® Tissue Columns were placed into 1.5 mL microcentrifuge tubes and 100 pL of Buffer
BE (elution buffer) from the heat block.

The samples were then incubated at room temperature for one minute, then centrifuged (11 000
X g (12 600 rpm) for 1 minute). The NucleoSpin® Tissue Columns were then discarded, and the

1.5 mL microcentrifuge tubes containing DNA were stored in a -20°C freezer.
2.3.2 Amplification

The cox 1 gene was amplified using polymerase chain reaction (PCR). The forward primer was
LCO1490 and the reverse primer was HCO02198. LCO1490: 5-GGTCAACAAATCA
TAAAGATATTGG-3') and reverse primer (HCO2198: 5-TAAACTTCAGGGTGACCAAAAAA
TCA-3') (Folmer et al., 1994). PCR was performed in a total volume of 25 pL that contained 7 puL
of double distilled water, 1.25 uL of LCO1490: 5'-GGTCAACAAATCA, 1.25 pL of HCO2198: 5"-
TAAACTTCAGGGTGACCAAAAAA TCA-3', 3 uL of DNA and 12.5 uL of Master Mix (Dream tag).
Thermal cycling started with one cycle of pre-denaturation at 94°C for five minutes, followed by
35 cycles of denaturation for 30 seconds (s), annealing for 45s at 50°C, extension at 72°C for 45
s, followed by the final extension holding at 72°C for 7 min as shown in Figure 2.1. PCR products

were then separated by electrophoresis on 1% agarose gel.
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Denaturation: Amplification: x 35 cycles Extension: Hold:

94°C + 94°C

Min: 5 Sec: 30 72°C +  T2°C + 4 °C

50°C Sec: 45 Min: 7 pause

Sec: 45

Figure 2.1  Simplified diagram of thermal cycling process.

2.3.3 Sequencing

Primer synthesis and DNA sequencing was done by Ingaba Biotechnical Industries (Ingaba
Biotec).

The chromatograms sent by Ingaba Biotec were opened in FinchTV. The IUPAC code was used
to sort through unfamiliar nucleotides (R, Y, S, W, K, M) to the appropriate nucleotide letter
corroborating it with the peaks shown in FinchTV. The chromatogram was then trimmed on both
sides and exported as a FASTA sequence. All sequences were then aligned and trimmed. These
sequences were then exported as a “ixt” file. These sequences were uploaded to NCBI's website

using “Nucleotide BLAST” for analysis to determine the “most likely” organism.

To create a phylogenetic tree to confirm the relation to the most likely organism, various shrimp

sequences were downloaded along with an outgroup sequence belonging to Daphnia magna.

MEGA X was then used to open all the FASTA sequences, in which the reverse sequences were
converted to complement reverse sequences. These sequences were aligned and trimmed and
exported as a MEGA file. They were then used to create a phylogenetic tree by first finding the
best model. Models with the lowest BIC scores (Bayesian Information Criterion) are considered
to describe the substitution pattern the best. For each model, AlCc value (Akaike Information
Criterion, corrected), Maximum Likelihood value (InL), and the number of parameters (including
branch lengths) are also presented (Nei & Kumar, 2000). Non-uniformity of evolutionary rates
among sites may be modeled by using a discrete Gamma distribution (+G) with 5 rate categories

and by assuming that a certain fraction of sites are evolutionarily invariable (+l). Whenever
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applicable, estimates of gamma shape parameter and/or the estimated fraction of invariant sites
are shown. Assumed or estimated values of transition/transversion bias (R) are shown for each
model, as well. They are followed by nucleotide frequencies (f) and rates of base substitutions (r)
for each nucleotide pair. Relative values of instantaneous r should be considered when evaluating
them. For simplicity, sum of r values is made equal to 1 for each model. For estimating ML values,
a tree topology was automatically computed. This analysis involved 14 nucleotide sequences.
Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of 513 positions in

the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018).
2.4 Nanomaterial Stock Solutions

All the powders/salts were weighed on a Scaltech balance and suspended in 50 mL of Milli-Q®
water in 50 mL falcon tubes (Labocare™). To prepare a stock solution, 100 mg of the “pure
element” was desired for all materials.
a) Nanodiamond: 100 mg of Nanodiamonds-PEG, sized 3 — 5 nm (produced by
PlasmaChem GmbH and supplied through Nanosolutions project).
b) Nano copper oxide: 125.18 mg of nano copper oxide, sized 14 + 4 nm (PlasmaChem)
yields 100 mg of copper.
c) Copper (Il) chloride: 155.79 mg of copper chloride salt (Sigma-Aldrich) yields 100 mg of
copper.
The nano-stock solutions were then placed in an ultrasonicator bath (Model E-UC6-HD-D,
Scientech) containing reverse osmosis water. The solutions were sonicated at 25°C for one hr at
20 Hz prior to use. When the solutions were not in use, they were stored in a refrigerator at 4°C.

For range finding, more stock concentrations were made.
2.5 Exposure Media Preparation

The composition of the media used for exposures are described in section 2.2.2 (Truter 1994;
Heckmann & Connon, 2007). The stock solutions were first sonicated for one hour (Sanhueza et
al.,, 2019). After sonication, solutions were left to cool for approximately five minutes.
Concentrations ranging from 5 pg/L — 160 mg/L were micropipetted from the stock suspensions
and dosed into the beakers for range finding. No manual mixing of the media occurred after

dosing, but the aeration provided “mechanical’ mixing.
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2.6 Nanomaterial Characterization
2.6.1 Transmission Electron Microscopy (TEM)

Two concentrations of ND-PEG (20 mg/L and 100 mg/L) and 20 mg/L of nCuO stock solution
were used for TEM analysis.

The solutions were sonicated, and a drop of each NM suspension was placed on a carbon-coated-
copper grid. The excess fluid was soaked up by touching the paper towel on the edge of the
droplet, which allowed them to dry. The samples were then viewed in a Tecnai G2 20 S-Twin
transmission electron microscope at 200kV. The photographs of the NMs were captured with a

Gatan bottom mount camera and Digital Micrograph software (Botha et al., 2015).

2.6.2 Dissolution

The dissolution of engineered NMs by dialysis by Handy et al. (1989); Al-Bairuty et al. (2016) and

Boyle et al. (2020) was adopted and adapted for the volumes utilized.

Stock solutions of nCuO (0.972 mg/L, 1.944 mg/L and 20 mg/L) were suspended in 50 mL of ISO
media. These solutions were sonicated for one hr.

Twelve 600 mL (Schott Duran) beakers were filled with 292 mL of ISO media and twelve pieces
of dialysis tubing of approximately 10 cm were cut and tied into a knot at one end.

Nine of the dialysis bags were filled with 8 mL of the respective concentrations mentioned above
and were secured with a cable tie on the other end. The outside of the bags were rinsed with Milli-
Q® water to ensure the exterior of the bag is clean. The dialysis bags were then placed into the
beakers containing the 292 mL of media. Controls that only contained ISO media were run
concurrently to determine the presence of background copper. The beakers were then placed on

a shaker bed for 96 hr at 17°C ensuring gentle shaking as seen in Figure 2.2.

Aliquots of 5 mL were taken from each beaker at approximately the same depth at 0, 24, 48, 72
and 96 hrs with an Accumax (0.5 — 5 mL) micropipette. These samples were placed in 15 mL
falcon tubes and acidified to 1% with nitric acid (HNO3). The samples were stored in a polystyrene
box and placed in a dry cool place until analysed with the graphite furnace atomic absorption
spectrometry (GF-AAS).
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For GF-AAS, 600 pL of each sample was placed into AAS vials, where 20 pL was injected into
the pyrolytic graphite furnace tube for copper measurements. Calibration was performed and a
calibration curve with a R?=0.9998 was generated.

Beakers filled with 292 mL 1SO media

r Cable tie holding dialysis bag in place

[ iididade 111

Shaker bed l J

Control beakers with 292 mL of ISO media and & mL
of ISO media in a dialysis tube

Dialysis bag in the middle of the beaker filled
with 8 mL of CuO stock selution

Figure 2.2  Simplified diagram of dissolution exposure.

2.6.3 Dynamic Light Scattering (DLS)

The Malvern Zetasizer (Malvern Zetasizer NanoZS, Malvern Instruments Ltd.) was switched on
30 min prior to running the samples for hydrodynamic size distribution and zeta potential. Diluted
stock solutions were made for both NMs: nCuO (0.972 mg/L, 1.944 mg/L and 20 mg/L) and ND-
PEG (0.9856 mg/L, 1.9712 mg/L and 20 mg/L).

A 1 mL cuvette was rinsed with MilliQ® water and 1 mL of each sample was pipetted into the
cuvette, which was then placed into the Malvern Zetasizer to determine the hydrodynamic size

distribution. This is shown by purple arrow in Figure 2.3 (Botha et al., 2016).

A 1 mL folded capillary zeta cell was used to determine the zeta potential of the NMs. The zeta
cell was also rinsed with MilliQ® water prior to use, and 1 mL of diluted stock solution for both NMs
were injected into the cell for analysis. The formation of bubbles whilst injecting the sample was
avoided by filling the cell halfway, rotating it and injecting the rest of the sample in. The cell was
closed with stoppers on both sides. This cell was also placed in the Malvern Zetasizer to
determine the surface charge/zeta potential of the nanoparticles (shown by orange arrow in Figure
2.3) (Botha et al., 2016).
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After the cuvettes/cells were placed into the Zetasizer instrument, each sample was read in

triplicates by default with the Zetasizer Nano software, thus resulting in an average value for each

sample.
’ .
1 mL cuvette filled _ 1 mL folded capillary zeta
with 1 mL stock Malvern Zetasizer Instrument cell filled with 1 mL stock
suspension suspension

Figure 2.3 Simplified illustration of cuvette and capillary cells used for the Zetasizer
instrument for dynamic light scattering characterization.

2.6.4 CytoViva® Hyperspectral Dark Field Imagery

After a 96-hr exposure, shrimp were collected and placed into 1.5 mL Eppendorf tubes and frozen
at -20°C until analysis. Whole shrimps and their moults were placed on individual microscope
slides, and a paper towel was used on the edges of the organisms to remove any water. The
slides were placed on the stage (illustrated by orange square in Figure 2.4) and held down with
stage clips on the CytoViva® 150 unit integrated onto an Olympus BX43 microscope (Botha et
al., 2016). The light source came from Fiber-Lite® DC-950 DC Regulated Illuminator to visualize
the organism and to determine if and where the nanopatrticles adhere to the organisms and their
moults. The images were captured with CytoViva® Q imaging and DAGE Exponent Software.
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CytoViva® Q Imaging &
Olympus U-TV1XC

Olympus BX43
Microscope

Microscope slide containing

exposed shrimp sample CytoViva® Light Source

Fibre-Lite®  Regulated

llluminator

Figure 2.4  Simplified illustration for CytoViva® Hyperspectral Dark Field Imagery integral unit
on the Olympus BX43.

2.7 Exposures
2.7.1 Acute Exposures

a) Acute Toxicity Test

The acute toxicity bioassay for the shrimp were adopted and adapted from (OECD, 2004; Mensah
et al., 2011).

To determine the 96-hr median lethal concentration (LCso) of ND-PEG, nCuO and CuCl,, the

toxicity assay was conducted using the following concentrations:

¢ ND-PEG: 10 mg/L, 20 mg/L, 40 mg/L, 80 mg/L and 160 mg/L.
e nCuO: 5 mg/L, 10 mg/L, 20 mg/L, 40 mg/L, 60 mg/L, 80 mg/L and 160 mg/L.
o CuCly: 5 ug/L, 10 pg/L, 20 pg/L, 40 pg/L, 80 ug/L, 160 pg/L and 200 ug/L.

Each concentration contained seven shrimps (1 — 1.5 cm) and was replicated three times (n=21).
The beakers contained 300 mL of relevant exposure media, aerated using airline tubing — 4 mm
with Hirschmann® glass pipettes on the ends, which were fastened to the side of the beakers
(see Figure 2.5 and 2.6). This acute toxicity bioassay was conducted in a temperature-controlled

room at 23°C, a 12 : 12 light : dark cycle, in ISO media. Shrimp were not fed for the duration of
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this exposure. The physico-chemical water parameters, such as the electrical conductivity (EC),
total dissolved solids (TDS), pH and temperature, were measured daily, starting at O hrs.

Dead shrimps and their moults were recorded twice daily and removed from the beakers with a
plastic pipette (Mensah et al., 2011). The cumulative number of mortalities were recorded after
the 96 hrs and was used to calculate the LCs using Daphnia Acute Immobilization Test worksheet

on ToxRat® Professional software.

-

L\,E ' | G _ 600 mL Schott Duran Beakers
y : - - filled with 300 mL ISO media.
N B B

¥ . 7 per beaker

0mg/L 10 mg/L 20 mg/L 40 mg/L 80 mg/L 160 mg/L—

Figure 2.5 Experimental setup for ND-PEG acute toxicity bioassay. The same layout was
followed for nano copper oxide and copper chloride.

Tubing providing pipette with LP-
Air

Peg holding glass pipette in place

in the medium

Glass pipette providing beaker
with LP-Air

Figure 2.6 Extension of experimental setup for acute toxicity bioassay with LP-Air gas
aerating the medium through the fastened glass pipette.

36



b) Bioaccumulation

Shrimps that were exposed and survived the acute toxicity bioassay were used for
bioaccumulation. Only the metal-based exposures were used for bioaccumulation due to the

nature of quantification.

Surviving shrimp were removed from the nCuO and CuCl; exposure beakers and placed into new
beakers containing clean ISO media to allow them to depurate for approximately 4 hrs (Gillis et
al., 2005). After 4 hrs, the shrimp were rinsed with reverse osmosis (RO) water then removed with
plastic pipette (cut at the tip to ensure the shrimp were not damaged during transfer). Individual
shrimps were placed into Eppendorf 1.5 mL microcentrifuge tubes, and excess media was
pipetted out and the shrimps were snap frozen using liquid nitrogen, then stored at -80°C until

further processing.

Once the microcentrifuge tubes were removed from the freezer and samples were weighed using
a Radwag balance(AS 220/C2) to determine the wet weight. After weighing, the shrimp were
freeze dried using Labcono FreeZone Freeze Drier at -54°C, below 15 Pa for 48 hrs. After 48 hrs,

individual shrimp samples were then weighed again to determine the dry weight.

For digestion, methods described by (Wolmarans & Van Aardt, 1985 and Béhme et al., 2017)
were adopted and adapted. After final weighing, individual, dried shrimps were added into the
cells of a 13.5 cm X 13.5 cm 3.5 cm Teflon® digestion block, where they were then
crushed/homogenized using the squeeze bulb part of Pasteur pipettes. Three cells were used for
the certified reference material (CRM), which was represented by certified mussel tissue powder
- ERM-CE278K. Three blanks comprised of a dilutant matrix (HNOs; and HCI) were added for

every 20 samples.

750 pL of nitric acid (HNOgs) and 250 pL of hydrochloric acid (HCI) was added to each well. The
wells were then covered with caps and a metal block was placed on top of the heat block and was
sealed in place with screws and nuts. This was to avoid any sample loss. The heat block was
then placed into an oven at 60°C for 24 hrs to allow digestion of the whole organism to occur.
After 24 hrs, the heat block was removed and allowed to cool for 3 hrs at room temperature. The
supernatants were pipetted out into 15 mL falcon tubes, and diluted with 1% HNO; to a volume
of 5 mL. The falcon tubes were then close sealed and wrapped with foil and stored upright at

room temperature until further analysis.
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Copper concentrations were quantified by GF-AAS. Samples were diluted 2X, 4X and 10X where
necessary with 1% HNOs. 600 pL of each sample was placed into AAS vials, where 20 pL was
injected into the pyrolytic graphite furnace tube for copper measurements. Calibration was
performed and a calibration curve with a R?>= 0.9997 was generated. GraphPad Prism 8.0.2.263

was used for statistical analysis.

¢) Respiration

The exposure set up consisted of seven replicates per treatment group with four shrimp being
placed in each beaker, resulting in 28 shrimp per treatment group (Figure 2.7). The physico-
chemical water parameters, such as the EC, TDS, pH and temperature were measured daily, with
the first reading starting at 0 hrs. Shrimp were fed with Shrimp King™ complete, that was ground
to a fine powder and mixed with 15 mL of ISO media in a 15 mL falcon tube. The falcon tube was
shaken each time, in which 200 uL was pipetted for feeding the shrimp daily until the end of

exposure period. The tube was then stored in the refrigerator at 4°C.

After 96 hrs, one exposed shrimp per beaker per treatment were used for each set of data
acquisition (n=7 per endpoint) (1 shrimp/beaker/treatment (s/b/t) for respiration, 1 s/b/t for

behaviour, 1 s/b/t for heart rate).

- ﬁ _ _ 600 mL Schott Duran beakers

B _ ‘ 3 I. filled with 500 mL ISO media
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Figure 2.7 Exposure set up for sublethal exposures.
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After 96-hrs, seven shrimp per treatment group were used for the respiration assay. A 24-well
Loligo Systems microplate respirometer chamber (Loligo Systems, Denmark) was rinsed with
clean media and each well was filled with 80 pL of ISO media. Individual shrimp were placed per
well containing new exposure media to ensure consistency in oxygen consumption as shown in

Figure 2.8. The arrow shows what each well contained.

~ 9 00 0 0 0 VN
9 0 0 O /
4 Shrimp
‘9O 00 0 0 0 >
—~— Unexposed, oxygenated ISO
"9 00 0 0 0

Figure 2.8  Simplified illustration of the respirometer chamber.

Once the shrimp were added, the respiration plate was sealed with a Loligo Systems® sealing film
and a compression block was placed on top of the plate to ensure no air leakage. The microplate
was placed on SDR® SensorDish and the oxygen measurements within the wells were recorded
with PreSens SDR version 38. The test was run for one hr at 20°C, with readings taken as mg/L
oxygen consumption, occurring every 15 s. The data was then exported to Microsoft Excel for
further data evaluation. Upon completion, individual shrimp were placed into 1.5 mL Eppendorf

tubes and were snap frozen in liquid nitrogen and stored at -80°C for metabolomic analysis.

A linear regression graph was initially created with the readings to determine the slope of the

graph. The equation used to determine the oxygen consumption is shown below:

1

mx X4 X - -
average shrimp weight

The slope (mx) was multiplied by 4 seconds (to get the readings per min) , which was multiplied
by one divided by the average weight of the organism. The final data is expressed in mg

O2/mg/min and statistical analysis was conducted in GraphPad Prism.
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d) Heart Rate

After the shrimp were exposed for 96 hrs, seven shrimp per treatment group were used — the
same setup outlined in the respiration section. Individual shrimps were transferred to petri dishes
containing 5 mL of their respective exposed mediums. A Zeiss compound microscope was
connected to a personal computer loaded with the Zeiss Labscope 3.4.3 application for Windows.
Each petri dish was placed under the microscope, the excess media was pipetted out and shrimps

were placed on their side to allow for easier viewing of the heatrt.

Video recordings were taken with a Axiocam 506 camera for 15 seconds and the videos were
analysed on Windows Media Player by playing back the video at -16 X speed. The heartbeat was
counted manually using a pen and paper to tap with the beats for 10 seconds (Greene et al.,
2017). This value was multiplied by six to get the number of beats per minute (bpm). The data is
expressed as frequency and statistical analysis was conducted on GraphPad Prism. The shrimp
were placed individuals into 1.5 mL Eppendorf tubes and snapped frozen in liquid nitrogen and
stored at -80°C for metabolomic analysis. The heart of the shrimp is located under the carapace

in the yellow square as shown in Figure 2.9.

(Scan QR code to see video)
https://drive.google.com/drive/folders/1J2
r3s2cXXTdQixYdolDQVGZgdOrldX2K.

Figure 2.9 Location of the heart in shrimp.

e) Behaviour

The shrimps used for the behaviour study is outlined under the respiration section. Behavioural
data acquisition occurred in the designated behaviour room (20°C) in the NABF situated at North-

West University, Potchefstroom.
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Methods described by Egan et al. (2023) were adopted and adapted. Here, seven
shrimp/treatment group were used for this analysis, and individual shrimps were placed into a 12-
well microplate - as seen in Figure 2.11 - using a Pasteur pipette. Three mL of exposure medium
was added to their respective wells. The microplate was placed into the Noldus DanioVision
observation chamber and the data was acquired with EthoVision X14 (Noldus Information
Technology). The plates were calibrated digitally by measuring from the one side of the microplate

to the other side and the arena settings were set (Figure 2.10 and 2.11).

A Basler monochrome GigE video camera was used for video recordings, and data acquisition
occurred for a minimum of 20 minutes with a white light routine, in which there were two dark and
two light phases of five min each. Video analysis was completed on EthoVision X17 (Noldus
Information Technology), and the quantitative end points of total distance, average swimming
speed, frequency of movement and non-movement, inner and outer zone and mobility were
analysed. The raw data was exported into an Excel file and statistical analysis was completed on
GraphPad Prism.

Figure 2.10 Microplate containing test organisms.
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Calib: 1230 mm

Figure 2.11 Arena settings for behavioural analysis for test organisms.

f) Metabolomics

The shrimp that was snap frozen from the respiration, heart rate and behaviour exposure were
used for metabolomics. Five replicates per treatment group, each contained a pool of shrimp -
two to three — and were used for metabolomic analysis. After being snap frozen with liquid nitrogen
in 1.5 mL microcentrifuge tubes, and stored at -80°C, the pooled shrimp were weighed on a
Radwag micro balance (AS 220/C2) to determine their wet weight, and they were inserted into
new 1.5 mL microcentrifuge tubes, parafiimed and a needle-sized hole was poked through the lid
of the tube. The samples were then freeze-dried at -54°C, < 15 Pa and for 72 hrs to ensure
complete dryness. After freeze drying, the samples were weighed - to determine their dry weight

— and re-parafilmed to be stored at room temperature until metabolomic analysis.

Metabolomic extraction and analysis was done by Centre for Human Metabolomics, North-West
University. The protocol for the whole metabolome extraction from the whole crustacean is a
single-phase extraction method described by (Beukes et al., 2019) and was applied to all
experimental samples of each treatment group. In short, the 1.5 mL Eppendorf tube contained
the weights of each sample, 50 uL of the internal standard — 3-Phenylbutyric acid 100 ppm, and
1 mL extraction solution made up of chloroform, methanol and water at a ratio of 1:3:1. A 3 mm
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tungsten carbide bead was added to each tube and the sample mixtures were placed in a vibration
mill where they were shaken at 30 Hz for 10 minutes. After this, they were centrifuged at 12 000
rpm for 10 minutes at 4°C.

After centrifugation, 800 pL of the supernatant was transferred to a GC vial and were dried under
a stream of nitrogen at 40°C for 20 — 30 minutes. 50 pL of methoxyamine HCI — 150 mg in 10 mL
pyridine — was added then incubated at 50°C for 90 minutes for derivatization purposes.
Hereafter, 40 yL of BSTFA + 1 % TMCS (N,O-Bis(trimethylsilyDtrifluoroacetamide with
trimethylchlorosilane — Sigma Aldrich) was added to the sample and the extract was incubated
again at 50°C for 60 minutes. After incubation, the extracts were transferred to a 250 pL insert in
a sample vial and was capped before the GCxGC-TOF-MS analysis. The GCxGC-TOF-MS is a
Pegasus 4D (Leco Corporation, St. Joesph, MI, USA), utilizes Agilent 7890A GC (Agilent, Atlanta,
GA) coupled to a time-of-flight mass spectrometer (TOFMS) (Leco Corporation) and is equipped
with a Gerstel Multi-Purpose Sampler (GMS) (Gerstel GmbH & co.).

The data were first processed using peak identification, where Leco Corporation ChromaTOF
software (version 4.50) was used to find the peaks and mass spectral deconvolution at an S/N
ratio of 300 with a minimum of 3 apexing peaks. Mass fragmentation patterns and their GC
retention times were used to identify these peaks by comparing it to the commercially available
NIST spectral libraries — mainlib, replib — with a similarity of 80% needed for a name to be
assigned to a peak. The data was adjusted according to the sample weight.

The raw data were then exported to MS Excel and compounds with the same name and unique
mass were consolidated. The data was then organized and filtered on Excel by removing
variables that did not show up in 50% or more in a group, as these variables will not be of use
when modelling the data. The Excel sheets were saved as a .csv file and uploaded to
MetaboAnalyst for analysis where the data was normalized by the median and auto-scaled.
Pathway analysis was done using the Danio rerio pathway with compound names on
MetaboAnalyst.
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2.8 Chronic Exposures

a) Lethality/Mortality

Mortality was the endpoint in the chronic exposure. The setup used for the chronic exposure can
be seen in see Figure 2.7, except there were eight replicates containing three shrimp each per
treatment group. Additional features to the exposure system (Figure 2.12), where the tubing
(shown in green) was connected to a larger pipe that was connected to the LP-Air source. The
glass pipette was connected to the green tubing and was placed into the beaker for controlled air
flow into the exposure beakers for the shrimps. Beakers were cling wrapped to prevent quick
evaporation of the exposure medium (Muller et al., 2011). Mesh netting of 15 cm X 5 cm was cut
and placed into the beaker (ensuring the netting doesn’t touch the bottom of the beaker), this net
was pegged to the side of the beaker and was used as a substrate for the shrimp. The exposure
occurred at 23°C ina 12 : 12 light : dark cycle (Muller et al., 2011).

Tubing providing pipette with LP-
Air

Peg holding glass pipette in place
in the medium

Glass pipette providing beaker with
LP-Air

15 cm X 5 cm mesh net held in
place with a clothing peg

Figure 2.12 Additional features on every beaker during exposure.

This exposure ran for 25 days, allowing for a media change and re-spiking of toxicants every fifth
day. Survival was measured by counting and recording the dead organisms in all the groups and

removing them daily from the experimental vessel (Muller et al., 2011).

From this, the cumulative mortality rate was determined per replicate in each treatment group. A
threshold value was determined where increased mortality occurs. The means of the mortality

response categorized by the different toxicants/treatments over the exposure period of four weeks
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was completed for all replicates. This data was then plotted as percentage over 25 days (Muller
etal, 2011).

2.9 Statistical Analysis

i) Acute Toxicity Test: A built-in Probit analysis of the ToxRat software was applied and makes
use of a linear maximum likelihood regression to calculate the LCso.

ii) For bioaccumulation, respiration, heart rate, behaviour, and mortality, the data sets were
checked for normality using Kolmogorov-Smirnov test. If the data was normally distributed, an
analysis of variance — one way ANOVA, was used, and Tukey’s multi-comparison test was used
for the differences among the test groups. For data that did not meet the normal distribution
assumption, a non-parametric Kruskal-Wallis test followed by a Mann-Whitney test was applied

with a significant p< 0.05.

iii) Metabolomics: The metabolomic data was filtered to keep the variables the were present more
than 80 % within a group. A cut-off coefficient variation of 50 % or more was utilized for any
compounds that were not reliably measured. The data sheet was then uploaded to
MetaboAnalyst, where the data was log-transformed, centred around the mean and auto-scaled.
The data was then subjected to univariate (T-test) and multivariate analysis (Principal Component
Analysis (PCA)) and Partial Least Squares — Discriminant Analysis (PLS-DA). Groups were
compared with one another with the PCA 2D scores plot to check for any variances within the
groups. A one-way analysis of variance (ANOVA), which is a univariate analysis, a post-hoc
Tukey'’s test and a t-test was conducted to determine significant compounds between the various
groups. The compounds were said to be significant if their p < 0.05 and their effect size (d > 0.8),
which was determined with the post-hoc Tukey and t-test.
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CHAPTER 3 RESULTS

3.1 Verification of indicator species

The evolutionary history of the taxa under study is assumed to be represented by the bootstrap
consensus tree generated from 1000 replicates. Branches that are associated with partitions that
were reproduced in fewer than 50% of bootstrap replicates, were collapsed. The branches are
accompanied with the percentage of duplicate trees in which the linked taxa are grouped during
the bootstrap test (1000 replicates). By automatically applying the Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances — calculated using the Maximum Composite
Likelihood (MCL) technique - and then choosing the topology with the best log-likelihood tree(s)
for the heuristic search were created.

A discrete Gamma distribution was used to model evolutionary rate differences among sites (5
categories (+G, parameter = 1.4226)). The rate variation model allowed for some sites to be
evolutionarily invariable ([+1], 20.09% sites). This analysis involved fifteen nucleotide sequences.
There were a total of 565 positions in the final dataset. The evolutionary history was inferred by
using the Maximum Likelihood method and General Time Reversible model in MEGA X.

Evolutionary analyses were conducted in MEGA X. The phylogenetic tree in Figure 3.1. shows
that Caridina africana is the organism being tested, with Daphnia magna as the outgroup for

comparison.

70 NDO03 ForwardXL

456|——1: ND04 ForwardXL

NDO1 ForwardXL

NDO3 ReverseXL
454: NDO04 ReverseXL
NDO1 ReverseXL
82 NDO02 ReverseXL
NDO02 ForwardXL
MK190058.1 Caridina africana
KU201519.1 Caridina cantonensis
MK190043.1 Caridina tupaia
MN526184.1 Caridina typus
MN526074.1 Caridina brachydactyla
DQ478473.1 Caridina nilotica
GU680597.1 Daphnia magna

Figure 3.1 Phylogenetic identification and verification of indicator species selected for this
project determines that the closest match to the test organism is Caridina africana.
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3.2 NM characterization

3.2.1 NM Surface Charge & Size

The zeta potential of the two NMs at different concentrations are within the same range between
-12 and -15 mV as seen in Table 3.1. There is a trend in the hydrodynamic size distribution
between the two NMs, where the size distribution increased with an increase in the exposure

concentration, the NDs formed larger agglomerates compared to the nCuO.

Table 3.1 Zeta potential and hydrodynamic size distribution (represented as the mean + the
standard deviation) of different nano copper oxide and nanodiamond exposure concentrations in

the ISO media used for exposures.

Nano Copper oxide (nCuO)
Exposure Concentrations Zeta Potential Hydrodynamic Size Distribution
(ma/L) (mV) (d.nm)

LCi0—0.97 -15.1+0.9 280.7 + 48.6
LCx—-1.94 -13.85+0.9 3325+9.1

20 -14.4+1.3 986.6 + 458.8

Nanodiamond (NDs)

LCio - 0.99 -12.4+0.9 479.2 +80.3

LCyx - 1.97 -15.2+1.1 873.6 +92.1

20 -13.5+23 1891.0 + 370.3
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3.2.2 Dissolution of copper from nano copper oxide nanomaterial
The dissolution of copper from nCuO was less than 1% throughout all time intervals (Table 3.2).

Table 3.2 Dissolution of copper from nano copper oxide (represented as the mean + the standard
deviation) over the exposure duration of 96 hrs, with measurements recorded every 24 hrs in ISO
media. *Abbreviations used are nCuO = nano copper oxide.

nCuO
Exposure Dissolution (%)
Concentrations
(mag/L)
Oh 24 h 48 h 72 h 96 h
LC10—0.97 0.05 + 0.07 0.06 + 0.04 0.10 +£ 0.08 0.09+£0.04 0.11 +0.04
LCx —1.94 0 0.05+0.02 0.07 £ 0.04 0.06 £ 0.02 0.07 £ 0.03
20 0 0.02 0.03 0.03+0.01 0.04+£0.01

3.2.3 Transmission Electron Microscopy (TEM)

The concentrations used for TEM analysis were 20 mg/L for both NMs. The particle sizes for the
nCuO ranges from 19 — 31 nm as seen in Figure 3.2. A — B, whereas for ND-PEG, it ranges from
5.20 - 7.45 nm as seen in Figure 3.2. C — E. It can be deduced from the images in Figure 3.2 that
the primary particle diameter for nCuO is about four times larger than ND-PEG, but large

agglomerate could be observed in both groups.
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Figure 3.2  Transmission electron microscopy images at 0 hours, visualizing the primary
particle size of 20 mg/L stock suspensions of (A — B) nano copper oxide, and (C — E)
nanodiamonds in MilliQ® water.

3.3 Toxicity Exposures
3.3.1 Acute Toxicity Test

The CuCl, concentration effect curve (Figure 3.3 A) shows that this toxicant exhibits more of a
dose-dependent response when compared to nCuO (Figure 3.3 B) and ND-PEG (Figure 3.3 C).
As the concentration of CuCl; increases, the percentage immobility increases, except at 40 pg/L,
where approximately 67% of the shrimps died. At the highest concentration of 200 pg/L, only 52%
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of the shrimps died. For the two NMs, the percentage mobility does not display the same dose-

dependency as for CuCl,. There was a bi-modal response with greater mortality at the lowest and
the two highest exposure concentrations. For ND-PEG, there was more of a dose-dependent

relationship with only the lowest concentration of 10 mg/L showing greater mortality than in the

20 mg/L concentration.
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Figure 3.3 Concentration effect curve showing cumulative immobility in Caridina africana

following exposure to (A) copper chloride (ll), (B) nano copper oxide and (C) nanodiamonds after
96 hours.

Less than 10% of the control organisms died (not reported), thus rendering the test valid. The

LCso, LC10 and LCy values for CuCl, were calculated using the Probit function in ToxRat. The

CuCl, was deemed more toxic, followed by nCuO and ND-PEG to be the least toxic.
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It was not possible to derive the LC;0and LCy based on the response data for nCuO and ND-
PEG (Table 3.3). Thus, for the purposes of selecting the sublethal exposure concentrations, the
LCso value was multiplied by 0.1 (10%) or 0.2 (20%). Therefore, the 10% and 20% of the LCso
(henceforth referred as the LCi0and LCxofor the purposes of this study), was 0.97 mg/L and 1.94
mg/L for nCuO, and 0.99 mg/L and 1.97 mg/L for ND-PEG, respectively.

Table 3.3 Summary of the LCy values from ToxRat for the mortality of Caridina africana after 96
hours, for CuCl,, nCuO and ND-PEG using the OECD202 Daphnia magna acute toxicity test
worksheet. The lower and upper 95% confidence limits (CL) for the LCx values are shown. *nd is
where values could not be calculated. *Abbreviations used are CuCl, = copper chloride, nCuO =
nano copper oxide, NDs = nanodiamonds.

CuCl2
Concentration Lower CL Upper CL

LCio 4.35 pg/L n.d. 19.21
LC2o 12.69 pg/L n.d. 42.59
LCso 98.37 pg/L 25.89 n.d.

nCuO
LCio n.d. n.d. n.d.
LC20 n.d. n.d. n.d.
LCso 9.720 mg/L n.d. n.d.

NDs
LCio n.d. n.d. n.d.
LC20 n.d. n.d. n.d.
LCso 9.856 mg/L n.d. n.d.
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3.3.2 Chronic toxicity test

a) Chronic effects (moulting)

Following long-term exposure to the respective LCipexposure, all treatments exhibited decreased
moulting compared to the control. The ND-PEG treatment group exhibited the highest cumulative
moults compared to the other treatments within the first five days of exposure and until the end of
exposure (Figure 3.4 A). The second treatment group that had the highest cumulative moults,
was ionic Cu, with nCuO being the lowest in the first five days. However, both Cu-based

exposures had the same cumulative moults at the end of the chronic exposure.

The LCy ND-PEG treatment had more cumulative moults than the control, as well as compared
to the other two treatments, and the Cu-based exposures had lesser cumulative moults than the
control (Figure 3.4 B). The ionic copper exposure groups had the highest cumulative moult within
the first five days and till the end of exposure when compared to nCuO. When comparing the two
exposure concentrations, ND-PEG moulted the most when compared to Cu-based exposures.
Out of the Cu-based exposures, the ionic copper group moulted more, followed by nCuO,
however, these changes were not statistically different.
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Figure 3.4  Cumulative moults (n) of Caridina africana following 25 days exposure to (A) LC1o
(B) LC20 concentrations for nanodiamonds, nano copper oxide and ionic copper.
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b) Chronic time to mortality response

Following long-term exposure to the respective LCio and LCz concentrations, the ND-PEG
treatment reached 50% mortality on day 7, whereas the nCuO reached it on day 14 and the ionic
group reached it by day 13 (Figure 3.5 A). However, the mortality rate increased more drastically
for the two latter groups when compared to ND-PEG, as the mortality rate stayed consistent at
70% at day 12 until the end of exposure, whereby the mortality rate increased for nCuO and the

ionic copper group until the end of the exposure period.

The LCz nCuO treatment group reached a 50% mortality on day 7, whereas LC, ND reached it
at day 23, and the LCyionic Cu group reached it on day 12 (Figure 3.5 B). The LCy Cu-based

groups experienced a higher mortality rate compared to LCz ND over the exposure period.

When comparing the two exposure concentrations, the LCio ND reached a 50% mortality rate
quicker than LC» ND and also experienced a higher mortality rate than LC2 ND, reaching 70%
compared to 50% at the end of the exposure period. With the nCuO groups, a 50% mortality rate
was reached much slower in the LC1 NCuO than the LCy NnCuO. In the LC10 NCuO, the group
experienced a reduced mortality rate than LC» nCuO, that reached 90% at day 19 compared to
95% at day 14. The LCy0 and LCy ionic copper treatment groups reached 50% mortality around
the same time - at day 13 - and had a similar mortality experience till the end of the exposure
period. The control had the lowest mortality in both exposures. It did exhibit an increase in
mortality until day 12, where it plateaued until day 23, where it increased slightly within one day
and began to plateau till the end of exposure.
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Figure 3.5 Mortality rate (%) of Caridina africana over 25 days being exposed to (A) LCyo and
(B) LC2 concentrations for nanodiamonds, nano copper oxide and ionic copper. The lines indicate
the lethal median time.
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3.4 Sublethal Exposure Assessment
3.4.1 NM Distribution - CytoViva® Hyperspectral Dark Field Imagery

The control group shows the eye, carapace, pleopods, tail base, telson and pereiopods of the
shrimp (Figure 3.6 A — E). The LC1 nCuO exposure group were seen bound to the carapace
(Figure 3.7 A & B) as well as in the tail base and telson of the shrimp as dark spots/clusters in
Figure 3.7 C & D, respectively. From the LC, nCuO exposure, nCuO particles were seen via the
darkened clusters on the eye, and head as well as the pereiopods, telson moults and near the
mouth, as seen in Figure 3.8 A, B, C & D, E and F, respectively. Nanodiamond of the LCo
exposure can also be visualized as dark spots on the telson of the shrimp in Figure 3.9 A. No
visible ND-PEG NMs was bound on the eyes of the shrimp in Figure 3.9 B & C, but there were
visible particles present on the body and telson moult of the shrimp in Figure 3.9 D & E,

respectively from the LC, ND-PEG exposure.
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Figure 3.6 CytoViva® imaging of the control group for Caridina africana (A) eye (B) carapace
(C) pleopods (D) tail base (E) telson (F) pereiopods.
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Figure 3.7 CytoViva® imaging of Caridina africana and its moults after a 96-hour exposure in
LC10 nano copper oxide on the (A — B) carapace and (C — D) tail base and telson, respectively.
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Figure 3.8 CytoViva® imaging of Caridina africana and its moults after a 96-hour exposure in
LC2 nano copper oxide on (A — B) eye and head, (C — D) pereiopods, (E — F) telson moult and
near the mouth, respectively.




Figure 3.9 CytoViva® imaging of Caridina africana and its moults after a 96-hour exposure in
(A — C) LCy0 nanodiamond and (D — E) LCy nanodiamond. (A) telson, (B — C) eye, (D) body
moult, (E) telson moult.
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3.4.2 Copper Bioaccumulation

The detection and quantification limits for the Cu analysis are reported in Table 3.4. Copper within
the CRM was determined using GF-AAS and yielded a 73% recovery. It is important to note that
even though the recovery rate is below the recommended threshold of 80%. For the purposes of
this study, the results were not corrected for under-recovery. The LOD was calculated as three
multiplied by the standard deviation of blank/average weight of all shrimp, and the LOQ as nine

multiplied by the standard deviation of blank.

Table 3.4 Recovery rate (%), for the certified reference sample (ERM-CE278Kk), limit of detection
(LOD), and limit of quantification (LOQ) for copper. *dw is an abbreviation for dry weight.

Whole Organism ERM-CE278k
Element LOD (ug/g dw?) LOQ (ng/g dw™) Recovery (%)
Cu 0.2185 0.6555 73+0.17

The shrimps exposed to nCuO, exhibit a higher Cu concentration (ug/g dry weight) in the whole
organism when compared to the CuCl, exposed shrimps. Only the Cu levels in shrimp from the
two highest concentrations of (40 and 60 mg/L) nCuO were significantly (p<0.05) different from
the control (Figure 3.10). The Cu concentrations increased in the whole organism as the exposure
concentration of CuCl, increases to a maximum of 325 ug/g at the highest exposure concentration
of 200 ug/L.
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Figure 3.10 Copper concentrations (ug/g DW) in Caridina africana after a 96-hour exposure to
various nano copper oxide and copper (Il) chloride concentrations. The concentrations are
represented as the mean * the standard error of three independent replicates. Alphabetical
superscript/s indicate significant differences between treatments relative to the control.
Significance was regarded as p<0.05. *WO indicates in Whole Organism.

3.5 Sublethal Effects Assessment
3.5.1 Metabolomics

Multivariate analyses were conducted on shrimp exposure groups to determine the metabolomic
profiles between the different treatments. All treatment groups along with the control were plotted
to obtain a visual representation of their similarities/differences in terms of metabolome analytes
(Figure 3.11 A). The LCio and LCxtreatment groups were then plotted separately with the control
to compare toxicants at the same sublethal exposure value to represent their
similarities/differences in their metabolome analytes (Figure 3.11 B and C, respectively). Finally,
ND-PEG/nCuO (nano-based treatments) and nCuO/CuCl, (Cu-based treatments) were
compared to also represent any similarities/differences amongst their metabolome analytes

(Figure 3.12 A and B; C and D, respectively).
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Figure 3.11 Multivariate analysis of partial least squares discriminant analysis for (A) all
treatments (B) all LC1o treatments (C) all LCx treatments (n=5 per group, except CuCl. that had

4 per group).
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Figure 3.12 Multivariate analysis of partial least squares discriminant analysis for (A) LCio
copper chloride (I)/nano copper oxide (B) LC1o nano copper oxide/nanodiamonds (C) LCyo copper
(1) chloride/nano copper oxide (D) LCzo nano copper oxide/nanodiamonds (n=5 per group, except
CuCl, that had 4 per group).

PLS-DA Plots

The differences between the treatments and the controls based on the PLS-DA plots were further
analyzed using a pairwise t-test, comparing nCuO and CuCl, (Table 3.5) and nCuO and NDs
(Table 3.6), respectively. There are 40 significant (p<0.05) metabolites that differ between the

control and nCuO LCyotreatment, while there were 25 and 20 metabolites that differ between the
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control and LCyo CuCl; and LC10nCuO treatments, respectively (Table 3.5). Only one metabolite
was significantly (p<0.05) different between the control and LCy, CuCl, treatment. There were only
3 and 8 significant (p<0.05) metabolites that differ from the control and ND LCioand ND LCy,
respectively (Table 3.6).

Heatmaps

Heatmaps allow for the visualization of patterns in the metabolite concentrations across samples
— graphically repesents the information from Tables 3.5 and 3.6 by using coloured blocks and a
scale of either “4 to -4” or “2 to -2”, with either 4/2 showing the metabolites that are highly
expressed in a treatment group and the -4/-2 represents metabolites that are least expressed in
a treatment group. In Figure 3.13 shows the heatmap of all the variables of importance (VIPS)
within each sample in each treatment group, with “4” on the scale bar corresponding to a stronger
correlation / more expression of a metabolite within a sample, with “- 4” on the scale bar illustrating

a more negative correlation / less expression of a metabolite within a sample.

There were very clear differences in metabolites differentiated between the two concentrations of
the NMs (nCuO and NDs) (Figure 3.14 A and Figure 3.15) and between the LCx concentrations
of the two Cu treatments (nCuO and CuCly) (Figure 3.14 B). There are no heatmaps for LCx
CuCl; and LCy nCuO, as there were too few significant (p<0.05 and d>0.8) metabolites
responsible for differences between the treatments.
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Table 3.5 Pairwise comparison of all significant metabolites (p<0.05, and d>0.8) in Caridina africana following exposure to LCy and

LCy of copper-based exposures. The grey sections indicate where no comparisons were run/analysed.

LC10CuCl,

LC20CuCl,

LC1onCuO

LC2onCuO

Control

2,5-
Bis((trimethylsilyl)oxy)pyrazine
2’-Desoxyuridine
4-Aminobutanoic acid
5-Dodecenoic acid
5-Methyluridine
9-Tetradecenoic acid
a-D-Glucopyranose
a-L-(-) Fucopyranose
Cadaverine
DL-Phenylalanine
D-Lyxose

Gluconic acid
Glyceric acid
L-Methionine
I-Prolylglycine
L-Serine
L-Tryptophan

Myristic acid
N-Acetyl-D-glucosamine
Oleic Acid (UM129)
Putrescine

Ribitol

Serine

Stearic acid

Uracil

Gluconic acid

2,5-
Bis((trimethylsilyl)oxy)pyrazine
2'-Desoxyuridine
5-Ethyl-1-(4-[trimethylsilyloxy]-3-
[trimethylsilyloxy]methyltetrahydr
ofuran-2-yl)pyrimidine-
2,4(1H,3H)-dione
5-Methyluridine

9H-Purin-6-ol

9-Tetradecenoic acid
a-D-Glucopyranose
a-L-(-)-Fucopyranose
Cadaverine

D-Lyxose

d-Mannose

Gluconic acid

Glucopyranose

Glyceric acid

L-Lysine

Putrescine

Serine

Stearic acid

Uridine

11-Eicosenoic acid
2'-Desoxyuridine
4-Aminobutanoic acid
5-Methyluridine
9,12-Octadecadienoic acid
9H-Purin-6-ol

9-Tetradecenoic acid
a-D-Allopyranose
a-D-Glucopyranose
a-L-(-)-Fucopyranose
Arachidonoyl amide
Benzenepropanoic  acid, a-
(methoxyimino)-, trimethylsilyl
ester

Benzenepropanoic  acid, a-
(methoxyimino)-4-
[trimethylsilyloxy]-, trimethylsilyl
ester

Cadaverine

D-(-)-Ribofuranose

D-Arabinose

DL-Phenylalanine

D-Lyxose

d-Mannose

Gluconic acid

Glucopyranose

Heptadecanoic acid
L-5-Oxoproline

L-Lysine

L-Methionine

L-Proline

I-Prolylglycine

L-Rhamnose

L-Serine

Myristic acid
N-Acetyl-D-glucosamine

Oleic Acid




11-Eicosenoic acid
5-Methyluridine
a-D-Allopyranose
DL-Phenylalanine
D-Lyxose

LC10CuCl;

LCzoCUClz

Pentanedioic acid
Phosphoric acid
Putrescine

Ribitol

Serine

Stearic acid
Tyrosine

Uracil

11-Eicosenoic acid
9-Tetradecenoic acid
a-D-Allopyranose
Glucopyranose
DL-Phenylalanine
D-Lyxose

D-Proline

Gluconic acid
Glucopyranose
L-Glutamic acid
L-Proline

L-Serine

Methyl stearate
N-Acetyl-D-glucosamine
Stearic acid

Tyrosine

LC1onCuO

2,5-
Bis((trimethylsilyl)oxy)pyrazine
Benzenepropanoic  acid, a-
(methoxyimino)-, trimethylsilyl
ester

L-Threonine

67




Table 3.6 Pairwise comparison of all significant metabolites (p<0.05, and d>0.8) in Caridina africana following exposure to LCy and
LCy of nanodiamonds and nano copper oxide nanomaterials. The grey sections indicate where no comparisons were run/analysed.

LC1onCuO LC2onCuO LC10ND LC20ND
Control See Table 3.5 See Table 3.5 D-(-)-Ribofuranose 4-Aminobutanoic acid
L-Rhamnose 9-Tetradecenoic acid
Uridine Cadaverine
Methyl stearate
Myristic acid
Phosphoric acid
Tridecanoic acid
Uracil
LC1onCuO See Table 3.5 2'-Desoxyuridine

5-Ethyl-1-(4-
[(trimethylsilyl)oxy]-3-
{[(trimethylsilyl)oxy]methyl}te
trahydrofuran-2-
yl)pyrimidine-2,4(1H,3H)-
dione

9H-Purin-6-ol
9-Tetradecenoic acid
a-D-Glucopyranose
a-L-(-)-Fucopyranose
Butanedioic acid
Cadaverine
D-(-)-Ribofuranose
Diethylene glycol
d-Mannose

d-Proline

Gluconic acid
Glucopyranose
Glyceric acid
Heptadecanoic acid
L-Proline
I-Prolylglycine
L-Rhamnose
L-Serine
Palmitelaidic acid
Putrescine

Serine
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LC20nCuO

See Table 3.5

LC1oND
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Stearic acid
Tridecanoic acid
Tyrosine
Uridine

2'-Desoxyuridine
9-Tetradecenoic acid
a-D-Glucopyranose
DL-Phenylalanine
D-Lyxose

d-Proline

Gluconic acid
Heptadecanoic acid
L-5-Oxoproline
L-Lysine
L-Methionine
Myristic acid

Palmitic Acid

Serine

Stearic acid

9-Tetradecenoic acid
Arachidic acid
Cadaverine
D-(-)-Ribofuranose
Glyceric acid
L-Rhamnose
L-Serine

Methyl stearate
Myo-Inositol
Palmitelaidic acid
Putrescine
Thymidine

Uracil
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Figure 3.13 Heatmap for all VIP metabolites in all treatment groups.
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Significance was regarded as p<0.05 and d>0.8.

Pathway Analysis

The pathway analyses for controls vs treatments and between NM originates from the pairwise
comparisons conducted in Table 3.5 and 3.6. These analyses are dependent on the number and
role a specific metabolite/s play in the pathway. The impact factors (shown on the x axis) range
from 0 to 1, with 1 being the highest impact a certain metabolite has on the pathway. Significance
was regarded as p<0.5 and d>0.8.

Controls vs treatments

The glycerine, serine and threonine metabolism and the arginine and proline metabolism fall
under than amino acid biosynthesis pathway, which is one of the major pathways affected in this
group. The pentose phosphate pathway, the glutathione metabolism and pyrimidine metabolism
are the other major pathways that were affected in the control vs LC10nCuO (Figure 3.16 A, Table
3.5).

For control vs LCz nCuO treatment group, the most important pathways affected were the amino
acid biosynthesis pathways (i.e. arginine, proline and phenylalanine, tyrosine and tryptophan
biosynthesis and cysteine and methionine metabolism) (Figure 3.16 B, Table 3.5). Other
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pathways also affected were the glutathione metabolism, biosynthesis of unsaturated fatty acids,

fatty acid biosynthesis, pyrimidine metabolism as well as aminoacyl-tRNA biosynthesis.

The major pathways affected in the control vs LC2 ND treatment group were the amino acid
biosynthesis (i.e. arginine, proline and alanine metabolism and aspartate and glutamate
metabolism). The pyrimidine metabolism and the butanoate metabolism were amongst affected
pathways (Figure 3.16 C, Table 3.6).

Amino acid biosynthesis (i.e. arginine, proline, alanine, aspartate and glutamate metabolism,
cysteine and methionine metabolism, glycine, serine and threonine metabolism) were affected in
the control vs LC1o CuCl; treatment group. Other pathways include: glyoxylate and dicarboxylate
metabolism, the glycerolipid metabolism, pyrimidine metabolism and the tryptophan metabolism
(Figure 3.16 D, Table 3.5).

There are differences within the controls vs the different treatment groups (Figure 3.16 A, B, C
and D). The most affected pathway is the amino acid biosynthesis and the pyrimidine metabolism.
There are a few notable differences, such as the biosynthesis of fatty acids and fatty acid
biosynthesis (Figure 3.16 B). It is the only major pathways that differs. The glyoxylate,
dicarboxylate and the tryptophan metabolism are the only pathways that differ in the control vs
LC10 CuCl; treatment group from the rest of the treatment groups (Figure 3.16 D). The butanoate
metabolism, is the only major pathway that is only present in the control vs LC2 ND treatment

group that differs from the other treatment groups (Figure 3.16 C).
nCuO vs ND

The major pathways in LCio NCuO and LCio ND that were affected based on the significant
metabolites, included: the amino acid biosynthesis (i.e. glycerine, serine and threonine, and
arginine, proline and phenylalanine, as well as phenylalanine, tyrosine and tryptophan) (Figure
3.17 A, Table 3.6). The pentose phosphate pathway and glutathione, glyoxylate and dicarboxylate

as well as the aminoacyl-tRNA biosynthesis pathways were also affected.

The amino acid biosynthesis, pyrimidine metabolism as well as the galactose metabolism in the
LC2 nCuO vs LCy ND were affected (Figure 3.17 B, Table 3.6). The most common metabolism
affected was the amino acid biosynthesis. The galactose and pyrimidine metabolism are affected

in the LC2 NCuO vs LCy ND, whereas they’re not mentioned in the LC;o treatment groups.

73



Nanomaterial vs ionic

In LC2 nCuO vs LCy CuCly, the glyoxylate, dicarboxylate and amino acid biosynthesis is one of
the major pathways affected (Figure 3.17 C, Table 3.5).
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Figure 3.16 Pathway analysis for (A) control and LCio nano copper oxide (B) control vs LCx
nano copper oxide (C) control vs LC2 nanodiamond (D) control vs LC1o copper chloride. The size
of the pathway’s circles are determined by the relationship between the significance and impact
factor.
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Figure 3.17 Pathway analysis for (A) LC10 nano copper oxide and LC1o nanodiamonds (B) LCx
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The significant metabolites and the major pathways in which they fall under are summarized in
Table 3.7.

Table 3.7 Significant metabolites based on their p and d value, and their corresponding pathways
for various treatments groups.

Group Significant p-value d-value Affected Pathway/s
Metabolite/s
Control vs nCuQO1o D-Glycerate 0.025 1.575 Pentose Phosphate Pathway
Cadaverine 0.008 1.785 Glutathione Metabolism
Deoxyuridine 0.025 1.575 Pyrimidine Metabolism
Putrescine 0.016 1.901 Glutathione Metabolism
Control vs nCuO20 L-Phenylalanine 0.017 1.380 Amino acid biosynthesis
Serine 0.009 1.611 Amino acid biosynthesis
Methionine 0.000 3.151 Amino acid biosynthesis
Lysine 0.014 1.520 Amino acid biosynthesis
Tyrosine 0.006 1.693 Amino acid biosynthesis
Proline 0.004 1.863 Amino acid biosynthesis
Cadaverine 0.000 2.934 Glutathione metabolism
Putrescine 0.011 2.072 Glutathione metabolism
Oxoproline 0.049 1.056 Glutathione metabolism
Deoxyuridine 0.006 1.737 Pyrimidine metabolism
Uracil 0.000 4.861 Pyrimidine metabolism
Control vs CuClig Gluconic acid 0.012 1.714 Pentose Phosphate Pathway
Serine 0.038 1.213 Amino acid biosynthesis
Methionine 0.035 1.274 Amino acid biosynthesis
L-Phenylalanine 0.028 1.224 Amino acid biosynthesis
Deoxyuridine 0.035 1.239 Pyrimidine metabolism
Uracil 0.015 1.438 Pyrimidine metabolism/DNA synthesis
Cadaverine 0.013 1.599 Glutathione metabolism
Putrescine 0.044 1.406 Glutathione metabolism
NCuO10 Vs ND1o D-Proline 0.001 3.227 Amino acid biosynthesis
L-Proline 0.017 1.533 Amino acid biosynthesis
Putrescine 0.002 2.375 Glutathione metabolism
Serine 0.031 1.217 Amino acid biosynthesis/Glyoxylate &
dicarboxylate metabolism
Tyrosine 0.021 1.521 Amino acid biosynthesis
Gluconic acid 0.019 1.526 Pentose phosphate pathway
Cadaverine 0.025 1.623 Glutathione metabolism
Deoxyuridine 0.025 1.650 Pyrimidine metabolism
Uridine 0.000 4.452 Pyrimidine metabolism
NCuO20 vs ND2o Phenylalanine 0.023 1.712 Amino acid biosynthesis
Methionine 0.045 1.146 Amino acid biosynthesis
Lysine 0.026 1.307 Amino acid biosynthesis
Palmitic acid 0.050 1.317 Biosynthesis of unsaturated fatty acids
Tetradecenoic acid 0.016 1.382 Fatty acid biosynthesis
NCuO2o vs CuClao Phenylalanine 0.026 1.282 Amino acid biosynthesis
Serine 0.040 1.114 Amino acid biosynthesis
Tyrosine 0.040 1.115 Amino acid biosynthesis
D-Proline 0.006 1.783 Amino acid biosynthesis
L-Proline 0.018 1.373 Amino acid biosynthesis
Glutamate 0.026 1.586 Amino acid biosynthesis
Glucosamine 0.003 2.147 Energy metabolism
Glucose 0.039 1.126 Energy metabolism

(p and d values for all group metabolites are present in appendix C).
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3.5.2 Respiration

All exposure treatments caused an increase in oxygen consumption rates when compared to the
control. The nCuO exposure groups (Figure 3.18 A and 3.18 B) exhibit significantly higher oxygen
consumption rates when compared to the rest of the exposure treatments. The ND treatments
resulted in the second highest oxygen consumption rates, with the lowest increase recorded in

the LC2 CuCl, exposure.
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Figure 3.18 The oxygen consumption (mg O2/mg shrimp/min) in Caridina africana after a 96-
hour exposure to nanodiamonds, nano copper oxide and copper chloride (ll) at their respective
(A) LC10 and (B) LCy concentrations. The oxygen consumption rate is represented as the mean
+ the standard error of seven independent replicates. Bars with common alphabetical
superscript/s indicate significant differences within their respective treatment groups relative to
the control. Significance was regarded as p<0.05.

3.5.3 Heart Rate

There are similar trends with the heart rate (Figure 3.19 A, and 3.19 B). The heart rate of both
LCioand LC nCuO and ionic Cu, were lower when compared to the control. The LC1o and LCx
ND exposures resulted in significantly higher (p<0.05) heart rates when compared to the control

and the Cu-based treatments.
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Figure 3.19 The heart beats/minute in Caridina africana after a 96-hour exposure to
nanodiamonds, nano copper oxide and copper chloride (1) at their respective (A) LCio and (B)
LC2 concentrations. The heart rate is represented as the mean * the standard error of seven
independent replicates. Bars with common alphabetical superscript/s indicate significant
differences within their respective treatment groups relative to the control. Significance was
regarded as p<0.05.

3.5.4 Behaviour

Total Distance moved (mm)

The total distance travelled in LC10 ND and both CuCl; treatments in both dark and light phases
were greater than the control (Figure 3.20 A). Both nCuO treatments moved less than the controls
during both the light and dark phases. In all instances, the distances moved were not significantly
(p>0.05) different from the control. However, it was noted there was a large variation between

individual replicates.

The total distance travelled in LCx ND exposure group was less than the control group in both
the dark and light phases. The nCuO treatments also resulted in less distance travelled compared
to the control. Both CuCl; treatments travelled significantly (p<0.05) further than the nCuO
treatments. Generally, the differences in the distances travelled were greater during the light
phase than the dark phase (Figure 3.20 B). When the two exposure concentrations were

compared, the differences in distances were more pronounced in the LCy exposure groups.
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Figure 3.20 Average total distance (mm) travelled by Caridina africana after a 96-hour
exposure to nanodiamonds, nano copper oxide and copper chloride (Il) at their respective (A)
LCi0 and (B) LCyo concentrations. These graphs represent the mean + the standard error between
seven individual replicates per treatment. The superscript letters show the significant (p<0.05)
differences within their respective treatment groups. The shaded area represents the combined
dark phase of behavioural data acquisition.

Swimming speed (mm/s)

The average swimming speed of LCio ND and CuCl; treatments were higher than the control in
both the dark and light phases (Figure 3.21 A). Both nCuO treatment groups had a lower average
swimming speed than the control in both dark and light phases. In all instances, the average

swimming speed moved were not significantly (p>0.05) different from the control. The average
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swimming speed of LC, ND and nCuO were lower than the control in the dark and light phases
(Figure 3.21 B). Both LCyxionic Cu treatments had a greater average swimming speed than the
control in both dark and light phases. In all materials, the average swimming speed moved were
not significantly (p>0=0.05) different from the control. When the two exposure concentrations

were compared, the average swimming speed was more pronounced in the LCy exposure group.
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Figure 3.21 Average swimming speed (mm/s) of Caridina africana after a 96-hour exposure to
nanodiamonds, nano copper oxide and copper chloride (1) at their respective (A) LC1o and (B)
LC2 concentrations. These graphs represent the mean * the standard error between seven
individual replicates per treatment. The shaded area represents the combined dark phase of
behavioural data acquisition. Significance was regarded as (p<0.05).
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Frequency of movement

The LCio ND experienced lesser movement than the control and the other two LCio groups of
NnCuO and CuCl in both the dark and light phases (Figure 3.22 A). The LCyqionic Cu exerted

more movement than the control, LC10 NCuO and ND for both phases.

The LCz nCuO exposure groups experienced lesser movement in both phases than the control
and the other two exposure groups. The LCz ND and LCy ionic Cu had more movement than
the control. (Figure 3.21 B). When the two exposure concentrations were compared, the
movement frequency was more pronounced in the LCy treatments. The LCy ionic Cu

experienced the most movement frequency.

Average Mobility (%)

The LCyoionic Cu had a higher mobility rate than the control in both phases. The LC10nCuO had
a lower mobility rate than the control with LC10 ND being the second treatment with the highest
mobility rate (Figure 3.23 A).

The LCxionic Cu had a higher mobility rate than the control and the other two LCy treatments.
The LC, ND was lower than the control for both phases, with LC20nCuO having experienced the
lowest mobility rate out of all treatments (Figure 3.23 B). When the two exposure concentrations
were compared, the mobility rate was more pronounced in the LCyo treatments, with LCy ionic Cu

having experienced the highest mobility rate.

Frequency of Mobility

A high mobility frequency was considered above the 60% mobility threshold. The LCig ionic Cu
exhibited a higher mobility frequency than control and the LC1o nCuO and ND treatments for both
dark and light phases (Figure 3.24 A). The LCio ND had a higher mobility frequency than the
control and the LC1o nCuO treatments in both phases. The LCy0 NCuO was the treatment that had
a decreased mobility. The LCx ionic Cu also exhibited a higher mobility frequency than the control
and other LCy treatments in both the dark and light phases (Figure 3.24 B). However, the LCx
ND had experienced a lower mobility frequency than the control and LCy ionic Cu, whereas LCxo

nCuO was the treatment that had the least mobility.

When the two exposure concentrations were compared, the frequency of high mobility was more
pronounced in the LCy treatments. The LCy ionic Cu group experienced the most frequency of
high mobility.
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Figure 3.22 Frequency of movement in Caridina africana after a 96-hour exposure to
nanodiamonds, nano copper oxide and copper chloride (1) at their respective (A) LCio and (B)
LC2 concentrations. These graphs represent the mean + the standard error between seven
individual replicates per treatment. The shaded area represents the combined dark phase of
behavioural data acquisition. Significance was regarded as (p<0.05).
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Figure 3.23 Average mobility (%) in Caridina africana after a 96-hour exposure to
nanodiamonds, nano copper oxide and copper chloride (1) at their respective (A) LC1o and (B)
LC2 concentrations. These graphs represent the mean * the standard error between seven
individual replicates per treatment. The shaded area represents the combined dark phase of
behavioural data acquisition. Significance was regarded as (p<0.05).
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Figure 3.24  Frequency of high mobility (>60%) in Caridina africana after a 96-hour exposure
to nanodiamonds, nano copper oxide and copper chloride (Il) at their respective (A) LC1o and (B)
LC2 concentrations. These graphs represent the mean + the standard error between seven
individual replicates per treatment. The shaded area represents the combined dark phase of

behavioural data acquisition. Significance was regarded as (p<0.05).
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The LC10 nCuO exhibited a greater immobility frequency than the control in both the dark and light
phases (Figure 3.25 A). The LCyo ionic Cu had the lowest immobility amongst all groups. The
LCi0o ND treatment group had the second highest immobility frequency amongst all the LCio

treatments and had a lesser immobility frequency than the control.

The LCy ionic Cu exhibited a lower mobility frequency than the control and the other LCyx
treatments (Figure 3.25 B). The LC2 nCuO had a greater immobility frequency than control and
LC2 ND. The LCy ND was the second highest immobile treatment group. When comparing the
two exposure concentrations, the immobility frequency was more pronounced in the LCx

treatments with LCy ionic Cu having exhibited the least immobility.
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Figure 3.25 Frequency of immobility (<20%) in Caridina africana after a 96-hour exposure to
nanodiamonds, nano copper oxide and copper chloride (Il) at their respective (A) LC1o and (B)
LC2 concentrations. These graphs represent the mean + the standard error between seven
individual replicates per treatment. The shaded area represents the combined dark phase of

behavioural data acquisition. Significance was regarded as (p<0.05).
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CHAPTER 4 DISCUSSION

4.1 Verification of indicator species

The bootstrap values of a phylogenetic tree show how many times — out of 100 — the same branch
is shown when the tree generation is repeated (Ojha et al., 2022). For tree construction, bootstrap
values below 50 are not considered, whereas a value of 70 and above is the threshold for
confidence, indicating support for the branch (Hillis & Bull, 1993; Soltis & Soltis, 2003). The
extracted sample sequences and C. africana sequences were grouped together in a clade in 82%
of the bootstrap replications. When the value is greater than 50, the branch is supported (Ojha et

al., 2022). Thus, the species being used in this dissertation is confirmed as C. africana.
4.2 Nanomaterial characterization

a) Nanomaterial surface charge and size

The stability of nanomaterials is affected by their surface charge (zeta potential) (Ding et al.,
2018). Zeta potential within the range of 30 mV to -30 mV is desired for an electrostatically stable
suspension as repulsion forces are greater in this range, ensuring easy re-dispersion. The DLVO
theory describes the interaction of particles through balanced repulsive electrostatic potential and
attractive van der Waals forces, which leads to this stability (Gumustas et al., 2017; Gupta &
Trivedi, 2018; Krsti¢ et al., 2018). Particles that have a ZP less than the given range, lead to
agglomeration. Zeta potential is often affected by the properties of nanomaterials — size, shape
and surface coating, as well as the nature of the media — pH and ionic strength (Niriella &
Carnahan, 2006; Salgin et al., 2012; Patra & Baek, 2015; Gumustas et al., 2017; Stepan et al.,
2022).

The nano copper oxide showed no direct effect of increased exposure concentrations on ZP. This
is in contrast to findings by Rahdar et al. (2019), who found that particle concentration can
influence ZP, as it is dependent on the valence of ions and their concentration. The pH in this
study was between 8 — 8.8, and the ZP of nCuO was within the 30 mV to — 30mV, thus making it
a stable suspension. A negative ZP associated with a neutral/elevated pH has been recorded in
multiple studies (Sousa & Teixeira, 2013; Khan et al., 2019; Parsai & Jumar, 2019; Calhan &
Glndogan, 2020).

Anandhavalli et al. (2015) explained that the negative ZP was due to the formation of hydroxyl

groups (OH") on the surface of the particles due to their dispersion in water.
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Similar to the nCuO, the ZP of NDs showed no direct relation to the increase in concentration.
Gines et al. (2017) stated that a negative ZP for NDs was attributed to the functional groups, such
as carbonyl or carboxyl, that dissociates from the NM surface. Williams et al. (2010) had also
explained that untreated powders exerted a negative ZP over the entire pH range, and that the
ZP became more negative as the pH increased, which is common for acid cleaned commercial
nanodiamond powders. Nanomaterials coated with PEG yielded excellent stability and solubility
since according to Ehi-Eromosele (2016), they had more negative ZP than their uncoated
equivalents. These authors found that there was an enhanced colloidal stability when ZP was
increased, as solubility increased in the aqueous medium from the hydrophilic ethylene glycol
repeats present in the PEG coating. The negative ZP of PEG-coated NMs are due to the OH
groups being ionized, making the charge more negative at elevated pHs (Ehi-Eromosele, 2016;
Song et al., 2020).

Other factors that influence the ZP are divalent cations (Mg?* and Ca?*) and anions (SO.* and
CO3?) (Salgin et al., 2012). According to the DLVO theory, when there is an adsorption of protons
on the surface of a nanomaterial, these anions could bind with the H* that is present on the surface
of NMs, thus resulting in the decrease in ZP, reducing the electrostatic repulsion forces (He et al.,
2017). Due to the presence of the adsorbed anions and surface coatings of NMs, their ZP can
become more negative, resulting in a shift from the isoelectric point to a decreased ZP (Liu et al.,
2011). The media used within this study contained four different salts, MgSO,, KCI, CaCl,, and
NaHCOgs. With these salts, the Mg?* and Ca?* cations and SO,% and COs? anions are present in
25 mg/L, 54 mg/L, 99 mg/L and 46 mg/L, respectively. Thus, with such elevated divalent ionic
strengths, this could explain the decreased ZP. Salgin et al. (2012) continues to explain that this
decrease occurs due to the compression of the double layer at elevated ionic strengths, which

can cause destabilization of the nanomaterials.

At acidic/decreased pHs, the monovalent cations, K* and Na* would be more effective at
increasing the ZP, but since the pH in this study was alkaline, the divalent cations and anions
were more profound in affecting the ZP (Salgin et al., 2012; Wang et al., 2017; Langford et al.,
2022).

Size and surface charge are just a few of the determining factors for NM toxicity. Others include
the surface coating, pH, ionic strength, chemical composition of the media, and the agglomeration
potential of NMs (Liu et al., 2011; Patra & Baek, 2015; He et al., 2017; Marciniak et al., 2020).
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The size of nCuO showed a correlation between the increase in concentration with the increased
in hydrodynamic size distribution. The TEM results revealed that particle sizes aligned with the
sizes provided from the manufacturer. The discrepancies between the particle size and
hydrodynamic size could be due to the DLS measuring the sizes of the Brownian nanoparticles
in colloidal suspensions (Patra & Baek, 2015). A study conducted by Chakraborty & Misra (2019)
reported that their particle size of nCuO under TEM was 31 + 4 nm and a hydrodynamic size of
140 + 3 nm. They explained that the different salts had an influence on the stability and solubility
of the suspension. With NDs, they displayed a similar trend to nCuO, where the hydrodynamic
size distribution increased with an increase in exposure concentration. The TEM images indicated
that the ND-PEG particles ranged from 5 — 7 nm, which falls within the range stated by the
manufacturer. The surface coating on a NM can affect its size (Ehi-Eromosele, 2016). According
to Anastasiadis et al. (2022), carbon NMs, such as NDs, tend to aggregate in agueous systems

due to the presence of van der Waal’s attraction forces and other salts present within the media.

Since the media used in this study contained a variety of salts, this may have affected the stability
of the suspension, resulting in agglomeration. He et al. (2017) also reported that particles sizes
in suspension after sonication is much larger than the initial particle size, indicating that ultrasonic
sonication is not that powerful in overcoming the strong van der Waals forces between
nanomaterials. Thus, this agglomeration and sedimentation of the materials after sonication

resulted in the elevated hydrodynamic size distribution readings on the DLS for nCuO and NDs.

Another reason for the increased hydrodynamic size distributions in nCuO and ND could be
attributed to lack of protein corona formation. When a nanopatrticle is coated with biomolecules,
such as natural organic matter, forming eco-coronas/protein coronas on its surface. The corona
formation is influenced by electrostatic interactions, van der Waals forces, steric interactions,
hydrogen bonding, hydrophobic interactions and covalent bonding (Xu et al., 2020; Wang et al.,
2022; Tan et al., 2023). A high ionic strength can decrease the electrostatic interactions and
increase hydrophobic interactions, resulting in steric hindrance (Wang et al., 2022). Thus, the
formation of eco-corona can influence aggregation kinetics of nanomaterials by modifying its
surface charge, increasing steric repulsion and inducing bridging interaction. Barbero et al. (2017)
explain that protein levels in a medium need to be higher than the NMs to prevent aggregation in
a media with high ionic strength. Thus, the possible reason for aggregation in NDs and nCuO is
due to a limitation of proteins available in the ISO media. Thus, the steric hindrance is less efficient
as the corona formation is not complete, which allows the bridging between the particles, resulting

in their aggregation, increasing their hydrodynamic size distribution.
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b) Dissolution of copper from nano copper oxide

Toxicity of an NM is attributed to many parameters, such as the size, shape, agglomeration, and
dissolution of metals from metal-containing NMs. Nanomaterials are able to induce biological
responses based of its ability to generate dissolved species and accumulate metal-ion-inorganic
complexes as well as the toxicity of the NM itself (Chakraborty & Misra, 2019). The dissolution of
NMs is dependent on various parameters: NM shape, size, surface charge and agglomeration as
well as ionic strength (Chakraborty & Misra, 2019; Boyle et al., 2020). The dissolution of Cu from
nCuO was below 0.12% for all concentrations at all the time intervals. A decreased dissolution
after 96 hrs can be attributed to the nCuO forming aggregates with less surface area available to
the aqueous media.

According to Clark et al. (2019), dissolution and speciation can be influenced by the chemical
composition of the media, i.e. chloride presence. Any form of Cu-based NMs can be dissolved
and release cupric/cuprous ions into the surrounding solution (Kent & Vikesland, 2016). Clark et
al. (2019), found that at a decreased pH, there was an increase in the total dissolved metal when
using the rainbow gut-sac methodology to determine NM bioaccumulation. A high ionic strength
(e.g. at increased salt concentrations and pH), enhanced agglomeration of NM, which can occur
in a short period (Clark et al., 2019). In this study, the pH was around 8 — 8.8, and this very likely
meant that agglomeration of the nCuO occurred, reducing its activity via surface area, thus
affecting its dissolution through the dialysis membrane, which resulted in its low dissolution rate.
A high solute to solvent ratio in the dialysis process led to a lesser degree of freedom of the nCuO
to interact with the media, interrupting the dissolved species/ion complexes from diffusing
(Chakraborty & Misra, 2019). Due to this, the Cu organic/inorganic complexes get deposited on
the inner surface of the dialysis membrane (Chakraborty & Misra, 2019). This deposition could
attribute to the underachieved saturation concentration of Cu in this study. The nano copper oxide,
agglomerate as large particles and due to their sedimentation potential, Cu is lost from the
aqueous media. This had occurred within one hour from the start of experiments in Odzak et al.
(2014) study, where less than 3% of dissolved Cu was reported at pH 7.7. This rapid
agglomeration and sedimentation could explain the low dissolution rate at all time intervals in this

study, as it would’ve occurred within the first hour of dosing, thus blocking the dialysis membrane.

90



4.3 Exposure assessment

a) Bioaccumulation and nanomaterial distribution

When nanomaterials agglomerate, it leads to sedimentation in the aquatic environment. Once
sedimentation occurs, the bioavailability of NMs may be impaired for pelagic species, such as
fish, as compared to the filtering/benthic species. Fish are then exposed to NMs via oral and
dietary exposure (Kuehr et al., 2021b). Delahaut et al. (2020) explained that the uptake of copper
is facilitated by a transmembrane protein in the common carp, Cyprinus carpio, which is
insensitive to external Cu concentrations and the apical Na* pathway in the branchial epithelial
cells, which is sensitive to external Cu concentrations. The Cu accumulation is due to the failure
of either the apical Na* channel, a divalent cation transported and/or a high affinity copper
transporter to regulate the Cu concentrations that are taken up (Delahaut et al., 2020).

Due to the agglomeration potential of NMs, there is only a small mass of NMs that are available
for direct uptake from the water column. The remaining agglomerates are deposited into the
sediment compartment, resulting in elevated concentrations in benthic-dwelling organisms
(Ramskov et al., 2014; Thit et al., 2017). These organisms, such as shrimp collect food via their
pereiopods and is passed to their oral parts, starting with the pre-oral cavity that is comprised of
the maxillipeds and maxillae. Here, the food is passed to the mandibles that crush the food
particles (Parra-Flores et al., 2019). Thus, due to the sedimentation potential of nCuO and NDs,
the shrimp can access these particles via their pereipods and ingest them. Once ingested,
particles can cause lesions or block the gastrointestinal tract, resulting in false satiety as
described by Zachariades et al. (2017) with microplastics in decapods. The same effect occurs
when nanomaterials are ingested in aquatic organisms (Brausch et al., 2011; Mendonca et al.,
2011; Artells et al., 2013; Cano et al., 2017; Magro et al., 2018; Kim et al., 2021, Siregar et al.,
2021). According to Akalin (2021), deposited metal oxides can enter organisms via endocytosis

or adhesion to the target cell membrane, negatively impacting their homeostasis.

In this study, the Cu content in C. africana exposed to nCuO was higher than those exposed to
ionic Cu. However, the Cu bioaccumulation did not increase with an increase in nCuO exposure
concentrations as was observed for CuCl,. These findings are supported by Wu et al. (2020b),
who also found higher Cu uptake in D magna after exposure to nCuO when compared to CuCl..
The higher Cu levels in nCuO exposed organisms, may be explained by the adherence
(adsorption) of the NMs to the organism as it moves through the exposure medium, and/or if the
medium is agitated by the aeration provided during the exposures (Miao et al., 2015). The strong

adherence of the NMs to the exoskeleton were clearly shown by the CytoViva images (section
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3.4), resulting in elevated Cu levels in the nCuO exposures. Similar findings were reported
following exposure of D. magna to carbon-based NMs (Cano et al., 2017) and nCuO (Wu et al.,
2020b). This adherence can cause the organism to appear “heavy”, as seen with nanogold in D.
magna, which affects their physiological processes (Botha et al., 2016). Botha et al. (2016)
reported hat as the concentrations increased, the adherence was more persistent. Similar findings
can be seen in the CytoViva moult results in this study with the increase of nCuO concentrations.

Thus, these organisms need to moult so that their physiological processes aren’t affected.

In this study’s results, the nCuO exhibited a greater copper content than ionic Cu. With the nCuO,
it steadily decreased as the concentration increased, but exhibited a greater uptake at the two
highest concentrations. With ionic copper, the accumulation steadily increased as the
concentration increased, with the highest uptake occurring at the highest concentration. Since the
uptake did not correspond linearly with toxicity in the nCuO exposure, there could be other
parameters that influenced its toxicity, such as uptake of the particle, rather than just the Cu?*
ions, which plays a dominant role in the accumulation process (Akalin, 2021). Another reason for
the elevated Cu concentrations from the nCuO exposure, could be the adherence of the nCuO
particles to the organism’s exoskeleton, even though the organism was depurated for four hours

and rinsed prior to analysis.
4.4 Effects assessment

a) Acute toxicity (mortality)

Nanomaterials can have a variety of negative effects on an aquatic organism, including adherence
to the cell’s surfaces, accumulation in tissues and the transformation of the NM into its ionic
equivalent. This transformation can result in the disruption of metabolic pathways, upset
mitochondrial membrane potential and oxidative stress. In extreme cases, mortality of the
organism can occur (Garncarek et al., 2022). Copper is an essential metal required by organism
for their optimal functioning, but when introduced at excessive levels, it exerts a toxic effect
(Garncarek et al., 2022).

Depending on the type of Cu-NM and the species being exposed, a wide range of toxic
concentrations have been reported. For D. magna, the LCso values ranged from 0.99 to 6.62 mg/L
over a 48-hour period, whereas for D. rerio, a LCso 0f 1.5 mg/L was recorded (Garncarek et al.,
2022). Kovriznych et al. (2013), reported LCso values for nCuO (<50 nm) using D. rerio as 400
mg/L for adults and 840 mg/L for embryos. However, Khoshnood et al. (2016) reported a LCsg for

D. magna at 2.99 mg/L, which is similar to the LCso values obtained for this study. Mansano et al.
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(2018) recorded a Cu salt LCso 0f 49.8 ug/L for the tropical fish, Hyphessobrycon eques, while the
nCuO LCso was 211 ug/L, which also demonstrates that nCuO NPs were less toxic than the Cu
salt solution, and that their nCuO LCso was 211.4 £ 57.5 pg/L, demonstrating that nCuO were less
toxic than the Cu salt solution. Another study confirmed similar findings where the LCsys Were
0.25-4.0 mg/L, and 0.01 — 0.8 mg/L in D. magna for nCuO and Cu salts, respectively (Sgrensen
et al., 2016). These studies corroborate the findings of the current study of a higher nCuO NP

LCso value as compared to the LCso value for CuCly,

Nanodiamonds are regarded to be inert NPs. The LCsoin rainbow trout was greater than 100 mg/L
(Adamas Nanotechnology fluorescent nanodiamond power safety data sheet, 2018). While
Malhotra et al. (2020) reported that for C60 fullerenes, no median lethal dose could be calculated
at concentrations that were less than 10 mg/L for the fish, Fundulus heteroclitus. The LCs value
for ND-PEG was reported by Brand et al. (2020) for zebrafish larvae as 32 mg/L. This differs from
this study as zebrafish are not filter feeders and swim within the water column, whereas shrimps
are filter feeders and live on the substrate, thus being more exposed to the
aggregates/agglomerates of ND-PEG nanoparticles that settle.

b) Metabolomics

Copper plays an important role in aquatic organisms for their biological, physiological and immune
responses. The biological processes include embryonic development, mitochondrial respiration
as well as neuronal functions. Copper is desirable for the growth, survival and specific/nonspecific
immune responses in crustaceans. However, when copper is present in excessive levels, it can
suppress the immune, growth and survival responses. In crustaceans, copper is associated with
hemocyanin, which is responsible for the oxygen transport system (Muralisankar et al., 2016).
This is due to the metal association which can form ROS’s, which results in oxidative stress. The
use of metabolomics allows biomarkers associated with oxidative stress within an organism to be
screened via the concentrations of metabolites, following nanomaterial perturbation
(Schnackenberg et al., 2012). The use of metabolomics revealed that metabolisms associated

with oxidative stress were affected.

As seen from the heatmaps and significant VIP take, the Cu-based exposures can induce
oxidative stress. This can be validated through the various sublethal biological responses when
shrimp were exposed to two Cu-based exposures. The reoccurrence of significant metabolites
associates with oxidative stress gives an indication that generation of ROS occurs and causes
the antioxidant metabolite concentrations to be affected (Boyles et al.,, 2015). Some of the

metabolites identified were associated with nucleotides and glutathione metabolism. The overall
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concentration patterns of these metabolites were revealed by heatmap analysis , and these
metabolites can increase/decrease with the concentrations of Cu-based exposures. A

perturbation of the glutathione metabolism can induce oxidative stress (Wang et al., 2020c).

In this study, the main pathways/metabolisms associated with oxidative stress, includes the
pentose phosphate pathway, glutathione metabolism, and amino acid biosynthesis (with specific
metabolites). With these results, the pentose phosphate pathway was affected in the control vs
nCuO LC,, only. This pathway can also reduce oxidative stress and provides the precursors
necessary for amino acid biosynthesis (Stincone et al., 2015). Glucose was affected in the nCuO
LC2 and CuCl, LCy energy metabolism, and is responsible for producing energy, in which the
final product is pyruvate - needed for amino acid synthesis. In a study conducted by Lauer et al.
(2012), they reported that Cu from CuCl,, exposure stimulates the pentose phosphate pathway in
order to support antioxidant system requirements, as Cu can disrupt that energy balance at the
gills of Neohelice granulate, an estuarine crab. They specifically looked at the enzymes involved
in glycolysis to determine whether there’d be a shunt in the pentose phosphate pathway, as this
is responsible for the production of cofactor for glutathione reoxidation, which would counteract
oxidative stress. Also, Cu ion exposure was reported to reduce the abundance of metabolites
involved with glycolysis in zebrafish embryos (Wang et al., 2021b).

The pathways affected in the control vs Cu-based treatments, was the glutathione metabolism,
specifically affecting metabolites cadaverine and putrescine, which are responsible for aversive
behaviour in zebrafish. These two metabolites play a key role in the trypanothione pathway, which
aids in the defence against oxidative damage (Fairlamb & Cerami, 1992; Ma et al., 2017; Yadav
et al., 2018; Bekebrede et al., 2020). A study conducted by Boyles et al. (2015), reported that
when exposing human lung cell lines nCuO, the metabolites associated with the glutathione
metabolism, were the reduced and oxidized form of glutathione, GSH and GSSG, respectively,
along with cysteine-glutathione disulfide. They reported that the mode of toxicity for Cu-based NM
lies in its delivery and its intracellular dissolution of Cu ions. Amino acid biosynthesis is affected
in majority of the treatments. Lysine was a common metabolite affected in the nCuO treatment,
indicating the need for more energy by the shrimps. The phenylalanine pathway is also limited to
Cu exposure, which is linked to mortality in zebrafish (Ganesan et al., 2021). The main
metabolites that have been affected in this pathway by the treatment groups are: phenylalanine,
serine, methionine, lysine, proline and glutamate. Phenylalanyl-tRNA has an essential role in
developmental angiogenesis in D. rerio, which is a potential contributor to cardiovascular
diseases (Li et al., 2021). A study conducted by Lari et al. (2018), reported that phenylanayl-tRNA
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increased mandible rolling in daphnids, which is behavioural trait associated with feeding. Seryl-
tRNA plays an important role in translation and regulated the vascular development. Seryl-tRNA
is responsible for serylating selenocysteine-specific tRNA, which incorporates selenocysteine.
This amino acid is present in all domains of life and affects protein synthesis as well as vascular
development, when interrupted via mutations can cause abnormal vasculature and premature
death in D. rerio (Xu et al., 2013). Methionine, which is coded for by N-formylmethionine can
promote protein complex formation in the mitochondria and also functions as a degradation signal
within bacteria and yeast (Kim & Hwang, 2022). It can also inactivate ROS, and prevent oxidative
damage (Huang et al., 2020). It was noted by Strain and Lynch (1990) that the supplementation
of methionine can decrease Cu poisoning. Also, shrimp source their methionine through the
breakdown of dietary protein or from their body protein, which can improve their growth and is
advantageous to intestinal health and improves antioxidative capacity (Ji et al., 2021). Lysine
affects protein synthesis and growth in fish and can also induce higher feeding rates when there
is inadequate lysine available. When lysine is abundant in an organism, they exhibit increased
energy storage as fat and have enhanced muscle growth on D. rerio (de Vareilles et al., 2012).
Lysine can combine with methionine to form carnitine, which increases lysosomal and catalase
in juvenile seabream (Hosseintabar et al., 2015). It can also increase the antioxidant capacity
(Ribas et al., 2014). Carnitine is responsible for nutritional metabolism as well as producing
energy and reducing amino acid catabolism, which causes a reduction in peroxidation (Huang et
al., 2020). Proline is involved in protein synthesis and plays in an important role in collagen
synthesis and tissue repair (Huang et al., 2020; Karna et al., 2020). Karna et al. (2020) explain
that proline metabolism can affect the immune system of shrimp by improving antioxidant capacity
in Penaeus vannamei. Glutamate can enhance antioxidant capacity (Huang et al., 2020). It is the
primary excitatory neurotransmitter in zebrafish (Edwards & Michel, 2002). It is associated with
neurodevelopment (Horzmann & Freeman, 2016). It is also responsible for cell membrane stability
(Sun et al., 2018). These metabolites play vital roles in organisms, and some of them improve
antioxidant activity, which speculates that if they’re decreased, it causes a reduction in the ROS
defence, allowing its continuous generation which can cause deleterious effects on the cells. A
study conducted by Hayat et al. (2012) reported that proline plays a beneficial role in plants and
plays an antioxidant defence role to bring ROS concentrations to normal ranges. Gonzalez-
Garcia et al. (2019) reported that carbon nanomaterials increases the role of glutathione as
oxidative enzymes increase. These nanomaterials can induce oxidative stress in plants and
cause them to overexpress the genes to decrease the oxidative stress, which improves its
defence. In this study, proline was affected in the amino acid biosynthesis in control vs ND LCz

heatmap.
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Unsaturated fatty acids and fatty acid biosynthesis pathways were only linked to nCuO LCy vs
ND LCy exposures. Fatty acid synthesis is essential for organisms, as it plays a vital role in cells
from producing triglycerides for lipid storage units to the generation of phospholipids to aid in cell
membrane building (Nowinski et al., 2018). These unsaturated fatty acids have an essential role
in the development of the brain and cellular signalling (Goncalves et al., 2017). Fatty acid
synthesis also plays a role in regulating the cell wall and is critical for growth and survival as they
are metabolized as a main source of energy (Brett & Miller-Navarra, 1997; Gongalves et al.,
2017). Ganesan et al., (2021) reported that carbon nanotubes at 10 mg/L in zebrafish affected
pathways associated with energy. Although, not unsaturated fatty acids and fatty acid
biosynthesis, it affected phenylalanine, tyrosine and tryptophan biosynthesis,
glycolysis/gluconeogenesis and panthothenate as well as glycine, serine and threonine
metabolism at 50 mg/L of carbon nanotubes and at elevated concentrations of 100 mgiL,
glycolysis metabolism is impacted. Thus, carbon nanomaterials can influence metabolisms

associated with energy.

¢) Respiration
Copper ions are toxic to aquatic organisms due to the structural damage it exerts on the gills, but
within the crustaceans, the physiological effects are not well understood. The gills and
hepatopancreas of Macrobrachium rosenbergii may be harmed by high Cu concentrations, which
could also decrease their natural physical functions (Kaoud & Ahmed, 2013). According to Kaoud
& Ahmed (2013) the majority of crustaceans are less sensitive to Cu than freshwater prawns.

The qill filaments of Charybdis japonica thickened irregularly and had enlarged gill chambers
where the haemolymph cells appeared to have increased following exposure to 2 mg/L Cu (Kaoud
& Ahmed, 2013). In Caridina spp. elevated Cu concentrations resulted in gill alterations (Ghate &
Mulherkar, 1979). When structural damages occur, it can result in lesions, which may affect the
respiratory function of the organism, affecting gas exchanges which may decrease the respiratory
area of the gills, decreasing the oxygen uptake capacity of the organism (Kaoud & Ahmed, 2013).
This could be the reason for the decreased respiration rate observed for the ionic Cu LCx
exposure when compared to the other two toxicants. The oxygen consumption for nCuO LCi and
LC2 was higher than the ionic Cu exposures. This could be attributed to the agglomeration
potential of the NMs in the exposure media, resulting in less Cu?* from the NM attaching to the
gills of the organism. The ionic Cu was in dissolved form, allowing the gills to be more exposed

in the water column, thus damaging the structure of the gills, affecting respiration.
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The maxilliped of shrimp plays an important role in feeding and facilitating oxygen consumption.
The increased agglomeration observed during the ND-PEG exposures may have reduced the
maxilliped movement, due to the adherence of the NMs to their appendages. This could be
responsible for the abnormal respiration rates observed, with the ND-PEG treatments exhibiting
the lowest oxygen consumption from the three materials. According to Cardeilhac & Whitaker
(1988) that toxicity responses are accompanied by an increase in respiration along with other
distress signs. Thus, the results from this study indicate that all three toxicants resulted in elevated

oxygen consumption when compared to the control, which could be attributed to stress.

d) Heart rate

The use of cardiac activity in toxicological studies is important as it can reveal cardio-toxic effects
(De Luca et al., 2014). Although the heart rate was significantly lower for Cu in the LCyoexposure,
there was no clear relationship between the respiration and heart rate, as there usually would be
as an increased respiration rate corresponds with increased heart rate, as when the cardiac
activity increases, it uses more energy and more oxygen is sent to the body, thus increasing the

respiration rate.

These heart beat and gill ventilation changes are only seen at higher exposure concentrations to
NMs (Siregar et al., 2021). A study conducted by Fekete-Kertész et al. (2020) , reported that there
was a inhibition of the heart rate when there was an increase in exposure concentrations of
graphene oxide. They also mentioned that the heart rate is decreased due to an increase in
oxidative stress. A similar trend can be seen with this study’s results regarding the Cu exposures,
as the nCuO exhibits the lowest heart rate in both exposures, followed by ionic Cu. It was stated
by Naeemi et al. (2020) that nCuO decreased the heart rate of the zebrafish embryos. This could
be attributed to the combination of Cu?* ions and nCuO patrticles (Grosell, 2011). As mentioned
by Chao et al. (2021), the generation of ROS can disrupt cardiovascular functions, which may be

the cause of the decreased heart rate observed during the nCuO and ionic Cu exposures.

Nanodiamond-PEG is the toxicant that caused the highest heart rate. Although not significantly
different from the control. A similar increase in heart rate was observed by Fekete-Kertész et al.
(2020) following exposure of D. magna to C60 fullerenes. Similar results were reported by Lovern
et al. (2007) where the heart rate prior to C60 fullerenes exposure was 317 BPM, and after
exposure it was 360 BPM, with the control having 309 BPM. The slightly elevated heart rate
observed for ND-PEG in this study could be attributed to the adherence of the NMs on the

shrimps’ appendages, restricting their movement, resulting in a decreased heart rate.
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e) Behaviour

Cano et al. (2017) exposed D magna to C60 and graphene oxide and found a decrease in
swimming speed. They attributed this to the aggregation of the NM on the surface of the organism
that can restrict their movement. Also, carbon nanotubes were lodged within the intestinal gut of
D magna, which could have caused a loss in nutrients, providing them with less energy required
for survival. In our results, the shrimps exhibited a higher swimming speed than the control during
both the dark and light phases in the LC1o exposure but exhibited a decrease in swimming speed
compared to the control in the LCx exposure. Thus, the rapid aggregation of ND-PEG could have
occurred in the LCy exposure treatment, as the hydrodynamic size increases when the
concentration increases (as seen with DLS characterisation). Also, the attachment of these
particles/aggregates to the exoskeleton is seen in the CytoViva images, which could result in the
decreased swimming speed of the shrimp in the higher exposure group. Stanley et al. (2016)
found that following exposure to C60, the swimming speed in daphnids also decreased. The
decreased swimming speed in nCuO exposures could also be attributed to particle adherence,
as it negatively affects the mechanical ability of locomotion, adhering to daphnids antennas as
reported by Noss et al. (2013). Since the shrimp are sediment dwellers, adherence of sedimented
nCuO to appendages is easier, thus resulting in this decreased swimming speed. Brand et al.
(2020) reported that zebrafish larvae exposed to QD-PEG swam longer distances than the
control. They also reported that NDs did not cause any significant changes, except the zebrafish
larvae exposed to 1 mg/L ND which covered a greater distance. This can also be seen with the
results in this current study, as the ND-PEG LC;o exposure group was very similar in distance
covered as the control. However, with the LCy treatment, the distance covered was reduced
compared to the control, but greater than nCuO exposure treatments. This could be because the
organisms tried to maintain their swimming capability, but due to the adherence of the ND-PEG
to the exoskeleton of the shrimp, their locomotion was restricted in the higher treatment group
due to the adsorption of agglomerates. The agglomeration potential in the LCyo treatment group
was not as high as the LCy group, resulting in less particle adherence, allowing the shrimp to

travel greater distances (Artells et al., 2013).

However, the ionic Cu exposures in both treatment groups exhibited the highest swimming speed.
da Silva Acosta et al. (2016) also reported an increase in swimming speed following exposure of
zebrafish to 9ug/L Cu. They explained that assessing locomotor activity can indicate compounds
that regulate the neuron firing plate, presenting the potential to affect their swimming speed. lonic
Cu resulted in the most distance moved in both treatment groups and nCuO had the lowest

distance moved in both treatments. The ND-PEG LCy, displayed an increased distance, whereas
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the ND LCy treatment moved less than the control. Thit et al. (2017) reported that the distance
travelled was impacted by Cu ions at the lower concentrations compared to nCuO exposures.
This supports the findings of this study. Griffitt et al. (2008) also exposed organisms to metal NPs
in which they reported that dissolved metals were more toxic than their NM counterpart. Thit et
al. (2017) explain that the distance moved was impacted by the addition of Cu, and that the
zebrafish displayed an unnatural response to light in both the Cu ions and nCuO exposures.
According to these authors, the fry are more active during the dark than the light, but the nCuO
increased the activity of the fry during the light cycles. This corroborates the results in this study
as there is more distance covered during the light cycles of both the Cu treatment groups. The fry
had an unnatural response to light with the Cu ions and nCuO and darkness with just the Cu ions.
Also, there was an increase in distance travelled in the LCy light phase as compared to the dark
phase. A reduction in distance travelled in nCuO exposure could be due to the loss of coordination
(Untersteiner et al.,, 2003) - as seen from the NM adhering to the surface of the eye under
CytoViva. Sun et al. (2016) explain that nCuO exposure resulted in reduced movement distances
and had a reduced locomotion capacity than the control.

f) Chronic effects (moulting)

Moulting is the replacement of an old exoskeleton with a new one and plays an important role in
crustaceans and its main structural component is chitin (Ladchumananandasivam et al., 2012;
Lazetic & Fay, 2017). This physiological process starts with hormonal increments within the
haemolymph and is a growth-related phenomenon that is energy-demanding and key for survival
(Devaraj & Natarajan, 2006; Song et al., 2017; Lemos & Weissman, 2021).

In crabs, moulting is required for their vegetative growth and in D. magna, it is also needed for
growth, as well as to discard externally accumulated metals and surface adherents (Nasser et al.,
2016; Hosamani et al., 2017). Thus, the inability to moult yields the inability to regulate internalized
metal concentrations which can impede the ability to survive (Nasser et al., 2016). Physical
damage to an organism can also occur when patrticles adhere to its surfaces as seen by Wang
and Liu (2022) with D. magna.

Botha et al. (2016) noted daphnid moulting when exposed to nanogold. They reported that as the
concentration of nanogold increased the more intense the adherence of nanoparticles on the
daphnid’s moult. Similar trends can be seen in this study as when the concentration of NMs
increased, the more the NMs are present on C. africana exoskeleton. Botha et al. (2016) also
reported that the moults had an elevated density of nanogold, which made the organism “heavy”,

thus affecting their swimming behaviour, but once moulted, swimming reverted to normal. This
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explains how adherence of particles to an organism’s surface can alter its physiological
processes. According to Noss et al. (2013), coating of the exoskeleton delays moulting. This
explains the reduction in moulting with ND LCi0 and all nCuO exposure treatments, as nCuO
nanoparticles can adhere to the carapaces through direct exposure - waterborne exposure (Wu
et al., 2017). These adherences can be seen in the CytoViva images in this study for nCuO. The
nCuO particles were present on C. africana swimming appendages, eye and carapace, which
can further explain the physiological stress they experienced. The NDs also adhered to the
shrimp’s exoskeleton, resulting in a decreased moulting experience in LC10 ND. Jackson et al.
(2013) reported that the burrowing copepod, Amphiascus tenuiremis, had a reduction in moulting
after being exposed to SWCNT due to the coating of the exoskeleton. The adherence and binding
of particles may increase the load and resistance on animals during swimming (Botha et al., 2016;
Wang et al., 2021a). Based on the results in this study, a reduction in moulting, resulted in an
increased mortality rate. Thus, when the shrimp are unable to moult, it impedes their growth and
thus impaired their ability to survive. However, when moulting was increased, as seen in LC2 ND,
it exhibited a prolonged survival compared to the other two treatments that experienced a
decrease in moulting, as the moulting released the adherence of the NDs from the exoskeleton,

but not necessarily alleviated it from the possible accumulation in the gut and gills.

g) Chronic time to mortality response

Nanomaterials adhere to the surfaces of aquatic organisms where they can restrict their
movement, as NM usually have hydrophobic properties, so they adhere to negatively charged
biological material. Nanomaterials can also cause a physical blockage in the intestinal gut of
aguatic organisms. This usually results in starvation and loss of nutrients in the organism which
leaves them with minimal energy for survival, thus resulting in death (Brausch et al., 2011;
Mendonga et al., 2011; Artells et al., 2013; Cano et al., 2017; Magro et al., 2018; Kim et al., 2021,
Siregar et al., 2021).

Gulndogdu (2008) reported that the Cu LTs (time to 50% mortality) in rainbow trout was shorter
at higher concentrations. Similar trends were mentioned by Shuhaimi-Othman et al. (2011), where
an increase in Cu ion concentrations, led to a decreased LTso. With these results, the LTso for
ionic Cu LCyo treatment was more than 13 d compared to the 12 d for the LCy treatment. The
uptake of metals from an aquatic organism from solution is concentration dependent. The more
elevated dissolved metal concentrations, the more the uptake until saturation (Gindogdu, 2008).
Thus, at higher Cu concentrations, the ions interact with the organism, affecting its gills and

locomotor activity, decreasing the time taken to reach an LTso.
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Ramadan et al. (2020) recorded the LTso for nCuO in the desert locust to be 10 d and a LTy at 33
d. of exposure. They had noted paralysis and decreased locomotion in the locust, corroborating
the effect of NMs on the nervous system of organisms. In this study, nCuO LC3 treatment resulted
in a LTsoof 14 d with half the time (7 d) for the LCy treatment group. The LTy, for nCuO LCio was
at 19 d and for LCy at 14 d.

In this study, the LTso of ND-PEG for shrimp was at the 7" day for the LCio treatment, and 23 d
for the LCy treatment group, showing an adverse result compared to the nCuO treatments. This
could be due to the agglomeration of ND-PEG not being reactive with the shrimp at a higher
concentration. Multi-walled carbon nanotubes have been reported to accumulate in the gut and
on the carapace of daphnids (Stanley et al., 2016). This is probably why the LTso was reached
earlier in the LCyo treatment group when compared to the LCy, as the particles were more
bioavailable for uptake. This could have resulted in the mechanical disruption of feeding
appendages and penetration of the gut wall, resulting in immobilization and mortality. Damage to
the digestive occurred in D. magna following long-term exposure to low concentrations of NDs
(Mendoncga et al.,, 2011). At a higher concentrations, ND-PEG aggregates and precipitates,
resulting in an increased hydrodynamic size distribution. Thus, the LCy treatment increased in
aggregation, resulting in reduced bioavailability.

45 Adverse outcome pathways

An AOP is a conceptual framework that organizes existing knowledge pertaining to casual
linkages (key event relationships) between measurable/observable biological changes (key
events), that progress from an molecular initiating event to an adverse outcome (Ankley et al.,
2010; Tollefsen et al., 2014; Villeneuve et al., 2014; Groh et al., 2015; Hu & Pali¢, 2020;
Murugadoss et al., 2021).

Vinken (2013) and Murugadoss et al. (2021) explains that the MIE is the first anchor for any AOP.
Here, an interaction occurs on a molecular level with a chemical and a biological system, which
causes a perturbation of a molecular target. Examples of this interaction includes ligand-receptor,
binding to proteins, nucleic acids, tissue alterations, cellular function and signalling pathways
(Vinken, 2013; Hu & Pali¢, 2020). This anchor dictates the nature of the adverse outcome, which
is the apical endpoint, that can be located at different biological organization levels (Hu & Palic,
2020). In an AOP, there are multiple key events that can be experimentally measurable and aid
towards the generation of the AO . These KEs are responses at either molecular, cellular, or

organismal levels (Tollefsen et al., 2014; Groh et al., 2015; Hu & Pali¢, 2020). Typical examples
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of AOs are the impact on survival, reproduction or growth in individuals. Groh et al. (2015)
reported that behavioural alterations linked to the reduction in food uptake, is locomotion
impairment and that concentrations that can affect locomotion is similar to those causing growth

impairment in a prolonged period.

In a study conducted by Liu et al. (2021), they reported that microplastics influences oxidative
stress, energy, protein and lipid metabolism as well as the cuticle and chitin pathways.
Microplastics affect the glutathione pathways which plays a role in antioxidant defence. This has
an effect on the energy metabolism as nano-plastics can create false satiety. This has a domino
effect on the protein and lipid metabolism as well as the cuticle and chitinase pathways
(responsible for shedding/moulting). This can have a negative effect on D. pulex growth and
reproduction. Thus, particle exposure may impact reproduction and growth of the daphnids. In
this study, the most affected pathway was the glutathione metabolism, which plays a protective
role from the generation of ROS.

AOPs that are specific to nanomaterials are scarce, but one of the few MIEs pertaining to NMs is
the generation of ROS (Murugadoss et al., 2021). With NMs, their unique surface characteristics
affects the interaction with biomolecules, which results in cellular uptake and internalization
(Halappanavar et al., 2021). This is an important MIE in any AOP. Halappanavar et al. (2021)
indicated that the MIE occurs in response to cellular injury, which induces oxidative stress,

causing imbalanced oxidant and antioxidant levels that can modify biomolecules.

Frias-Espericueta et al. (2022) explain that when organisms are exposed to sublethal metal
concentrations, they experience deleterious effects, as seen in this study’s sublethal exposures.
Metals have been associated with ROS generation, resulting in oxidative stress, causing negative
cellular effects (Wei & Yang, 2015). An increase in oxygen consumption (respiratory bursts), as
seen in this study’s results, reveal that the shrimp were experiencing oxidative stress. The
antioxidant defence system (the glutathione metabolism and other metabolites) protects aerobic
organisms from these free radicals that leak from the mitochondria into the cytoplasm, as
biomolecule damage can occur (Wei & Yang, 2016). This could explain why the glutathione
metabolism was affected at the different exposure concentrations. Jena et al. (2022) explains that
oxidative stress occurs when ROS generation is higher than the neutralization from the
antioxidants. This ROS production can alter many metabolic and physiological functions. This
may explain why the shrimps experienced different physiological effects under the same sublethal

endpoints.
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Nanomaterials negatively affect the growth of organisms, and can damage their DNA and protein,
and can also cause oxidative stress (Jena et al., 2022). Nanodiamonds have been reported to
also cause cellular damage and increase the activity of oxidative stress biomolecule. Oxidative
stress associated with carbon based nanomaterials have been conducted on nanodiamonds (D.
magna), multiwalled carbon nanotubes (bivalves) and nanotubes, single walled carbon nanotubes
and fullerenes (D. magna) (Karpeta-Kaczmarek et al., 2016; Dominguez et al., 2018; Bodé et al.,
2020).

Within this study, C. africana was exposed to three different treatments, NDs, nCuO and CuCl..
The main MIE shared among all three treatments, is the generation of ROS. The heatmaps and
significant VIP table were analysed to determine if the antioxidant defence metabolites were
influenced. Sublethal endpoints that linked to one another were evaluated as KEs and placed in
a proposed AOP, such as respiration, behaviour and moulting (Figures 4.1, 4.2 and 4.3). The AO
considered in this study was mortality.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Caridina africana is a relatively sensitive organism that allows it to be utilized as an
ecotoxicological model, especially for contaminants that settle as it is a sediment dweller. This
study found that exposing C. africana to nanomaterials altered its metabolome as well as its

physiology at sublethal concentrations.
5.1.1 Characterization and Uptake

There are characteristics that affect the toxicity of nanomaterials. These include the size and
surface charge of the nanomaterial itself as well as the influence of external parameters, such as
the media’s ion concentration, pH and temperature. When concentrations of nanomaterials in the
exposure treatments increased, aggregation and sedimentation likely occurred, giving rise to the
increase in hydrodynamic size distribution seen in the DLS results. Aggregation potential can be
attributed to the media used for exposures as it contained four different salts: CaCl,, MgSQO4?,
KCl and NaHCOs. The van der Waal’s forces play a major role in attraction and repulsions
between ion surfaces, resulting in aggregation of the nanomaterial. Aggregation results in a
deviation from the initial particle size stipulated by the manufacturers, which in turn may have

affected the organism’s physiology as seen in our results.

The ZP and dissolution rates may have impacted nanomaterial toxicity, affecting their stability in
suspension. The nCuO had a dissolution rate less than 1% over 96 h. This could be attributed to
the pH and salts of the media, allowing for the formation of aggregates, causing the particles to
remain relatively stable or become too large to diffuse through the dialysis tube, resulting in low
dissolution. The ZP of NDs and nCuO were within the negative range, showing that an increase
in concentration and/or aggregation, has no influence on the surface charge. Zeta potential plays
an important role in nanomaterial toxicity. The more negative/positive the ZP, the easier the
nanomaterial will cross due to the electrostatic interactions on the charged cell membrane
increasing cellular uptake. External uptake of nCuO and NDs as agglomerate was confirmed by
CytoViva via adherence to the exoskeleton on C. africana, which could cause the shrimp to moult
due to physiological stress. This adherence confirms that the effects observed in metabolomics,

respiration, heart rate and behaviour are due to the interaction with NMs.
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The Cu content slightly increased as the concentrations increased in both Cu-based exposures.
The increase in the CuCl; could be due to the release of the Cu?* ions in the media as traditional
metal ion exposures have shown dose dependent relationships. The decreased levels of Cu
associated with CuCl, compared with nCuO may indicate Cu regulation at certain concentrations
that may be favourable to the shrimp. With nCuO, the uptake did not remain consistent with the
increased exposure concentrations, as at 40 mg/L, the Cu concentration was higher than 60 mg/L,
which is often seen in NM exposure studies. Since the aggregation potential of nCuO is high, it
may have settled out of the water column, being less bioavailable in the water column at 60 mg/L
than at 40 mg/L which could change as the exposure duration continues since shrimp are bottom
dwellers. Another reason for the nCuO exerting such elevated Cu accumulation could be due to
the strong adherence of the nanomaterial to the exoskeleton of the shrimp.

5.1.2 Toxicity Exposures

Based on the acute toxicity tests, the nanomaterials exhibited a bimodal response. From this, it
was determined that nCuO was more toxic between the two nanomaterials used in this study, and
CuCl, was more toxic compared to nCuO. The nano copper oxide could be more toxic than NDs,
due to the release of the Cu ions, or due to the particle itself being more toxic, since the nCuO
particles adhere more to the shrimp’s limbs, carapace and eyes (as seen by CytoViva), affecting
their movements (as seen in behavioural trials) and thus their functioning. The release of Cu?*
ions from the metal salt could attribute to its toxicity, resulting in the various effects it has on its

metabolome, physiology and behaviour.

At a cellular level, the PLS-DA results reveal that the shrimp’s metabolome was affected by the
exposure to the three exposure groups. Due to the lack of overlapping of metabolites between
the various treatments, toxicity can be attributed to the release of Cu ions from CuCl,. For nCuO,
the toxicity response is more likely due to the nanoparticle than the release of ions from the nCuO
due to low ion release. Nanodiamonds do have some effect on the metabolome, and this can also
be attributed to the NM itself. The main pathways that are affected by all treatments are the
aminoacyl-tRNA (amino acid biosynthesis) and glutathione metabolism, which is usually
responsible for growth, protein translation and gene transcription. Other important pathways

affected include energy metabolism and pathways associated with development and mortality.

Copper is an essential element for aquatic organisms, but at elevated concentrations, it can have
detrimental consequences. Overall, with respiration and behaviour, Cu-based exposures exerted

more adverse effects compared to NDs, which is attributed to the nCuO nanopatrticle itself and its
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dissolution, and the Cu ions from CuCl,. Copper is known to affect the gills of aquatic organisms,
and the ensuing effects on respiration are attributed to both the Cu ion as well as the NMs, and
their agglomeration potential on the surface of the gill. The alterations caused by the addition of
the three exposure groups could also be attributed to a general stress response occurring as the

metabolomic data clearly indicate the activation of antioxidant responses in the shrimp.

Usually, there is a correlation between respiration and heart rate, as a decreased heart rate
occurs when oxidative stress occurs, but with our results, there was no direct relationship. One
theory found in literature (Spicer et al., 1995) reports that Cu has the ability to change the
haemoglobin O; affinity during ontogenic shift. Elevated heart rates could be due to the general
stress exerted by the addition of these materials. While aa decreased heart rate in the Cu-based
treatments can be attributed to the Cu ions and/or the nanoparticle itself since less contractions
cause reduced haemolymph flow and less beats per minute.

At an organismal level, locomotor activity is used as a stress indicator. A decrease in swimming
speed can be the result of the nanomaterials adhering to the surface causing movement
restriction and can result in the energy metabolism being affected. Adherence of the patrticles to
antennas/pereiopods was confirmed through CytoViva.

The adherence of the nanoparticles to the appendages of the shrimp affects their survival by
either altering their locomotion ability, possibly damaging their digestive tracts and/or gills or the
generation of reactive oxygen species, either leading to starvation or respiratory issues, resulting

in their mortality

All the effects exerted by the nanomaterials are attributed to the same parameters: their size, ZP
and exposure media characteristics, which affect their agglomeration potential. These
characteristics cause surface adhesion and when not released by moulting, potentially allow NMs
to pass through the cell membrane of the shrimp, causing effects seen in their metabolome, heart
rate, respiration, and the differences in locomotor activity, all of which affect mortality. The nCuO

was more toxic than NDs having a more adverse ultimate mortality rate than nanodiamond.

Potential AOPs can be created based on the effects exerted by the shrimp when exposed to these
materials, as the respective metabolome is affected, generating the MIE. The KEs also differ
between the exposure group, differentially, affecting respiration, heart rate and behaviour, and

mortality rates experienced by exposure to NDs, nCuO and CuCls.
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Adverse outcome pathways are utilized to organize biological events that progress from a MIE to
an AO. The AOPs that were constructed for the three different exposure groups and their
concentrations revealed that NDs MIE is relatively different to the Cu-based exposures, but
ultimately still causes oxidative stress by affecting metabolites responsible for antioxidant
defence. Each of these MIE’s could be linked to the higher level KE’s, which would ultimately lead

to the mortality of the shrimp.

Thus, the aim to determine the effects that nanodiamond and nano copper oxide exert on Caridina
africana using the AOP framework was successfully achieved. The data supports the hypothesis
of the adverse outcome pathway is effective in testing the effects of nanodiamond and nano
copper oxide on Caridina africana.

5.2 Recommendations
Based on this study, the following have been highlighted for future studies:

¢ During this study, nanomaterial uptake and distribution in whole shrimp were studied using
CytoViva. To allow for more effective visualization of the internalized nanomaterials, it is
recommended to section the shrimp using microtomy techniques.

e Assess nanomaterials and ionic counterparts to different life cycles of the shrimp, such as
exposing gravid shrimp and determining any defects in juveniles and alterations at other
ages as well as following the long-term effects.

e To conduct environmentally relevant exposures in the shrimp’s field water to determine if
the behaviour of NMs may differ due to different concentrations of salts and the presence
of natural organic matter.

e To assess the different routes of exposure, since shrimp are a sediment dweller,
conducting exposures with sediment to determine if the aggregation potential will differ
and in turn, how it affects the shrimps’ physiology.

e To conduct an endpoint focused on moulting and run targeted metabolomics on the
associated metabolite (hydroxyecdysone) to determine its presence in this shrimp’s
metabolome.

e Toinclude targeted gene expression by focussing on the moulted related gene, the energy

metabolism related genes and genetic expression related genes using qPCR.
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APPENDIX B:

COMPOSITION OF FOOD FOR C. AFRICANA AS STATED BY DENNERLE’S WEBSITE
Shrimp King Complete

SR, Composition: kelp, insect proteins, dandelion, stinging nettle, spinach, mulberry

comPLETE leaves, chlorella, montmorillonite, moringaoleifera, rosemary,

-—

A = mannanoligosaccarides, [3-glucans, flower pollen, turmeric, cinnamon

Analytical components: 24,6% crude protein, 6,0% crude fat, 7,7% crude fiber,

15,4% crude ash https://dennerle.com/en/products/food/invertebrates-food/shrimp-king-

complete/

Shrimp Baby

Composition: insect proteins, wheat flour, wheat protein, krill meal, squid meal,
spinach, corn, yeast, betaine, kale, inulin, salmon oil, Moringa oleifera, spirulina
algae, garlic, mannanoligosaccarides, 3-glucans
Additives  per  kg: Colorants: 250 mg E 161j astaxanthin

Analytical components: 49,5% crude protein, 10,2% crude fat, 4,4% crude fiber,

6,4% crude ash https://dennerle.com/en/products/food/invertebrates-food/shrimp-king-baby/

Shrimp Color

Composition: insect proteins, wheat flour, wheat proteins, krill, squid meal,
spinach, corn, yeast, betaine, kale, inulin, krill oil, moringa oleifera, spirulina

algae, garlic, mannanoligosaccarides, 3-glucans

Additives per kg: Colorants: 500 mg 2a161j astaxanthin, 300 mg 2a161g canthaxanthin, 300 mg
E 160a beta-carotene Analytical components: 48.5% crude protein, 10.0% crude fat, 4.4% crude

fiber, 6.2% crude ash https://dennerle.com/en/products/food/invertebrates-food/shrimp-king-color/

Shrimp Mineral

Supplementary feed for ornamental shrimps.

Composition: kelp, insect proteins, dandelion, stinging nettle, spinach, mulberry

leaves, calcium carbonate, chlorella, montmorillonite, moringa oleifera,
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rosemary, mannanoligosaccarides, R-glucans, flower pollen, turmeric, cinnamon
Analytical components: 21.0% crude protein, 6.0% crude fat, 8.0% crude fiber, 26.0% crude ash

https://dennerle.com/en/products/food/invertebrates-food/shrimp-king-mineral/

Shrimp Protein

Composition: Bacterial protein from Corynebacterium glutamicum, insect

proteins, stinging nettles, dandelion, mulberry leaves, Daphnia, krill, chlorella

PROTEIN

N algae, montmorillonite, moringa oleifera, rosemary, mannanoligosaccarides, 13-

glucans, flower pollen, turmeric, cinnamon

Analytical components: 42,6 % crude protein, 7,5 % crude fat, 5,9 % crude fiber,
13,4 % crude ash

https://dennerle.com/en/products/food/invertebrates-food/shrimp-king-protein/

Shrimp Snow Pops

Composition: Soy bran

Analytical components: Crude protein 13.4%, crude fat 4.2%, crude fiber 32.9%,
crude ash 4.8%.
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APPENDIX C:

METABOLITES AND THEIR SIGNIFICANT VALUES OBTAINED USING METABOANALYST

Control vs nCuO LCio

Compound p-value d-value Compound p-value d-value
2,5-
Bis((trimethylsilyl)oxy)pyra 0.032 1.332 d-Mannose 0.050 1.116
zine ' ' ’ '
2'-Desoxyuridine 0,025 1575 Gluconic acid 0.032 1.275
5-Ethyl-1-(4-
[(trimethylsilyl)oxy]-3-
{[(trimethylsilyl)oxy]methyl} Gl
tetrahydrofuran-2- 0.009 1.878 ueopyranose 0.008 2.010
yl)pyrimidine-2,4(1H,3H)-
dione
5-Methyluridine 0.009 1.801 Glyceric acid 0.026 1.464
9H-Purin-6-ol 0.023 1.747 L-Lysine 0.010 1.651
9-Tetradecenoic acid 0.013 1.726 Putrescine 0.016 1.901
a-D-Glucopyranose 0.006 2294 Serine 0.044 1.198
earc aci
a-L-()-Fucopyranose 0.017 1.464 Stearic acid 0.035 1.473
Cadaverine 0.008 1.785 Uridine 0.049 1.230
D-Lyxose 0.017 1.619
Control vs nCuO LC2o
11-Eicosenoic acid 0.043 1.231 Glucopyranose 0.002 2.194
, - Heptadecanoic
2'-Desoxyuridine 0.006 1.737 acid 0.043 1.325
4-Aminobutanoic acid 0.000 2677 L-5-Oxoproline 0.049 1.056
5-Methyluridine 0.016 1.437 L-Lysine 0.014 1.520
9,12-Octadecadienoic acid 0.028 1.351 L-Methionine 0.000 3.151
9H-Purin-6-ol 0.019 1.683 L-Proline 0.004 1.863
9-Tetradecenoic acid 0.002 1.994 I-Prolylglycine 0.005 2.005
a-D-Allopyranose 0.040 1.120 L-Rhamnose 0.000 3.802
a-D-Glucopyranose 0.000 2.642 L-Serine 0.012 1.457
a-L-(-)-Fucopyranose 0.019 1.375 Myristic acid 0.003 2.074
. ) N-Acetyl-D-
Arachidonoyl amide 0.004 1.766 glucosamine 0.001 3.004
Benzenepropanoic acid, a- : .
(methoxwmmo)—, 0.003 2.320 Oleic Acid 0.042 1.081
trimethylsilyl ester
Benzenepropanoic acid, a- 0.047 1.058 Pentanedioic acid 0.019 1.443

(methoxyimino)-4-
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[(trimethylsilyl)oxy]-,
trimethylsilyl ester

Cadaverine

Phosphoric acid

0.000 2.934 0.001 2.348
D-(-)-Ribofuranose 0.002 2777 Putrescine 0.011 2.072
D-Arabinose 0.021 1.667 Ribitol 0.001 3.162
DL-Phenylalanine 0.017 1.380 Serine 0.009 1.611
D-Lyxose 0.000 3018 Stearic acid 0.004 1.818
d-Mannose 0.004 2.148 Tyrosine 0.006 1.693
Gluconic acid 0.002 2287 Uracil 0.000 4.661
Control vs ND LCio
D-(-)-Ribofuranose 0.023721 1.325881 Uridine 0.014778 1.627292
L-Rhamnose 0.004444 2.095552
Control vs ND LCzo
4-Aminobutanoic acid 0.048331 1.334 Myristic acid 0.036118 1.303373
9-Tetradecenoic acid 0.027707 1.331582 Phosphoric acid 0.004637 1.947964
Cadaverine 0.000792 2588749 Tridecanoic acid 0.049338 1.161012
Methyl stearate 0.024195 1.494953 Uracil 0.023719 1.290032
nCuO LCiovs NCuO LC2
2,5
Bis(("imeth;’i':gy')oxy)pyfa 0.049061 1.359569 L-Threonine 0.045037 1.212389
Benzenepropanoic acid, a-
(methoxyimino)-, 0.015024 1.667084
trimethylsilyl ester
ND LCiovs ND LCzo
9-Tetradecenoic acid 0.020678 1.37221 Methyl stearate 0.018 1.383449
Arachidic acid 0.011744 2.044485 Myo-Inositol 0.008906 1.818867
Cadaverine 0.002938 2.661466 Palmitelaidic acid 0.043976 1.426497
D-(-)-Ribofuranose 0.025926 1.653827 Putrescine 0.036161 1.525399
Glyceric acid 0.043551 1.322737 Thymidine 0.004548 2.130974
L-Rhamnose 0.020618 1.42144 Uracil 0.034923 1.453446
L-Serine 0.024072 1.44518
NCuO LCioVvs ND LCio
Glucopyranose 0.038 1.218
2'-Desoxyuridine 0.025 1.650 Glyceric acid 0.003 1.990
‘ 5»Ethy!-l-(4> Heptadecanoic
[(trimethylsilyl)oxy]-3- 0.035 1171 acid 0.006 2.204

{[(trimethylsilyl)oxy]methyl}
tetrahydrofuran-2-
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yl)pyrimidine-2,4(1H,3H)-

dione
9H-Purin-6-ol 0.049 1.169 L-Proline 0.017 1.533
9-Tetradecenoic acid 0.011 1.680 I-Prolylglycine 0.044 1.206
a-D-Glucopyranose 0.001 2.915 L-Rhamnose 0.003 2.197
a-L-(-)-Fucopyranose 0.035 1.176 L-Serine 0.016 1,532
Butanedioic acid . 1560 Palmitelaidic acid 0.037 1.383
Cadaverine 0.025 1.623 Putrescine 0.002 2.375
D-(-)-Ribofuranose 0.016 1.815 Serine 0.031 1.217
Diethylene glycol 0.017 1.611 Stearic acid 0.039 1.453
D-Mannose 0.035 1277 Tridecanoic acid 0.038 1.527
D-Proline 0.001 3.227 Tyrosine 0.021 1521
Gluconic acid 0.019 1.526 Uridine 0.000 4.452

NCuO LCz vs ND LCxz
2-Desoxyuridine 0.038 1.180 L-5-Oxoproline 0.038 1.372
9-Tetradecenoic acid 0.016 1.382 L-Lysine 0.026 1.307
a-D-Glucopyranose 0.042 1.105 L-Methionine 0.045 1.146
DL-Phenylalanine 0.023 1.712 Myristic acid 0.049 1.315
D-Lyxose 0.005 1.816 Palmitic Acid 0.050 1.317
D-Proline 0.044 1.082 Serine 0.013 1.591
Gluconic acid 0.048 1172 Stearic acid 0.035 1.138
Heptadecanoic acid 0.034 1.389
Control vs CuClz2 LCio

2,5-
BIS((trlmethylSIlyl)Oxy)pyra 0.002 2.748 L-Methionine 0.035 1.274

zine
2"-Desoxyuridine 0.035 1.239 I-Prolylglycine 0.016 1.506
4-Aminobutanoic acid 0.004 2.157 L-Serine 0.044 1.103
5-Dodecenoic acid 0.045 1.065 L-Tryptophan 0.030 1.360
5-Methyluridine 0.006 2.119 Myristic acid 0.023 1.568

N-Acetyl-D-
9-Tetradecenoic acid 0.005 1762 - 0.035 1.587
glucosamine

a-D-Glucopyranose 0.035 1.579 Oleic Acid (UM129) 0.042 1.490
a>|_>(_) Fucopyranose 0.011 1.581 Putrescine 0.044 1.406
Cadaverine 0.013 1.599 Ribitol 0.011 1.972
DL-Phenylalanine 0.028 1.224 Serine 0.038 1.213
0.001 2.379 Stearic acid 0.007 1.636

D-Lyxose
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Gluconic acid 0.012 1.714 Uracil 0.015 1.438
Glyceric acid 0.044 1.284
Control vs CuClz LCz
. . 0.03239 1.783095
Gluconic acid
CuCl2 LCi0 Vs CuCl2 LC20
11-Eicosenoic acid 0.009 2.048 . 0.018 1.403
D-Proline
5-Methyluridine 0.017 1.590 Gluconic acid 0.002 2.823
N-Acetyl-D-
a-D.A"opyranose 0.046 1.211 X 0.015 1.563
glucosamine
DL-Phenylalanine 0.046 1.101 Stearic acid 0.039 1.128
D-Lyxose 0.006 1.760
CuCl2 LC20 vs NCuO LC2
. A A 0.002 2.492 0.050 1.092
11-Eicosenoic acid Glucopyranose
9-Tetradecenoic acid 0.040 1.107 L-Glutamic acid 0.026 1.586
a-D-Allopyranose 0.013 1.534 L-Proline 0.018 1.373
Glucopyranose 0.039 1.126 L-Serine 0.040 1.114
DL-Phenylalanine 0.026 1.282 Methyl stearate 0.023 1.784
N-Acetyl-D-
D-Lyxose 0.002 2.103 ) 0.003 2.147
glucosamine
D-Proline 0.006 1.783 Stearic acid 0.024 1.265
Gluconic acid 0.001 3.240 Tyrosine 0.040 1.115
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