
 

 

 

The environmental toxicology of  

zinc oxide nanoparticles to the oligochaete 

 Lumbriculus variegatus 

 

 

Shona Aisling O’Rourke 

Submitted for the degree of Doctor of Philosophy 

 

 

Heriot-Watt University 

School of Life Sciences 

January 2013 

 

 

The copyright in this thesis is owned by the author.  Any quotation from 

the thesis or use of any of the information contained in it must 

acknowledge this thesis as the source of the quotation or information. 



Abstract 

 

 
This thesis investigated the potential toxicity of zinc oxide nanoparticles (NPs) and bulk 

particles (both with and without organic matter (HA)) to the Californian Blackworm, 

Lumbriculus variegatus.  The NPs and bulk particles in this thesis were characterised 

using numerous techniques.  ZnO NPs were found to be 91 (
133

64) nm (median 

(interquartile range)) and ZnO bulk particles were found to be 237 (
322

165) nm (median 

(interquartile range)) by TEM.    

In the acute behavioural study (96 hour), ZnO NPs had a dose-dependent toxic 

effect on the behaviour of the worms up to 10mg/L whereas the bulk had no significant 

effect.  This result, however, was mitigated by the addition of 5mg/L HA in the NP 

study whereas a similar addition enhanced the toxicity of the bulk particles at 5mg/L 

ZnO.  In the chronic study (28 days), ZnO NPs and bulk particles were found to have a 

dose-dependent significant effect on the behaviour of the worms after 28 days, with NPs 

causing a significantly greater negative response than bulk particles at 12.5, 25 and 

50mg/L ZnO.  HA had no effect on the toxicity of either particle type in the chronic 

study. 

Acute (96 hour) oxidative stress in L. variegatus in response to ZnO NP and 

bulk particle (with and without 5mg/L HA) exposure was evaluated by examining the 

changes in glutathione (GSH) content of cells, since NPs are expected to have potential 

for toxicity via mechanisms such as oxidative stress.  Neither ZnO NPs nor bulk 

particles (with and without 5mg/L HA) were found to induce significant changes in the 

GSH content of L. variegatus cells after 96 hours of exposure. 

 The uptake, accumulation and depuration of ZnO NPs and bulk particles in L. 

variegatus over a 48 hour period of uptake and a 48 hour period of depuration were also 

investigated.  This study found a high level of variability and it was concluded that the 

protocol employed was not suitable for investigating the uptake, bioaccumulation and 

depuration of ZnO NPs and bulk particles.     

Finally, histological techniques and a number of fixatives were evaluated for use 

with L. variegatus.  Bouin’s solution was found the most suitable fixative for use with 

these worms, with no histological damage observed in the morphology of the worms 

after a 96 hour exposure to ZnO NPs and bulk particles (with and without 5mg/L HA). 

When considering the toxicology results from all experiments within this thesis 

it is concluded that ZnO NPs can cause both acute and chronic toxicity in terms of 

behavioural response, but do not cause acute oxidative stress in L. variegatus. 
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Chapter 1 Introduction 
 

The concept of nanoscale technology came about with the visionary and historical 

lecture given by Richard Feynman on the 29
th

 December 1959 at the annual American 

Physical Society.  The lecture titled “There’s Plenty of Room at the Bottom: Invitation 

to Enter a New Field of Physics” sparked intrigue and excitement from his peers as he 

investigated “manipulating things on a small scale” and how “ultimately – in the great 

future – we can arrange atoms the way we want; the very atoms, all the way down!”  

(Roduner, 2006; Hunt and Mehta, 2006).  Feynman suggested writing the entire twenty 

four volumes of the Encyclopaedia Britannica on the head of a pin and also suggested 

that the electron microscope be made 100 times better.  He gained much of his 

inspiration from biology as he understood that information is stored on a molecular 

level and that cells manufacture substances and operate on a very small scale (Roduner, 

2006).   

 

1.1 Nano definitions 

Nanoparticles (NPs) are defined as particles with all three external dimensions in the 

nanoscale (1 – 100nm) (Publicly Available Standard (PAS) 136; BSI 2007) and 

nanoscience refers to the study of the fundamental principles of molecules and 

structures with at least one dimension roughly between 1 and 100nm (Ratner and 

Ratner, 2003).  These structures are known as nanostructures (Ratner and Ratner, 2003) 

and the application and manipulation of these nanostructures is known as 

nanotechnology (Ratner and Ratner, 2003).  At the most fundamental level in nanoscale, 

size has a great effect on their properties, an effect that is unseen at any other level.  

This coupling of size with the most fundamental chemical, electrical and physical 

properties of materials is key to nanoscience (Ratner and Ratner, 2003).   NPs have a 

larger surface area to volume ratio than their bulk counterparts allowing for greater 

reactivity and they also possess certain physicochemical properties that allow them to 

have very different characteristics to those particles of larger size (MacCormack and 

Goss, 2008).  NPs are specifically engineered to exploit these electrical, thermal, 

mechanical and imaging properties that are lacking in their larger counterparts (Liu, 

2006).  Nanomaterials (NMs) are defined as a material which contains single or 

agglomerated/aggregated particles where a minimum of 50% of those particles have at 
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least one dimension in the scale of 1 – 100nm (European Commission, 2011/696/EU, 

2011).  Aggregation of nanoparticles occurs when particles are bonded strongly to each 

other and the total surface area of the aggregate is reduced (ISO TS 27687, 2008).  

Agglomeration occurs when nanoparticles or aggregates are weakly bonded together 

and the total surface area of the agglomerate is similar to the sum of the surface areas of 

the individual particles/aggregates (ISO TS 27687, 2008). 

 

1.2 Nanoparticles and the environment 

Since the 1990s there has been a rapid increase in both the use of engineered NPs and 

the implementation of nanotechnologies.  According to the Woodrow Wilson Project on 

Emerging Nanotechnologies (http://www.nanotechproject.org/, 10/09/2012) there are 

1317 products currently on the world market that are classed as nanotechnology 

products (either NM-containing or products that have been produced using 

nanotechnology).  Since the inventory was first released in 2006 it has grown by almost 

521%.  The main category of products falls under health and fitness, which include 

items such as sunscreens and cosmetics.  The inventory has listed 30 countries of origin 

for these products with the main supplier of nanotechnology products being the United 

States, followed by Europe and East Asia (respectively) and elsewhere around the 

world.  The most common materials are (in order of most to the least common) silver, 

carbon, titanium (including TiO2), zinc (including ZnO) and gold.  One of the side 

effects of this “nano-boom” is the potential for these NPs and NMs to be released to the 

environment (Bystrzejewska-Piotrowska et al., 2009).  Due to this potential there is an 

urgent need for research programmes in the field of nanotoxicology.  Researchers have 

expressed interest in both the positive and negative effects of nanotechnology.  

Advocates point towards benefits like better medicines, improved consumer products 

and environmental remediation, however others have expressed concern over the lack of 

available knowledge on how these NPs function, what their fate may be in the 

environment and the potential they may have to stress the environment or human 

systems (Klaine et al., 2011).  In recent years the Organisation for Economic Co-

operation and Development (OECD) launched an initiative to test the human and 

environmental impacts of the engineered NPs that are already in use 

(http://www.oecd.org, 25/08/2012).  The OECD assists countries to implement policies 
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to ensure the safe development of nanotechnologies.  The programme sought to ensure 

that the approach to hazard, exposure and risk assessment was of a high, science based 

and internationally harmonised standard.  Experts in the field suggested that this 

initiative should include both NPs/NMs that were already on the market and those that 

may be developed in the future (Trager, 2008).  Attention is currently focusing on a 

large number of engineered NPs, including fullerenes, carbon nanotubes, quantum dots 

and nanoscale metal oxides, amongst others, that are beginning to reach the market in 

growing quantities and in a wide variety of applications (www.nanotechproject.org, 

2012).  In order to examine the environmental risks associated with NP exposure, 

research must identify and quantify the source, determine the release pattern of the 

nanomaterials, establish the concentrations present in the environment and examine the 

potential of the nanomaterials to bioaccumulate (SCENIHR, 2006).  NPs have always 

existed from both natural (e.g. volcanic ash, combustion) and anthropogenic (e.g. car 

exhaust, engineered NPs, cigarette smoke) sources and so there is a natural background 

concentration of NPs in the environment.  (Natural NPs are NPs that are formed during 

natural processes (e.g. volcanic ash), incidental NPs are formed as a by-product of 

natural or manmade processes (e.g. welding, mining, combustion) and manufactured 

NPs are particles that have been engineered for a specific property or composition (e.g. 

carbon nanotubes, metal oxide NPs) (PAS 71, BSI, 2005)).  It has been suggested 

however that this background concentration may be low in comparison to the potential 

releases of engineered NPs to the environment (Klaine et al., 2008).  NPs can enter the 

environment through a number of routes including both intentional and unintentional 

releases.  Unintentional releases can result from atmospheric emissions, solid or liquid 

waste streams from industrial facilities or transport accidents and spillages.  They will 

also enter the environment from cosmetics, paints, sunscreens, fabrics, food packaging 

and medical products in relation to the use of these products in society.  Deliberate 

releases include those of remediation attempts (e.g. Fe NPs – Zhang & Elliot, 2006).  

The physicochemical properties of the NPs will determine their bioavailability and 

toxicity (Powers et al., 2006).  The physical and chemical properties of the receiving 

environment will play a critical role in determining the fate of the particle in the 

environment and this will affect the behaviour and toxicity of the particle (USEPA, 

2007).    NPs are also prone to aggregation/agglomeration and sorption onto organic and 

inorganic material and so this will also change their fate in the environment (Holsapple 

et al., 2005).  Another point to consider is that NPs are not always released to the 
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environment as single NPs.  In many applications, NPs are embedded in a matrix or 

functionalised with coatings, e.g. NPs used in biomedicine.  These matrices and 

coatings can also be affected by organic and inorganic matter, pH, salinity and the ionic 

content of the medium they are in and this may result in the modification of the NP and 

may in turn release a free NP to the environment (Norwalk and Bucheli, 2007).  Due to 

the different compositions of NP batches and aggregates/agglomerates, their potential 

toxicity can be increased or decreased and their behaviour in the environment can be 

varied and difficult to determine.   

Estimates of NPs present in surface waters and other media have been provided 

in the literature based on predicted use, exposure scenarios and modelling (Boxhall et 

al., 2007; Mueller and Nowack, 2008; Gottschalk et al., 2010; Nowack et al., 2012) but 

these approaches are not sufficient to provide quantitative estimates of NP 

concentrations in the environment.  While techniques for the detection, identification 

and quantification of NPs in the environment are being developed, it remains a 

challenge to monitor engineered NPs in the environment (ENRHES, 2010).  Part of this 

gap has resulted due to a lack of funding into this area (Klaine et al., 2011).  For 

example, according to the National Nanotechnology Initiative (http://www.nano.gov, 

01/10/2012), between 2005 and 2011, the U.S spent almost $10 billion on 

nanotechnology research.  During the same period only $480 million was spent on 

understanding the potential impact of this technology on the environment and health 

and safety issues.  The aquatic environment is thought to be where nanomaterials may 

end up since it ultimately receives run off and wastewater inputs from both domestic 

and industrial sources and so the investigation into the effects of NPs/NMs on the 

aquatic environment (both water column and sediment) is of utmost importance (Baun 

et al., 2008).   

 

1.3 Zinc  

For both humans and the environment, zinc is an essential micronutrient (WHO, 2001).  

Zinc is found throughout the environment and constitutes 20 – 200ppm (by weight) of 

the Earth’s crust.  Because of its reactivity it is mainly found as zinc oxide (ZnO) or 

sphalerite (ZnS) (ATSDR, 2005).  Since zinc is an essential element for all organisms, 

including humans, it is implied that there will be a minimum amount of zinc which will 
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supply the needs of the organism but also a maximum amount above which zinc will 

become toxic (Hopkins, 1993).  The range between the minimum and maximum 

concentrations is often referred to as the “window of essentiality” (Hopkins, 1993).  The 

background concentration of zinc in an ecosystem is partly bioavailable. This partial 

bioavailability provides organisms in that ecosystem with sufficient essential metals and 

so contributes to biodiversity under normal conditions.   

 

1.3.1. Zinc speciation and solubility 

As well as being an essential element and present naturally in ecosystems, the 

speciation of zinc in the environment may be very relevant for biological processes and 

thus, for potential risks (Bodar et al., 2005).  In both fresh and seawater, zinc exists in 

particulate and dissolved forms and is distributed over a number of chemical species 

(Bodar et al., 2005).  Zinc does not degrade in the environment but can change from one 

form to another, both reversibly and irreversibly, in a number of chemical reactions and 

under numerous environmental conditions (ATSDR, 2005).  A number of metals are 

known to form ions when in aqueous media and the toxicity of these ions has been well 

documented (Campbell, 1995).  Based on their bulk counterparts the solubility of ZnO 

NPs may play an important role in their toxicity (Bai et al., 2009).  It has been observed 

that material solubility strongly influences the cytotoxic response of a number of metal 

oxide nanoparticles, with more soluble compounds like ZnO and Fe2O3 showing greater 

acute toxicity than NPs of low solubility such as CeO2 and TiO2 (Brunner et al., 2006).  

Aquatic organisms can be very sensitive to dissolved zinc and so understanding the 

dissolution behaviour of ZnO is essential in order to avoid a potential misinterpretation 

of results (Franklin et al., 2007).  Zinc can occur in both suspended free ions and 

dissolved complex or compound forms in water (ATSDR, 2005).  The conditions of the 

water body (e.g. pH, organic/inorganic content, solution speciation etc.) will affect 

metal NP dissolution and stability (Johnston et al., 2010).  In water, zinc most often 

occurs in the 2
+
 oxidation state and it dissolves in acid conditions to form hydrated Zn

2+
 

cations and in strong basic conditions to form zincate anions (O’Neil et al., 2001).  It 

often forms complexes in the presence of organic and inorganic matter (USEPA, 1979; 

1984, 1987).  In natural environments, complexing agents, such as humic acid, can bind 

zinc (Guy and Chakrabarti, 1976).  The stability of these complexes is dependent on the 
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pH of the surrounding waters (Guy and Chakrabarti 1976).  As the pH decreases the 

concentration of Zn ions in the water phase can increase (ATSDR, 2005).  In sediments, 

zinc can adsorb onto hydrous iron and manganese oxides, clay minerals and organic 

material.  In addition to this the conditions of the sediment, such as depth, organic 

content and clay content, can affect how the zinc behaves (ATSDR, 2005).   

 

1.3.2 ZnO nanoparticles and their toxicity 

Zinc oxide NPs have a variety of applications, such as optoelectronics, cosmetics, 

catalysts, ceramics, pigments (Bai et al., 2010) and personal care products (Blinova et 

al., 2010), due to their unique properties and diverse nanostructures.  Annually, on a 

world-wide scale, a million tonnes of ZnO are produced.  The properties of ZnO, e.g. 

UV absorption and specific surface area, are improved at the nanoscale.  ZnO NPs have 

been shown to be more efficient at absorbing UVA radiation than TiO2 NPs (Pinnell et 

al., 2000) and ZnO NPs are also transparent which is advantageous to the cosmetics and 

sunscreen industries (Houdy et al., 2011).  Of the 1317 products previously mentioned 

24 were found to use zinc oxide nanoparticles.  Products on the Woodrow Wilson 

website include sunscreens, moisturisers, make up, lipsticks and self cleaning coatings, 

however this is not a fully comprehensive list.  Natural zinc NPs exist in ecosystems 

and play an important role in biogeochemical processes as zinc is an essential 

micronutrient (Wigginton et al., 2007), however the potential impact of engineered ZnO 

NPs on the environment has yet to be fully evaluated.   Recent studies have suggested 

that ZnO NPs can have adverse effects on human and environmental health.  ZnO NPs 

are recognised as a respiratory toxicant (i.e. they caused an inflammatory response in 

the lungs) which resulted in metal fume fever (Beckett et al., 2005) and it has been 

shown that ZnO NPs cause oxidative stress and an inflammation response in 

vascular/lung endothelial cells (Gojova et al., 2007; Lin et al., 2009).  Research has also 

indicated that the liver, spleen, heart, pancreas and bone were all targets for pathological 

damage of orally administered ZnO nanoparticles in the 20 -120nm range (Wang et al., 

2008).   

Ecotoxicological studies have indicated that ZnO NPs can cause adverse effects 

in a number of species.  Lin & Xing (2008) investigated the toxicity of ZnO NPs and 
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Zn
2+

 ions to ryegrass seedlings in bulk nutrient and rhizosphere solution.  A 

concentration dependent decrease in seedling biomass was observed for both ZnO 

nanoparticles and Zn
2+

 treated ryegrass and the 50% biomass inhibitory concentrations 

(LC50) were estimated to be 64mg/L for ZnO nanoparticles and 38mg/L for Zn
2+

.  

Aruoja et al. (2008) conducted growth studies using Pseudokirchneriella subcapitata 

(green algae) using ZnO NPs.  EC50 values were found to be similar in both ZnO NPs 

and bulk particles and toxicity was attributed to Zn
2+

.  Franklin et al. (2007) compared 

the toxicity of sonicated ZnO NPs and sonicated ZnO NPs in the presence of a 

surfactant on Pseudokirchneriella subcapitata.  The observed lethality could be 

attributed to dissolved Zn(II).   Mortimer et al. (2008) performed toxicity tests on 

Vibrio fischeri (bacteria) using a flash assay (cuvettes and microplates) and microtox 

tests.  The flash assay and microtox assay are both luminescence based assays which 

takes into account the colour and turbidity of a sample (Heinlann et al., 2008).  The 30-

min EC50 values were reported to be 4.8 ± 1.1 and 3.9 ± 1.8 mg/L in cuvettes and 

microplates, respectively.  No toxic effect was observed for ZnO in Microtox testing at 

the maximum concentration tested.  Huang et al. (2008) reported a concentration-

dependent decrease in the number of Streptococcus agalactiae (bacteria) and 

Staphylococcus aureus (bacteria) colonies after overnight incubation at concentrations 

of up to 0.12M (9.77g/L) PVA-coated ZnO NPs.  A concentration of 0.12M (9.77g/L) 

ZnO caused more than 95% inhibition of bacterial growth, whereas concentrations of 

0.0012 (97.69mg/L) and 0.006M (488.46mg/L) ZnO caused about 30% inhibition.  

Damage and integrity loss in Streptococcus agalactiae cells walls as well as cell 

penetration and membrane damage was also observed.  Adams et al. (2006) studied the 

effects of ZnO on Bacillus subtilis (bacteria) and Escherichia coli (bacteria) at 

concentrations of 10 – 5000ppm and overnight incubation.  The study found that the 

antibacterial effects of the NPs increased with increasing particle concentration.  

Blinova et al. (2010) reported the effects of ZnO nanoparticles on Daphnia magna 

(Water Flea), Thamnocephalus platyurus (Fairy Shrimp) and Tetrahymena thermophila 

(protozoa) in artificial freshwater and the 48 hour EC50 were found to be 2.6 ± 

1.04mg/L, 0.14 ± 0.02mg/L and 9.4 ± 3.0mg/L, respectively.  Adams et al. (2006) 

reported the effects of ZnO nanoparticles on D. magna at concentrations of 0.2 – 1mg/L 

over 8 days.  No concentration-response relationships were established.  Heinlaan et al. 

(2008) reported the effects on ZnO nanpoarticles on D. magna and found the LC50 48hr 

value to be 3.2 ± 1.3 mg/L and the NOEC value was found to be 0.5mg/L nominal 
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concentration.  The LC50 24hr value for Thamnocephalus platyurus was found to be 0.18 

± 0.03 mg/L and the NOEC value was found to be 0.05mg/L for ZnO.  Zhu et al. (2008) 

reported on the toxicity of ZnO NPs in Danio rerio (zebra fish) embryos and larvae.  

This study observed a 96 hour dose-dependent decrease in survival rates after exposure 

to ZnO NP concentrations of 0, 0.1, 0.5, 1, 5 and 50mg/L.  The ZnO formed irregularly 

shaped aggregates in the water suspensions during these tests.  In concentrations ≤ 

0.5mg/L no toxicity was observed in larvae or embryos of zebra fish, whereas no 

survival was seen at 50mg/L.  A similar does-dependent relationship as observed for 

bulk ZnO.   

The findings of the literature review for ZnO NPs suggests that it is a highly 

toxic NP in vitro and in many environmental studies, and oxidative stress and solubility 

as well as ion toxicity play a major role in its mechanism of action.  The range of ZnO 

NP concentrations varies quite a lot across the studies and the results are species 

specific. A number of environmental studies found no or little differences between 

toxicity of micro- and nano-scale ZnO particles. Development and reproduction were 

affected, although, these findings were not universal, whereas some organisms showed 

clear nano-scale effects, where the toxicity of NPs exceeded that of micro-scale 

particles and equivalent concentrations of zinc ions.  There appears, however, to be a 

significant gap in the literature dealing with the effects of ZnO NPs on sediment 

dwelling organisms, such as L. variegatus. 

 

1.4 Lumbriculus variegatus 

1.4.1 Biology and Ecology 

Lumbriculus variegatus (Californian Blackworm or Mudworm) is a member of the 

Lumbriculid family of fresh water oligochaetes.  They are found throughout North 

America and Europe (Brinkhurst & Jamieson, 1971) and have been introduced to the 

southern hemisphere (Yamaguchi, 1953; Cook, 1971).  L. variegatus was first described 

by Müller in 1774.  The head segments of L. variegatus are more darkly pigmented than 

the tail section and are also more manoeuvrable than the tail segments.  The first 8-10 

segments include a conical prostomium, muscular pharynx and both male and female 

sex organs.  Unlike other oligochaetes, Lumbriculus species do not have fixed regional 
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and numerical identities for their segments once they have matured (Lesiuk and Drewes, 

2001).  Locomotive behaviours in L. variegatus also make them excellent test species 

for toxicity testing.  These behaviours are context specific and are highly stereotyped 

and so are ideal for investigating the sublethal effects of toxic substances (Ding et al., 

2001).  In sediments, touch or shadows will evoke an escape reflex, where the worm 

will rapidly withdraw into the sediment.  On wet surfaces the worms will crawl forward 

or backward when touched and in water the worm will respond to a touch stimulus by 

helical swimming or body reversal movements (Drewes, 1999).  These behaviours are 

discussed in greater detail in Chapter 3, Section, 3.1.1.   

Oligochaetes are important constituents of freshwater ecosystems as they feed 

on subsurface sediments, processing and recycling deposited material (Leppänen and 

Kukkonen, 1998).  In areas where there is a high density of worms, reworking and 

recycling of the sediment can substantially restructure the sediment itself (Krezoski and 

Robbins, 1985; McCall and Fisher, 1980).  The sediment reworking and recycling by 

oligochaetes have been documented to cause significant changes to the biological, 

chemical and physical characteristics of sediments and overlying waters (McCall and 

Tevesz, 1982).  L. variegatus has been reported to occur at densities of up to 11,000 

worms/m
2
 (Cook, 1969), in a wide variety of aquatic habitats, including streams (Healy, 

1987), marshes (Verdonschot, 1999) and man-made water bodies (Bailey and Liu, 

1980).  L. variegatus are important members of freshwater food webs, both as 

consumers (Brinkhurst et al., 1972) and as a prey species (Zaranko et al., 1997; Wallace 

et al., 1998; Marsden and Bellamy, 2000).  They form an important link in the trophic 

transfer of persistent environmental contaminants and feed mainly on the accumulated 

detritus of the benthic environment, e.g. algae, decaying organic matter, etc. (Brinkhurst 

and Jamieson, 1971).  When feeding, L. variegatus use their head to forage in the 

sediment while the tail end, which is specialised for gaseous exchange, projects 

upwards towards the surface (Drewes, 2004).  This facilitates gaseous exchange 

between the air/water and the pulsating blood vessel lying beneath the worm’s 

epidermis (Drewes, 2004).  Sediment is ingested, the digestible portion is assimilated 

and the undigested remaining sediment is excreted through the anus as faecal pellets 

(Appleby and Brinkhurst, 1971).  This positioning and feeding strategy of the worms 

means that they will come into contact with contaminants both in the sediment and in 

the water column and so this is another benefit to using this species.    Sediment species 

are essential to ecosystems for biogeochemical transformations, the maintenance of 
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clean water, the decomposition of organic matter, the transfer of materials and as a food 

sources for other species (Freckman et al., 1997) and so if the feeding behaviour of the 

worms is inhibited by a toxic substance it can have a profound effect on ecosystem 

functioning. 

 

1.4.2 Reproduction in L. variegatus 

The maximum body length of L. variegatus is approximately 10cm (approximately 200 

– 500 segments) with a diameter of 1.5mm.  Laboratory cultured worms tend to be 

smaller however and are usually about 4 - 6cm in length (Drewes and Brinkhurst, 

1990).  Wild specimens at 10cm are considered to be sexually mature hermaphrodites 

and although it has been rarely documented they can sexually reproduce by copulation 

and sperm exchange (Drewes and Brinkhurst, 1990).  Sexually reproduced, transparent 

cocoons are produced with 4 – 11 fertilised eggs that undergo direct development.  

Worms hatch after approximately 14 days (Drewes and Brinkhurst, 1990).  

Reproduction under laboratory conditions is always asexual, however, and occurs via 

fragmentation and regeneration, i.e. transverse fission (Bely, 1999).    Each fragment 

eventually grows into a normal sized worm which is made up of both new and old 

segments, representing two or more “generations” of development (Drewes, 2004).  The 

advantages of this type of reproduction include survival after predatory attack and the 

ability to exploit resources as they become available (Christensen, 1984; Cook, 1969).  

Asexual reproduction and regeneration is found in several groups of annelid worms, 

including a number of oligochaete families (Brinkhurst and Jamieson, 1971).  Because 

fragmentation occurs before any significant differentiation of head or tail segments the 

fission that occurs is termed architomy (Martinez et al., 2006).  This form of asexual 

reproduction is rare in oligochaetes and paratomic fission is more common (Drewes and 

Fourtner, 1991).  In paratomy the segments regenerate partially prior to fragmentation 

(Giese and Pearse, 1975).  Reproduction by architomic fission must involve two 

processes.  There must be a physical separation of an individual into two (or more) 

pieces and the reconstitution of a whole individual from each piece or at least two 

pieces (Bely, 1999).  Each surviving fragment undergoes rapid regeneration to form a 

new head or tail (or both).  The segments undergo morphallaxis where adult segments 

transform the fragment to match their new positional identity (Drewes and Fourtner, 
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1989).  Each individual will eventually grow to a full size worm that represents two 

generations of development (Lesiuk & Drewes, 1999).  As a result of this asexual 

reproduction under laboratory conditions, there is no life cycle stage of the organism 

within which it is possible to pick a universal time for testing.  In order to ensure that all 

worms are in the same physiological condition worms are artificially fragmented twelve 

days prior to testing.  Worms were cut approximately one third of the body length from 

the head using a scalpel and were allowed to regenerate a new head twelve days prior to 

testing.  This process is described in detail in Chapter 2, Section 2.2.2. 

 Lumbriculus species are recognised by a number of characteristics e.g. 

green/dark coloured anterior end, helical swimming, body reversal behaviour (Drewes, 

1999), however identification down to species level is difficult due to a lack of obvious 

sexual characteristics (Gustaffson et al., 2009).  Currently there are fourteen known 

species of Lumbriculus species and originally L. variegatus was thought to be one 

species.  However, a paper published by Gustaffson et al. (2009) discovered that there 

are two distinct clades within what was originally thought to be one species.  They also 

suggested that there may be a third clade but this suggestion required further 

exploration.  Clades I and II are found in Europe and North America, while the 

suspected clade III is found in North America and Japan.  Gustafsson et al. (2009) 

suggested that distinct clades could react differently to exposure to contaminants and 

this could have important implications for using L. variegatus as a model species, 

however the authors also stated that further research was required before nomenclature 

and taxonomy should be changed.  Genetic variation was not considered within this 

thesis.  There is currently no information in the literature to suggest that genetic 

variation was considered in ecotoxicological testing in any other laboratory which used 

L. variegatus. 

 

1.4.3 Use of Lumbriculus variegatus in ecotoxicological studies 

L. variegatus were chosen as a test species as they have been widely used throughout 

the literature for the testing of potentially harmful substances as a bioassay organism 

since the early 1970s (e.g. Alekseev and Uspenskaya, 1974).  Since then, L. variegatus 

have been the most widely used oligochaete to test the toxicity of a number of 
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substances, including metals (e.g. Schubauer- Berigan et al., 1993; Chapman et al., 

1999), metal oxides (e.g. Stanley et al., 2010), various chemicals (e.g. ammonia: 

Schubauer-Berigan et al., 1995; PCB: Fisher et al., 1999; PAHs: Monson et al., 1995; 

chlorophenols: Nikkilä et al., 2003) and more recently NPs (e.g. Baun et al., 2008, 

Petersen et al., 2008, Stanley et al., 2010, Pakarinen et al., 2011).  They possess a 

number of traits that make them a useful test species: 1) they are readily available in the 

UK and are easily cultured under laboratory conditions, 2) they have a known chemical 

exposure history, i.e. they have been used to test the toxicity of a wide range of 

substances, 3) they have adequate tissue for chemical analysis, 4) they have a high 

tolerance for a wide variety of exposure scenarios, 5) they are exposed via all important 

routes of concern, 6) they are suitable for both long- and short-term exposures (Brunson 

et al., 1998) and 7) for the reasons discussed above of their feeding and locomotive 

behaviours (Ding et al., 2001).  There are not many other species that would fit all these 

criteria. 

 

1.5 An overview of the methodologies used in this thesis 

1.5.1 Characterisation of ZnO nanoparticles  

Full and thorough physicochemical characterisation of NPs is essential to confirm the 

NPs you are working with, to relate the characterisation to impacts on organisms and to 

allow comparisons between different studies.  Within this thesis the ZnO NPs were 

characterised at Heriot Watt University (HWU) and at the Facility for Environmental 

Nanoscience Analysis and Characterisation (FENAC) at the University of Birmingham.  

FENAC is a facility that aims to produce reliable analysis of NPs under realistic 

conditions to improve the understanding of the behaviour of NM in the environment.  

This service is offered through a competitive process and is funded by the Natural 

Environment Research Council (NERC).   At HWU, dynamic light scattering (DLS) 

was used to characterise the ZnO NPs and bulk particles and at FENAC the techniques 

used included Brunauer, Emmett and Teller Method for surface area analysis (BET), X-

Ray diffraction (XRD), Atomic Force Microscopy (AFM), Transmission Electron 

Microscopy (TEM), Scanning Electron Microscopy (SEM), Scanning Transmission 

Electron Microscopy (STEM) with Energy Dispersive X-ray Spectroscopy (EDX), and 
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Dialysis with Inductively Coupled Plasma Mass Spectrometry (ICP-MS).  Details of the 

techniques used and their outcomes can be found in Chapter 2. 

 

1.5.2 Medium used within this thesis 

United States Environmental Protection Agency (USEPA) hard synthetic water was 

used throughout the studies within this thesis.  The OECD 225 (2007) protocol (which 

was adapted for use in some of the studies within this thesis) states that the water 

chosen for toxicity testing must be of a quality that will allow L. variegatus to grow and 

reproduce for the duration of the acclimation period and test period without showing 

any abnormalities in appearance or behaviour (OECD 225, 2007). The EPA HW 

medium was used as it was already in use with Daphnia magna cultures within the 

laboratory and worms had been successfully cultured in this medium for a long period 

of time by another student within the Nanosafety Research Group, Jon Mullinger.   

 

1.5.3 The addition of humic acid  

There is little information regarding the impact of natural organic matter (NOM) on NP 

fate, behaviour, bioavailability and toxicity (Lee et al., 2011; Lowry et al., 2012).  The 

bioavailability and toxicity of NPs in aquatic ecosystems is related to their dispersion 

stability, sedimentation of the NPs in the water column and the dissolution of ionic 

species (Gao et al., 2012).  Organic matter can alter the surface of the NP by coating it 

(Baalouska, 2009; Chappell et al, 2011) and this surface coating has been shown to 

increase the stability of the NPs in solution and decrease agglomeration rates (Lin and 

Xing, 2008; Chappell et al., 2009).  This can have a significant effect on the particle 

dispersion (Gao et al., 2012).  A change in dispersion can affect the NP fate and 

behaviour as well as their bioavailability and toxicity (Gao et al, 2012).  Lee et al. 

(2011) suggested that the toxicity of NPs released to the environment may be 

overestimated without considering the impact of NOM, which can be varied by the 

medium parameters and the characteristics of the NOM itself.  For this reason it was 

decided that all studies carried out within this thesis should also be conducted with or 

without the addition of 5mg/L Suwannee River humic acid (HA).  Suwannee River HA 

was chosen as it is considered an international standard for HA.  The quantity of 5mg/L 
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HA was decided upon based on the available literature (Baalouska, 2009; Chappell et 

al., 2011; Lee et al, 2011; Gao et al., 2012; Ma et al., 2013) and previous studies 

conducted within our laboratory group by Jon Mullinger. 

 

1.5.4 Endpoints used within this thesis 

Behavioural endpoint 

The locomotor and other behaviours of L. variegatus are significant indicators of the 

physical, chemical and biological properties of sediments and water bodies (Drewes, 

1997).  The behaviours of L. variegatus are highly stereotyped and so are very useful as 

a biomarker for toxicity.  A number of papers have used this stereotyped behaviour of L. 

variegatus.  Some authors have employed electro-physical techniques to test the 

conductivity of neural pathways (Rogge and Drewes, 1993; Lesiuk and Drewes, 2001; 

Sardo and Soares, 2010), while others have used touch-evoked response techniques 

(Lesiuk and Drewes, 2001; Ding et al., 2001; O’Gara et al., 2004; O’Gara et al., 2006).  

For example, O’Gara et al. (2004) used tactile stimulation, delivered via a soft probe, in 

order to assess whether there was any reduction in the worms’ ability to employ body 

reversal and helical swimming techniques after exposure to copper.  Further information 

on the nervous system and behavioural response of worms is discussed in Chapter 3, 

section 3.1. 

 

Oxidative stress endpoint: GSH assay 

Oxidative stress occurs when there is an imbalance between oxidants and antioxidants 

in a cell (Sies 1985, 1986, 1991) and can potentially lead to damage.  Due to the 

physicochemical characteristics of nanoparticles they are expected to have potential for 

toxicity via mechanisms such as oxidative stress.  Within this thesis the content of the 

antioxidant glutathione (GSH) in the cells of worms exposed to ZnO NPs and bulk 

particles was investigated as an indicator of oxidative stress using various techniques.  

Further information on oxidative stress, the GSH assay and the outcomes of this study 

can be found in Chapter 4. 
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Uptake and depuration endpoints 

Many environmental contaminants have the potential to accumulate through the aquatic 

food chain which can expose higher trophic levels to the contaminant, including humans 

(Dawson et al., 2003; Krysanov et al., 2010).  Within this thesis the uptake and 

depuration of ZnO NPs and bulk particles was investigated using inductively coupled 

plasma atomic absorption spectrophotometry (ICP-AAS).  Further details of the 

bioaccumulation of contaminants in aquatic species, the endpoint and the technique can 

be found in Chapter 6. 

 

Histology 

Very few papers have been published to date which have used histology to investigate 

the anatomy of L. variegatus.  One of the most important aspects of histology is the 

immediate preservation of the structure of the tissue (Méndez-Vilas & Díaz, 2010).  In 

this thesis a number of fixatives were investigated to determine which was best to use 

with L. variegatus.  Further information on histological techniques and the outcome of 

this study can be found in Chapter 7. 

1.6 Aims of this thesis  

This research was conducted in order to attempt to fill a gap in the literature on the 

ecotoxicity of ZnO NPs.  As mentioned previously, the investigation into the effects of 

nanomaterials on the aquatic environment is of utmost importance (Baun et al., 2008) as 

the use of nanotechnology in industry is on the increase.  No published studies have 

investigated the toxic effects of ZnO NPs on L. variegatus.  The overall aim of this 

research was to assess the effects of ZnO NPs on the aquatic sediment dwelling worm, 

L. variegatus, via various toxicological tests.  This aim was addressed by using water 

only, artificial sediment tests and biochemical endpoints following adapted OECD and 

other standard protocols. 
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1.6.1 Aims by chapter 

Chapter 2 – To characterise ZnO NPs in sterile water and EPA HW medium using 

numerous characterisation techniques at Heriot Watt University and at FENAC, at the 

University of Birmingham. 

Chapter 3 – To investigate the effects of ZnO NPs and bulk particles on the mortality 

and behaviour of L. variegatus in water only acute toxicity tests. 

 

Chapter 4 – To investigate the effects of ZnO NPs and bulk particles on the oxidative 

stress reaction of L. variegatus in water only acute toxicity tests. 

 

Chapter 5 – To investigate the effects of ZnO NPs and bulk particles on the 

reproduction, mortality and behaviour of L. variegatus in chronic artificial sediment 

toxicity tests. 

Chapter 6 – To investigate whether L. variegatus are able to uptake, accumulate and 

depurate nano and bulk particles of ZnO. 

 

Chapter 7 – To visualize, using histological processes, whether the ZnO particles are 

taken up by L. variegatus and whether any histological changes are evident in the 

images taken. 



 

17 

 

Chapter 2 Characterisation of engineered zinc oxide nanoparticles  

2.1 Introduction 

To ensure that the nanotechnology sector remains sustainable, thorough and 

comprehensive assessments of the potential environmental risks posed by NMs need to 

be carried out.  The main reasons for carrying out physicochemical characterisation are 

to ensure that you are working with what you think you were working with, to relate the 

characterisation to impacts on organisms and to allow comparisons between different 

studies.  The study of NM physicochemical properties is an important component of 

risk assessment since it will allow for the accurate assessment of fate and behaviour and 

thus exposure (Hassellöv et al., 2008).  There is currently little data available about the 

fate and behaviour of engineered NPs (Hassellöv et al., 2008) and so further research in 

the areas of particle characterisation, and how this relates to behaviour of NMs in the 

environment, is necessary.  In the environment, natural colloids or nanomaterials 

interact with each other and with other naturally occurring larger particles.  The 

formation of aggregates and agglomerates in natural systems occurs in accordance with 

physical processes such as Brownian motion, fluid motion, colloidal science and 

gravity.  Aggregation/agglomeration depends on particle size and charge and results in 

the removal of small particles from biological and ecological systems (O’Melia, 1980).  

To quantify the stability of a nanomaterial in the environment, its stability in suspension 

and its tendency to aggregate must be predicted (Mackay et al., 2006).  In certain 

circumstances, particles in suspension aggregate and eventually settle out of the solution 

under the influence of gravity.  A theory, named DVLO theory (named after the 

scientists who developed it – Derjaguin, Landau, Verwey and Overbeek) was developed 

in the 1940s which was designed to describe the stability of colloidal systems.  This 

theory suggests that if the particles have a sufficiently high repulsive force the 

dispersion will resist aggregation and the system will be stable.  However if the 

repulsive force is weak then flocculation or coagulation will occur (Malvern Technical 

Note, 2010).    

There are currently numerous techniques available for the characterisation of 

NMs.  A technique such as Dynamic Light Scattering (DLS) can be used to assess the 
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hydrodynamic diameter and stability of the nanoparticles in suspension, Scanning 

Transmission Electron Microscopy (STEM) and Transmission Electron Microscopy 

(TEM) can be used to assess the hydrodynamic diameter and shape of nanoparticles and 

techniques such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 

Brunauer, Emmett and Teller Method for surface area analysis (BET), X-ray Diffraction 

(XRD) and Atomic Force Microscopy (AFM) can provide information on the 

dissolution, surface area, crystalline structure and surface characteristics of the particles, 

respectively.  As part of any ecotoxicological study it is essential that not just one, but a 

number of physicochemical characterisation techniques are employed to gain a better 

understanding of the behaviour of the nanoparticles in relevant media.  It is also 

important to take into account that the techniques employed will have limitations and 

data interpretation will be very specific to the technique used.  For example, some 

sizing techniques are based on diameter measurements (of which there are several 

different specific types), while others report different size averages depending on what 

the instrument responds to, i.e. particle numbers, volume, mass or optical properties.  

Each method also has limitations with regards to maximum and minimum size and 

concentration ranges.  Therefore, it is necessary to take into account that part of the NM 

size distribution may be “hidden” from the instrument/method (Hassellöv et al., 2008).  

The toxicity and reactivity of NPs have been shown to be both shape and size dependent 

(Pal et al., 2007; Madden and Hochella, 2005).  Furthermore, the behaviour of the NMs 

can be influenced by interactions with organic matter (Hassellöv et al., 2008) and so it 

is important to investigate the NPs under various environmentally relevant scenarios. 

 

2.1.1 Characterisation at Heriot Watt University and at the University of Birmingham 

The characterisation work for this study was carried out at both Heriot Watt University 

(HWU) in Edinburgh, Scotland, and at FENAC at the University of Birmingham, 

England.  The DLS and zeta potential studies were carried out at HWU, with all other 

studies carried out by Dr. Bjorn Stolpe at FENAC.   
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2.1.2 Description of characterisation techniques 

As mentioned previously there are a number of techniques currently available to 

characterise NPs.  This section will describe the techniques that were used in the present 

study, both at HWU and at FENAC. 

 

Dynamic Light Scattering: 

DLS determines the hydrodynamic diameter of the NPs using the fluctuations in the 

scattered light which is diffused by the particles in a given suspension.  The technique is 

based on the theory of Brownian motion of the particles (Cecere et al., 2003).  In the 

DLS instrument the intensity is measured over short periods of time and then the 

software correlates the intensity at time t0 with the intensity at time t0 + δt (Hassellöv et 

al., 2008).  The main advantages of DLS are that it is a quick method that is readily 

available with low running costs (Bootz et al., 2003).  It also has a large material size 

range (3 to >1000nm) and sample perturbation (i.e. the sample is not disturbed through 

e.g. shaking during measurement) is kept to a minimum (Ledin et al., 1994).  The 

disadvantages lie in the interpretation of the results.  Large particles or 

aggregations/agglomerations of particles will have such a great influence on the reading 

that the smaller particles will be ignored.  As a result of this, suspensions that induce 

high agglomeration or samples which have been contaminated, e.g. with dust, will not 

read correctly during hydrodynamic diameter size analysis (Hassellöv et al., 2008).  A 

further disadvantage is that the DLS results are based on the assumption that the 

particles being examined are spherical in shape (Malvern Technical Note, 2010).  This 

is not always the case in nanoparticles suspensions.   

 When examining the results obtained from DLS it is important to consider a 

number of parameters.  The result will depend on the polydispersity index (PdI) of the 

sample.  Malvern have set a PdI of between 0 and 1 when using the Malvern Zetasizer, 

with a PdI below 0.5 being acceptable.  This is an estimate of the width of the 

distribution of particle size in a sample (Malvern Technical Note, 2010).  The intercept 

value is also an important consideration when interpreting the results and this refers to 

the intercept of the correlation function of scattered light intensity and is set by Malvern 

to be between 0 and 1 when using the Malvern Zetasizer, with an intercept value of 0.85 
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– 0.95 being acceptable (Malvern Technical Note, 2010).  Finally, Malvern state that the 

count rate (the number of particles in the sample) should be at least 10 kilo counts per 

second (kcps) above the dispersant count rate in order to ensure enough particles are in 

the suspension (Malvern Technical Note, 2010). 

 

Zeta Potential: 

According to Sze et al. (2003), when the surface of a NP comes into contact with a 

solution a charge forms between the surface of the particle and the aqueous solution.  

This disrupts the arrangement of the ions in the solution and produces a thin region of 

non-zero net charge density near the surface.  The arrangement of charges at the surface 

and the ions in the solution is referred to as the electrical double layer (EDL).  A thin 

layer of counter-ions lie next to the charged surface and this is known as the compact 

layer (Sze et al., 2003) or stern layer (Malvern Technical Note, 2010).  Ions found 

outside the compact layer are known as the diffuse layer (Sze et al., 2003).  The 

counter-ions in this compact layer are immobile due to the strong electrostatic 

attraction, however, the counter-ions outside the compact layer are mobile (Sze et al., 

2003).  Within the diffuse layer there is a boundary at which ions and particles form a 

stable unit.  When a particle moves so too do the ions within the boundary.  The zeta 

potential is the electrostatic potential at this boundary between the compact and diffuse 

layers (Malvern Technical Note, 2010).  The magnitude of the zeta potential within a 

system gives an indication of the stability of the system.  If all the particles in a solution 

have a large positive or negative zeta potential they will tend to repel each other, 

however, if the particles have a low (absolute value) zeta potential, there is no force to 

prevent the particles from forming aggregates.  Generally if particles have a more 

positive zeta potential than +30mV or more negative zeta potential than -30mV then 

they are considered stable.  However, if the particles have a density that differs from 

that of the dispersant, they will eventually sediment or form aggregates (Malvern 

Technical Note, 2010).  There are a number of factors which can affect the zeta 

potential of particles in suspension, including pH, conductivity and the concentration of 

a formulation component, so zeta potential can only be described in conjunction with 

these factors (Malvern Technical Note, 2010).   
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Brunauer, Emmett and Teller Method for surface area analysis (BET): 

The BET method is used extensively in surface science for calculating the surface area 

of a solid particle by the adsorption of gas molecules onto that particle.  Brunauer, 

Emmett and Teller derived an equation that suitably interpreted multilayer gas 

adsorption isotherms and gave information as to the surface area of solid catalysts 

(Brunauer et al., 1938).  BET surface areas have been found to be in agreement with 

calculations on values derived from electron micrographs (Raj, 2002). 

 

X-ray Diffraction: 

X-rays are high energy beams of electromagnetic radiation and when one of these 

beams meets an atom two processes may occur; 1) the beam may be absorbed with an 

ejection of electrons from the atoms or 2) the beam may be scattered (Warren, 1969).  

The interference of the beam scattering is referred to as diffraction which is the 

constructive interference of one or more scattered waves (Suryanarayana and Grant 

Norton, 1998).  The method determines, via the scattering of x-rays, the arrangement of 

atoms within a crystal using the angle and intensities of the scattered beam.  Scattering 

of x-ray beams is widely used for determining the atomic structure of a substance 

(Harding et al., 1987). 

 

Atomic Force Microscopy (AFM): 

AFM images show significant information about the surface characteristics of a sample 

with unprecedented clarity (Braga & Ricci, 2004).  AFM is a tool which images the 

topography of a solid surface at high resolution.  During AFM, the sample is scanned by 

a tip which is mounted on a cantilever spring.  While moving, the force between the tip 

and the sample is measured based on the deflection of the cantilever.  An image of the 

surface topography is obtained by plotting these deflections (Butt et al., 2005).  
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Transmission Electron Microscopy (TEM): 

TEM makes use of electron properties, both as particles and as waves.  A beam of 

electrons is transmitted through a very thin specimen of the sample of interest.  These 

electrons interact with the sample as they pass through it and an image is produced from 

this interaction.  The advantage of using TEM is that it has a very high resolution but it 

is limited in sample size – the higher the resolution of an instrument the less of the 

sample can be seen (Williams & Carter, 2009). 

 

Scanning Electron Microscopy (SEM), Scanning Transmission Electron Microscopy 

(STEM) and Energy Dispersive X-ray Spectroscopy (EDX): 

SEM and STEM are very powerful techniques that operate at the nanoscale.  Secondary 

or backscattered electrons are used for imaging in SEM but in STEM higher signals and 

better special resolution are available by detecting transmitted electrons.  Image 

formation is dependent on signals produced by the interactions between an electron 

beam as it scans the specimen and the specimen itself.  The advantage of using SEM 

over TEM is that the samples do not have to be as thin as TEM, however the resolution 

of SEM is less than that of TEM.  The advantage of using STEM is that it is suitable for 

use with further analysis techniques, such as energy dispersive x-ray spectroscopy 

(EDX) (Sawyer et al., 2008).  EDX is a standard technique for element identification.  It 

is attached to an SEM or STEM and uses the primary beam of the microscope to 

generate x-rays.  The composition of the sample of interest is analysed based on the 

energy of these x-rays (Hollerith et al., 2004). 

 

Dialysis and Inductively Coupled Plasma Mass Spectrometry (ICP-MS): 

Dialysis is a method by which ions are separated from NPs in media by allowing them 

to pass through dialysis bags made of regenerated cellulose.  Solutes diffuse across a 

selectively permeable membrane down a concentration gradient in an effort to achieve 

equilibrium (http://www.nanocomposix.com, 05/09/2012).  Once separated, the Zn 

concentration can be measured with ICP-MS.  ICP-MS measures most elements on the 
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periodic table and is used to quantitatively measure elements in a sample (Perkin Elmer 

Technical Note, 2012).  

 

 2.1.3 Aim of DLS and zeta potential study 

The aim of this study was to determine the level and rate of agglomeration of ZnO NPs 

and bulk particles in  EPA HW medium and sterile water, both in the presence and 

absence of organic matter (Suwannee River Humic Acid, HA), over a time period of 0 

to 96 hours, under experimentally relevant conditions.  The null hypothesis in this 

experiment was that time or the addition of HA did not affect the level and rate of 

agglomeration in ZnO NPs and bulk particles in EPA HW medium.  A further aim was 

to investigate the usefulness of this method of characterisation for use with complex 

medium and polydispersed suspensions of ZnO NPs.  A second study was conducted to 

assess the hydrodynamic diameter and zeta potential of the ZnO NPs and bulk particles 

under “pristine” conditions, i.e. filtered medium suspensions and deionised water 

samples, at the recommended concentrations as opposed to experimental concentrations, 

at one time point immediately after sonication.  Concentrations, as recommended by the 

Malvern user guide, were used, since concentrations used in ecotoxicology experiments 

were too low.   

 

2.1.4 Aim of FENAC studies 

The aim of the studies conducted at FENAC was to fully characterise the ZnO NP and 

bulk particles that were to be used in all toxicity testing.  The characterisation was 

performed on the powder form of ZnO NP as well as suspensions in EPA HW medium 

with and without 5mg/L HA, depending on the technique.  The null hypothesis 

examined in these studies was that the addition of HA would not affect the 

characteristics of the ZnO NPs when compared to those suspended in EPA HW medium 

alone. 
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2.2 Methods: 

2.2.1 DLS study 

Dispersion medium: 

The EPA HW medium was made according to the method outlined in Methods for 

Measuring the Acute Toxicity of Effluents and Receiving Waters to Freshwater and 

Marine Organisms, Fifth Edition, October 2002 (USEPA, 2002).  The constituents of 

the medium can be seen in Table 2.1. 

 

Table 2.1: Constituent salts of reconstituted hard water (USEPA, 2002). 

Salt Concentration (mg/L) in DI water 

Calcium sulphate dihydrate (CaSO4.2H20) 120 

Magnesium sulphate (MgSO4) 120 

Potassium chloride (KCl) 8 

Sodium hydrogen carbonate (NaHCO3) 192 

 

The analytical reagent grade salts were sourced from Fisher Scientific, Loughborough, 

U.K.  First, 2.4g CaSO4.2H2O was dissolved in 4L deionised water in two 2L beakers 

overnight.  The following day the solution was added to the water butt.  Following this 

2.4g MgSO4 and 0.16g KCl were dissolved in 1.8L of deionised water in separate 2L 

beakers for 15-20 minutes.  These were added to the water butt.  Finally, 3.84g NaHCO3 

was dissolved in 1.8L of deionised water for 15-20 minutes and then washed into the 

butt.  The water butt was then topped up to 20L.  Aeration was added to the butt via an 

air pump attached to standard aquarium tubing for at least two hours, but preferably 

overnight.  Sterile water was sourced from Baxter, U.K.  Deionised water was sourced 

from HWU. 

The ZnO NPs and bulk were sourced from Alfa Aesar, Germany.  The ZnO NP 

product was named “Zinc Oxide Nanogard” with a lot number of E06T060 and the ZnO 

bulk product was named “Zinc Oxide ACS 99% min.” with a lot number of E26331.   

Stock suspensions of nanoparticles were sonicated for 30 minutes at 20ºC.  Suspensions 

of NPs and bulk zinc oxide at concentrations of 1.25, 2.5, 5 and 10mg/l, with and 

without 5mg/l humic acid, were made from stock suspensions.  Suwannee River humic 

acid (HA) (sourced from the International Humic Substances Society, USA) was added 

to the stock suspensions as required after sonication.  5mg/L stock suspensions of HA 
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were prepared by adding 5mg HA to 1L of EPA HW medium and stirring (with a 

magnetic stirrer) for 15 minutes.  The humic acid was added after sonication as 

sonication can cause the acid to change (Naddeo et al., 2007).  Oxidation, pyrolysis or 

mechanical degradation of the humic acid molecules can occur in an ultrasonic field 

(Naddeo et al., 2007).  Once the suspensions had been prepared from the stock they 

were immediately read on the Zetasizer for the 0 hour time point.  

 

DLS (96 hour study): 

The Malvern Zetasizer Nanoseries, Nano – ZS, was switched on at least 30 minutes 

prior to the beginning of the experiment each day to prevent thermal equilibration 

problems which can affect measurement results.  Both hydrodynamic diameter and zeta 

potential readings were taken at 0, 24, 48, 72 and 96 hours.  Samples were taken from 

the top 1-2cm of solutions at each time point using a 2ml syringe, with care not to 

disturb the solution to prevent the re-suspension of any settled particles. 

  A hydrodynamic diameter SOP was run for both ZnO NPs and ZnO bulk 

particles which contained the particle and medium parameters.  Three readings were 

taken per sample and within these three readings the machine ran a number of times 

(amounts of runs determined by the machine based on the sample) to determine the 

hydrodynamic diameter.  A zeta potential SOP was prepared for both ZnO nanoparticles 

and ZnO bulk particles which contained the particle and medium parameters.  After the 

hydrodynamic diameter readings were taken the zeta potential SOP was opened and run 

in the same manner as described above i.e. three readings were taken per sample with 

numerous runs per reading.   

 

DLS (size measurement study): 

Solutions of NPs and bulk zinc oxide at concentrations of 0.1 and 0.01mg/ml, with and 

without 5mg/l humic acid, were made from the stock suspensions.  Prior to making up 

the stock solutions, however, the medium and deionised water were filtered through a 

0.2µm filter, with the first few drops discarded from each filter.  Stock solutions of NPs 

were sonicated for 30 minutes at 20ºC.  Suwannee River humic acid was added to the 



 

26 

 

stock solutions as required after sonication.  As previously described the humic acid 

was added after sonication as sonication can cause the acid to disassociate (Naddeo et 

al., 2007).  Once the suspensions had been prepared from the stock they were 

immediately read on the Zetasizer.  The Malvern Zetasizer Nanoseries, Nano –ZS, was 

switched on at least 30 minutes prior to the beginning of the experiment each day to 

prevent thermal equilibration problems which can affect measurement results.  Both 

hydrodynamic diameter and zeta potential readings were taken as previously described 

in the DLS 96 hour study.  

 

Statistical analyses: 

Statistics were carried out on these data using Minitab 15 Statistical Software.  Details 

of the tests carried out are detailed in the appropriate sections.  The p value was 

accepted at 0.05. 

 

2.2.2 FENAC studies 

These studies were carried out at FENAC at the University of Birmingham by Dr. Bjorn 

Stolpe.  Work was conducted over a two week period in January 2012.  I attended the 

facility during this time to learn about the techniques and gain relevant training, 

however the majority of data gathering, analysis and reporting was done and produced 

by Dr. Stolpe.  Each section written by Dr. Stolpe has been referenced as “Report 

FENAC/2010/2012/003, Dr. Bjorn Stolpe”.  I conducted parts of the studies (e.g. 

exposure of the worms, preservation of worms for sectioning etc.) and this will be noted 

by unreferenced methods. 

 

Culturing of test species 

The cultures of L. variegatus were held in hard reconstituted water adapted from the US 

Environmental Protection Agency (USEPA) guidelines (2002).  The constituents of the 

water can be seen in table 2.1.  This medium was made according to the protocol 

described in section 2.2.1. 
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L. variegatus cultures were maintained according to a protocol that was adapted 

from the OECD Guidelines (2007).  L. variegatus cultures were stored in 3 x 6L tanks 

in an incubator at 20 ± 1°C with a light regime of 16:8 hours.  The substrate used within 

the tanks was cut strips of unbleached brown paper towels.  The culture medium was 

renewed once per week by sieving the paper towels through a 500µm mesh into a large 

plastic tub.  The culture tanks were then scrubbed in tap water and rinsed in culture 

medium.  The paper towels were replenished if necessary and the worms were rinsed 

from the sieve, using culture medium, back into the clean tanks.  Worms were also 

collected from the bottom of the plastic tub and returned to the tanks.  The culture tank 

was then topped up with approximately 5L of culture medium.  Following this 0.7g of 

pre-powdered aquaria tropical flake food (Tetramin, Tetra, Germany) was added to each 

tank.  The tanks were replaced in the incubator with aeration (filtered air) provided via 

an air pump attached to standard aquarium tubing and glass pipettes. 

 

Synchronisation and exposure of worms prior to characterisation analysis: 

Twelve days prior to testing worms were artificially fragmented according to a protocol 

adapted from the OECD Guidelines 225 (2007).  Large worms, that did not show signs 

of natural fragmentation, were chosen and transferred from the culture aquarium to a 

glass petri dish which contained a small amount of EPA HW medium.  The worms were 

dissected along the median body region using a scalpel.  Care was taken that the 

posterior ends were of similar size.  Posterior parts of the worms were transferred to a 

1L beaker containing EPA HW medium and shredded unbleached, prewashed and 

autoclaved paper towels.  The beakers were then placed in an incubator (at 20°C ± 1°C) 

covered with parafilm and with aeration.  At day 7 of regeneration one beaker of worms 

were fed 0.35g pre-powdered aquaria tropical flake food (“TetraMin”, Tetra, Germany).  

After regeneration, worms that were actively swimming or crawling upon gentle 

stimulus were used in testing.   

The ZnO NPs were weighed using Sartorius CP2245 electric scales onto anti 

static trays in a laminar flow hood.  Once weighed the 0.02g of NPs were transferred to 

a volumetric flask containing 40ml EPA HW medium and were sonicated for 30 

minutes.  Suspensions of 1.25mg/L, 2.5mg/L, 5mg/L and 10mg/L ZnO NP were made 

up from the sonicated stock.  When the nanoparticle solutions were prepared the 
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temperature, dissolved oxygen and pH were measured.   In order for a test to proceed 

(according to the OECD Guideline 225, 2007) the parameters needed to be measured at 

certain times and be within the ranges specified in table 2.2.  Although this test was not 

done following the OECD protocol exactly these parameters were still held as best 

practice for the adapted protocol. 

 

Table 2.2: Parameters for testing (OECD Guideline 225, 2007). 

Parameter Level Checked 

Temperature 20°C ± 2°C 1 replicate at the beginning and end of 

testing 

Dissolved oxygen > 30% saturation 1 replicate at the beginning and end of 

testing 

pH Between 

6.0 – 9.0 

1 replicate at the beginning and end of 

testing 

 

The dissolved oxygen was measured with a Hach LDO HQ10 O2 dissolved oxygen 

meter.  The temperature was also measured using the DO meter which was inserted into 

the medium and gently stirred for 30 seconds or so until the temperature stabilised.  The 

probe was allowed to run until the percent oxygen saturation stabilised.  The pH was 

measured using a pHM210 standard pH meter (MeterLab Radiometer Analytical).  The 

probe was inserted into the medium and gently stirred until the pH stabilised.  After 

determination of each solution’s parameters 20ml of the required solution was added via 

a 20ml syringe to each glass vial.  After the solution was added one worm was added 

per vial.  The vials were then moved to the 20 ± 2°C controlled temperature room and 

arranged at random under a light regime of 16:8 hour light:dark.  They were left in the 

controlled temperature incubator for 96 hours.  During the 96 hour period vials were 

observed for any obvious changes in behaviour when compared to the controls or 

mortalities.  Any observations were recorded.  After 96 hours the worms were removed 

and preserved for testing as outlined below. 

 

BET: 

The total surface area of ZnO NPs and bulk particles was assessed using the BET gas 

adsorption method.  Amounts of 0.1 – 0.3g of ZnO NPs and bulk particles were 

outgassed under vacuum at 200˚C in BET-vials during 12 hours. Following this the 
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samples were weighed precisely (± 1 mg precision) and analysed using a SA 3100 

Surface Area Analyzer (Beckman Coulter). The temperature was controlled by 

immersing the vials in liquid nitrogen.  The gas was used to determine the free space in 

the vials and adsorption isotherm of N2 gas to determine the total surface area of the 

sample (0.05-0.2 relative pressure range). The correlation coefficients of the adsorption 

isotherms were always > 0.999.  The BET surface area was calculated by dividing the 

total surface area by the sample mass (Report FENAC/2010/2012/003, Dr. Bjorn 

Stolpe). 

 

XRD: 

Approximately 0.1 g of dry powdered ZnO-particles were analysed using XRD (Bruker 

D8 Advanced X-ray diffractometer, 5˚ to 90˚ 2θ, 0.0197˚ step size, 0.38 s count time). 

The XRD spectra were background corrected and the peak width at half peak height was 

measured at the characteristic peaks for ZnO at 2θ = 32.7˚, 34.4˚, 36.2˚, 47.5˚, 56.6˚, 

62.9˚ and 68.0˚. The instrument peak broadening was measured by determining the 

variation in peak width at half peak height with 2θ on a reference Al2O3 sample (NIST). 

The peak broadening caused by nanometre-sized ZnO-particles (β) was thereafter 

calculated by subtracting the instrument broadening from the peak widths at half peak 

height of the ZnO-particles.  The crystallite diameter (τ) was calculated using the 

Scherer equation (equation 1), where k = shape factor (0.95) and λ = X-ray wavelength 

(1.54 Å).   

 

  (1)                  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe) 

 

 

Sample preparation for AFM and TEM: 

Dispersions of 0.1 mg/L and 1 mg/L ZnO NPs were prepared in milli-Q water, EPA 

HW medium and EPA HW medium with 5mg/L HA.  Freshly cleaved sheets of 

muscovite (around 50 × 50 mm) and 300 mesh Formvar/carbon coated Cu TEM grids 

were placed in flat bottomed ultracentrifuge tubes, 10 mL of the ZnO-particle 

suspensions were added to the tubes, and the NPs were deposited onto the muscovite 
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and TEM-grids by 30000 rpm ultracentrifugation (Beckman L-75) during 60 min.  The 

muscovite and TEM-grids were cleaned from salt and un-adsorbed particles by gentle 

immersion in milli-Q water, and were thereafter dried under cover overnight. The same 

method was used to prepare samples after worm exposures, but 2.5mg/L and 10mg/L 

ZnO-suspensions were used and 300 mesh holey carbon coated Cu grids were used. 

(Report FENAC/2010/2012/003, Dr. Bjorn Stolpe) 

 

Atomic Force Microscopy (AFM): 

Sizes and shapes of the nanoparticles were analysed by AFM using a XE100 instrument 

(Park Systems).  The samples were analyzed in non-contact mode using a Si cantilever 

(PPP-NCHR, Park Systems), having a frequency of 300 Hz and a force constant of 42 N 

m
-1

.  Images of 2×2 µm, 5×5 µm and 30×30 µm were acquired and particle size 

distributions were determined by measuring the heights of at least 165 particles in each 

sample, using the XEI software (Park Systems).  (Report FENAC/2010/2012/003, Dr. 

Bjorn Stolpe) 

 

Transmission Electron Microscopy (TEM): 

Micrographs of the raw ZnO-particles and particles in the worm exposure media were 

acquired at 30k, 100k, 300k and 500k magnification using a TEM instrument (JEOL 

1200EX) with LaB6 filament, operating at 80 keV.  The micrographs were analysed 

using specially designed computer software (Digital Micrograph, (Gatan Inc.).  On most 

of the images, the particles were part of larger aggregates, and two different approaches 

were used for size and shape analysis.  In the first approach, individual nanoparticles 

were manually selected by marking their borders on the TEM-images, and their 

dimensions including length (l), breadth (b), equivalent circular diameter (d), area (A), 

convex area (Ac), perimeter (P) and convex perimeter (Pc) of each particle were given 

by the software.  From this information, the ‘form factor’ and ‘roundness’, describing 

the degree by which the 2-dimensional shape of the particles deviated from circular 

shape, were calculated using equations 2 and 3: 

2

4

eP

A
formfactor





  (2) 
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2

4

L

A
roundness





  (3) 

 

In the second approach, whole aggregates of particles were automatically selected by 

the software and their dimensions were measured.  In addition to the form factor and 

roundness, the ‘convexity’ and ‘solidity’ of each aggregate, describing how ‘convex’ or 

‘branched’ the aggregates were, was calculated using equations 4 and 5: 

 

P

P
convexity c   (4) 

cA

A
solidity     (5)    (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe) 

 

Preparation of Tissue Samples for analysis with STEM-EDX: 

Worms exposed to ZnO-particles were fixed in gluteraldehyde (1 hour) followed by 

fixing in osmium tetroxide (1 hour) and dehydration in alcohol/water mixture with 

successively increasing concentration of alcohol (70, 90 and 100 %, each 15 min).  The 

fixed worms were immersed in a 1:1 mixture of a resin (consisting of Araldite CY212, 

AGAR 100 resin, DDSA, DBP and DMP30) and propylene oxide during 45 min and 

were thereafter embedded in the mixture in a vacuum oven at 500-600˚C for 20 

minutes.  The resin was thereafter polymerized 60˚C and atmospheric pressure for 16 

hours.  100-120 nm sections of the embedded samples were cut using a Reichert-Jung 

Ultracut E ultramicrotome, and the sections were deposited on 200 mesh 

Formvar/carbon coated Cu grids.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe) 

 

Scanning transmission electron microscopy (STEM) and energy-dispersive X-ray 

spectroscopy (EDX): 

A scanning electron microscope (JEOL 7000F) with STEM and EDX units (Oxford 

Inca) were used to assess the uptake of ZnO-particles into worms. Micrographs of the 

sectioned worm tissue samples were acquired with a 20 keV electron beam in both 

STEM mode and in SEM mode with backscattered electron detection. Various areas of 

the tissue was analysed, but emphasis was laid on the gut of the worm, in order to 
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investigate the uptake of whole ZnO-particles. (Report FENAC/2010/2012/003, Dr. 

Bjorn Stolpe) 

 

Dialysis: 

The production of soluble Zn (< 1 kDa species e.g., Zn
2+

) from dissolution of ZnO-

particles was assessed using dialysis.  ZnO-particle suspensions (10 mg/L, 2L each) 

were prepared in EPA HW medium and EPA HW medium with humic acid. Dialysis 

bags of regenerated cellulose (SnakeSkin, 1 kDa Molecular Weight Cut Off (MWCO)) 

were filled with 100 mL of medium without ZnO-particles, were closed with specially 

designed clips (SnakeSkin, 50 mm) and immersed in the suspensions with ZnO-

particles. Two replicate bags were used for each ZnO-particle suspension. 5 mL samples 

were withdrawn from the bags at 17 occasions over a period of 33 days and were 

immediately acidified by adding 100 µL of concentrated ultrapure HNO3 to each 5 mL 

sample. The samples were diluted 100 times with milli-Q water, and again acidified to 1 

% with ultrapure HNO3, before analysis of Zn-concentrations using ICP-MS (Agilent 

7500ce with collision cell) (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

 

2.3 Results 

2.3.1 DLS and zeta potential study 

Due to the large data output of this study graphical representation of these data can be 

found in Appendix A. 

Upon investigating the parameters within the NP study, 54% of the PdIs were 

greater than 0.5, 6% “met the quality criteria” according to the export reports, 47% of 

the readings did not have 10kcps in excess of the media and 78% of the data did not 

have an intercept between 0.85 and 0.95 and in the zeta potential study 6% of the data 

“met the quality criteria”, indicating that the results obtained for a large proportion of 

the samples tested were not reliable.  Upon investigating the data in the bulk particle 

study 55% of the PdIs were greater than 0.5, 6% “met the quality criteria” according to 

the export reports, 43% of the readings did not have 10kcps in excess of the media, 96% 

of the data did not have an intercept between 0.85 and 0.95 and within the zeta potential 
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study 10% of the data “met the quality criteria”, again indicating that that the results 

obtained for a large proportion of the samples tested were not reliable. 

 

Hydrodynamic Data (HD) 

Table 2.3 below shows the experimental design for the 96 hour HD DLS study.  The 

study investigated 4 concentrations (1.25, 2.5, 5 and 10mg/L), 5 time points (0, 24, 48, 

72 and 96 hours), 4 media types (EPA HW and DI water with and without HA) and 2 

particle types (NP and bulk). 

Table 2.3: The experimental design for the 96 hour HD DLS study. 

Experiment Test Factors Interaction Factors 

DLS HD 

96 hour 
GLM 

Concentration (4) 

Conc*Time 

Conc*Media 

Conc*Particle 

Time (5) 

Time*Media 

Time*Particle 

Media*Particle 

Media type (4) 
Conc*Time*Media 

Conc*Time*Particle 

Particle type (2) 
Conc*Media*Particle 

Time*Media*Particle 

 

Statistics were carried out on these data using Minitab 15 Statistical Software.  P was 

set at 0.05 for all studies.  A Kolmogorov Smirnov test was performed to check for 

normality.  Data were found to be non compliant with requirements of parametric tests 

and so were transformed via log transformation.  After transformation data were found 

to be compliant and a general linear model (GLM) was performed to analyse the data.  

The output from the GLM can be seen in Table 2.4.   
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Table 2.4: GLM output table for hydrodynamic diameter 96 hour study examining 4 

factors (concentration, time, media type and particle type) and the interaction factors 

between these factors. 

 
Source DF Seq SS Adj SS 

Adj 

MS 
F P 

F
ac

to
rs

 Concentration 3 0.95690 0.98309 0.32770 3.89 0.017 

Particle 1 0.82611 0.84089 0.84089 9.98 0.003 

Media 3 28.85406 27.11036 9.03679 107.25 0.000 

Time 4 23.48006 22.92339 5.73085 68.01 0.000 

In
te

ra
ct

io
n
s 

Conc*Particle           3 0.36599 0.34273 0.11424 1.36 0.272 

Conc*Media              9 1.00668 0.97817 0.10869 1.29 0.277 

Conc*Time              12 2.49315 2.43667 0.20306 2.41 0.021 

Particle*Media          3 1.47594 1.41719 0.47240 5.61 0.003 

Particle*Time           4 4.75169 4.64227 1.16057 13.77 0.000 

Media*Time             12 2.22929 2.23902 0.18659 2.21 0.033 

Conc*Particle*Media     9 1.49774 1.45579 0.16175 1.92 0.081 

Conc*Particle*Time     12 1.20982 1.08007 0.09001 1.07 0.414 

Conc*Media*Time        36 3.21542 3.22132 0.08948 1.06 0.430 

Particle*Media*Time    12 2.30776 2.30776 0.19231 2.28 0.029 

 Error 35 2.94910 2.94910 0.08426   

Total 158 77.61971     

 

 

The concentration of ZnO (P = 0.017), the time point (P < 0.001), the media type (P < 

0.001) and the particle type (P = 0.03) were all found to be factors in determining size 

differences.  Tukey tests were performed in order to ascertain where these differences 

lay.  Within the concentration factor only the control was found to be significantly 

different (P = 0.037) from 10mg/L ZnO.  Within the time factor time 0 was significantly 

different from times 24, 48, 72 and 96 (P < 0.001) and time 24 was significantly 

different from 72 hours (P < 0.001) and 96 hours (P < 0.001).  Within the media factor 

EPA HW media and EPA HW media with HA was significantly different from 

deionised water and deionised water with HA (P < 0.001).  Interactions factors were 

also tested for significance in this model.  It was found that the interactions between 

concentration and time (P = 0.021), particle and time (P < 0.001), particle and media (P 

= 0.003), media and time (P = 0.033) and between the particle, media and time (P = 

0.029) were all found to be significant.  This indicates that the effects of the factors 

were not additive, i.e. the groups observations assigned to one factor do not respond in 

the same way as those assigned to another factor (Dytham, 2011).   
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Zeta potential Data (ZP): 

Table 2.5 below shows the experimental design for the 96 hour ZP DLS study.  The 

study investigated 4 concentrations (1.25, 2.5, 5 and 10mg/L), 5 time points (0, 24, 48, 

72 and 96 hours), 4 media types (EPA HW and DI water with and without HA) and 2 

particle types (NP and bulk). 

 

Table 2.5: The experimental design for the 96 hour ZP DLS study. 

Experiment Test Factors Interaction Factors 

DLS ZP 

96 hour 
GLM 

Concentration (4) 
Conc*Time 

Conc*Media 

Time (5) 

Conc*Particle 

Time*Media 

Time*Particle 

Media type (4) 

Media*Particle 

Conc*Time*Media 

Conc*Time*Particle 

Particle type (2) 
Conc*Media*Particle 

Time*Media*Particle 

 

A Kolmogorov Smirnov test was performed to check for normality.  Data were found to 

be compliant with requirements of parametric tests and a global general linear model 

(GLM) was performed to analyse the data.  The output from the GLM can be seen in 

Table 2.6.   
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Table 2.6: GLM output table for 96 hour zeta potential study examining 4 factors 

(concentration, time, media type and particle type) and the interaction factors between 

these factors. 

 
Source DF Seq SS Adj SS 

Adj 

MS 
F P 

F
ac

to
rs

 Concentration 3 328.88    392.26   130.75    2.83   0.049 

Particle 1 234.33    265.64   265.64    5.75   0.021 

Media 3 1475.51   1660.46   553.49   11.98   0.000 

Time 4 1959.57   2069.87   517.47   11.20   0.000 

In
te

ra
ct

io
n
s 

Conc*Particle           3 27.62     25.06     8.35    0.18   0.909 

Conc*Media              9 297.59    403.14    44.79    0.97   0.477 

Conc*Time              12 1003.85   1069.54 89.13    1.93   0.055 

Particle*Media          3 112.76    116.08    38.69    0.84   0.480 

Particle*Time           4 836.58    839.60   209.90    4.54   0.004 

Media*Time             12 1035.75   1041.32    86.78    1.88   0.063 

Conc*Particle*Media     9 555.46    568.08    63.12    1.37   0.231 

Conc*Particle*Time     12 432.19    381.28    31.77    0.69   0.754 

Conc*Media*Time        36 1002.01   1002.01    27.83    0.60   0.941 

Particle*Media*Time    12 1183.76 1151.42    95.95    3.35   0.003 

 Error 34 2124.68   2124.68    46.19   

Total 157 11426.78     

 

 

The concentration of ZnO (P = 0.049), the time point (P < 0.001), the media type (P < 

0.001) and the particle type (P = 0.021) were all found to be significantly different from 

each other.  Tukey tests were performed in order to ascertain where these differences 

lay.  Within the concentration factor the control was significantly different from 1.25, 

2.5 and 5mg/L (P < 0.01), 1.25, 2.5 and 5mg/L was significantly different from 10mg/L 

(P = 0.034).  Within the time factor time 0 was significantly different from all other 

time points (P = 0.023).  Time 24 was significantly different from 48 and 72 hours (P = 

0.04) and 72 hours was significantly different from 96 hours (P = 0.03).  Within the 

media factor EPA HW media was significantly different from deionised water with HA 

(P < 0.001), EPA HW medium with HA was significantly different from EPA HW 

medium (P = 0.004) and deionised water (P < 0.01) and deionised water was 

significantly different from deionised water with HA (P < 0.001).  Interactions factors 

were also tested for significance in this model.  It was found that the interaction between 

particle and time (P < 0.001) was found to be significant.  This indicates that the effects 

of the factors were not additive, i.e. the groups observations assigned to one factor do 

not respond in the same way as those assigned to another factor (Dytham, 2011).   
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Summary of NP ZnO results: 

Graphical representations of these data can be found in Appendix A.  At 0 hours (Figure 

1, Appendix A) the most stable suspension was sterile water with HA, all other 

suspensions were unstable.  The largest hydrodynamic diameter was seen in the EPA 

HW with HA and sterile water suspensions at 10mg/L.  At 24 hours (Figure 2, 

Appendix A) a high level of agglomeration was seen in the EPA HW suspension across 

all concentrations and this was reflected in the zeta potential results which were all 

greater than -30mV (i.e. between 0 and -30mV).  At 48 hours (Figure 3, Appendix A) 

the EPA HW suspension had the highest level of agglomeration.  At 72 hours (Figure 4) 

the EPA HW suspensions were all unstable.  At 96 hours (Figure 5) no suspension 

appeared different from the previous time point of 72 hours.   

 

 

Summary of Bulk ZnO Results: 

At 0 hours (Figure 6, Appendix A) the EPA HW suspension had a hydrodynamic 

diameter that was larger than that of the sterile water and sterile water with H.A. 

suspensions.  The zeta potential of the sterile with HA water suspensions indicate that 

they were stable since they were less than -40mV.  At 24 hours (Figure 7, Appendix A) 

sterile water with HA were seen to be the most stable across the concentrations (zeta 

potential less than -30mV).  At 48 hours (Figure 8, Appendix A) all suspensions were 

unstable.  At 72 hours (Figure 9, Appendix A) EPA HW with HA suspension was stable 

at 10mg/L.  The sterile water suspensions were stable at 72 hours at 1.25. 2.5 and 

5mg/L.  At 96 hours (Figure 10, Appendix A) only 5mg/L was seen to be stable.  The 

sterile water with HA suspensions were stable at 2.5 and 5mg/L. 
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2.3.2 Size Measurement Results 

Table 2.7 below shows the experimental design for the size measurement HD DLS 

study.  The study investigated 2 concentrations (0.01 and 0.1mg/L), 2 HA (with and 

without HA), 2 media types (EPA HW and DI water) and 2 particle types (NP and 

bulk). 

Table 2.7: The experimental design for the size measurement HD DLS study. 

Experiment Test Factors Interaction Factors 

DLS HD 

Size 

Measurement 

GLM 

Concentration (2) 

Conc*Time 

Conc*Media 

Conc*Particle 

HA (2) 

Time*Media 

Time*Particle 

Media*Particle 

Media type (2) 
Conc*Time*Media 

Conc*Time*Particle 

Particle type (2) 
Conc*Media*Particle 

Time*Media*Particle 

 

Figure 2.1 and 2.2 show the hydrodynamic diameter and zeta potential of ZnO NPs and 

bulk particles in filtered EPA HW medium and filtered deionised water, both in the 

presence and absence of 5mg/L humic acid.  Even though the media were filtered some 

particulate matter was still picked up in the sample.  Statistics were performed in order 

to assess if there were any significant differences between the different conditions. 

 

Hydrodynamic diameter data 

A Kolmogorov Smirnov test was performed to check for normality.  Data were found to 

comply with parametric test requirements and a global general linear model (GLM) was 

performed to analyse the data.  The output from the GLM can be seen in Table 2.8.  The 

media type (P = 0.011) and the particle type (P = 0.008) were found to lead to 

significantly different results.  Within the media factor, the EPA HW samples were 

found to have significantly higher HD than DI water samples.  Within the particle 

factor, the bulk HD was significantly greater than NP HD.  Interactions factors were 

also tested for significance in this model.  It was found that the interaction between 
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concentration, particle and media (P = 0.048) was found to be significant.  This 

indicates that the effects of the factors were not additive, i.e. the groups observations 

assigned to one factor do not respond in the same way as those assigned to another 

factor (Dytham, 2011).   

 

Table 2.8: GLM output analysis carried out on hydrodynamic diameter data from the 

size measurement study examining 4 factors (concentration, time, media type and 

particle type) and the interaction factors between these factors. 

 

 Source DF Seq SS Adj SS Adj MS F P 

F
ac

to
rs

 Concentration 1 85673 85673 85673 146.29 0.053 

Particle 1 4008004 4008004 4008004 6843.80 0.008 

Media 1 1797745 1797745 1797745 3069.71   0.011 

Addition of HA 1 29070 29070 29070 49.64   0.090 

In
te

ra
ct

io
n
s 

Conc*Particle           1 3387 3387 3387 5.78   0.251 

Conc*Media              1 256 256 256 0.44   0.628 

Conc*HA             1 33343 33343 33343 56.93   0.084 

Particle*Media          1 21404 21404 21404 36.55   0.104 

Particle*HA          1 10609 10609 10609 18.12   0.147 

Media*HA             1 16307 16078 16078 27.45   0.120 

Conc*Particle*Media     1 103362 103362 103362 176.49   0.048 

Conc*Particle*HA     1 620 620 620 1.06   0.491 

Conc*Media*HA       1 16307 16307 16307 27.85   0.119 

Particle*Media*HA    1 106080 106080 106080 181.14   0.047 

 Error 1 586 586   586     

Total 15 6232525     
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Figure 2.1: The hydrodynamic diameter and zeta potential of ZnO nanoparticles in 

filtered EPA HW media and filtered deionised water, both in the presence and absence 

of 5mg/L Suwannee River Humic Acid (Data represents means ± SE). 
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Zeta potential Data: 

Table 2.9 below shows the experimental design for the size measurement HD DLS 

study.  The study investigated 2 concentrations (0.01 and 0.1mg/L), 2 HA (with and 

without HA), 2 media types (EPA HW and DI water) and 2 particle types (NP and 

bulk). 

 

Table 2.9: The experimental design for the size measurement ZP DLS study. 

Experiment Test Factors Interaction Factors 

DLS ZP 

Size 

Measurement 

GLM 

Concentration (2) 

Conc*Time 

Conc*Media 

Conc*Particle 

HA (2) 

Time*Media 

Time*Particle 

Media*Particle 

Media type (2) 
Conc*Time*Media 

Conc*Time*Particle 

Particle type (2) 
Conc*Media*Particle 

Time*Media*Particle 

 

 

A Kolmogorov Smirnov test was performed to check for normality.  Data were found to 

comply with parametric test requirements and a global general linear model (GLM) was 

performed to analyse the data.  The output from the GLM can be seen in Table 2.10.  

No factor or interaction was found to be significantly different. 
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Table 2.10: GLM output table for the size measurement zeta potential study examining 

4 factors (concentration, time, media type and particle type) and the interaction factors 

between these factors. 

 Source DF Seq SS Adj SS Adj 

MS 

F P 
F

ac
to

rs
 Concentration 1 166.80   166.80   166.80   4.46   0.282 

Particle 1 46.04    46.04    46.04    1.23   0.467 

Media 1 116.32   116.32   116.32   3.11   0.328 

Addition of HA 1 534.30   534.30   534.30   14.29   0.165 

In
te

ra
ct

io
n
s 

Conc*Particle           1 36.18    36.18    36.18    0.97   0.505 

Conc*Media              1 3.55     3.55     3.55     0.10   0.810 

Conc*HA             1 361.57   361.57   361.57   9.67   0.198 

Particle*Media          1 16.12    16.12    16.12    0.43   0.630 

Particle*HA          1 59.52    59.52    59.52    1.59   0.427 

Media*HA             1 13.07    13.07    13.07    0.35   0.660 

Conc*Particle*Media     1 53.51    53.51    53.51    1.43   0.443 

Conc*Particle*HA     1 52.06    52.06    52.06    1.39   0.448 

Conc*Media*HA       1 0.17     0.17     0.17     0.00   0.957 

Particle*Media*HA    1 53.51    53.51    53.51    1.43   0.443 

 Error 1 37.39    37.39    37.39      

Total 15 1550.11     

 

 

Upon investigating the parameters within the NP study, 10% of the PdIs were greater 

than 0.5, 10% “met the quality criteria” according to the export reports, 66% of the 

readings did not have 10kcps in excess of the media and 40% of the data did not have 

an intercept between 0.85 and 0.95.  In the ZP study 50% of the data “met the quality 

criteria”.  Upon investigationg the data in the bulk particle study 90% of the PdIs were 

greater than 0.5, 0% “met the quality criteria” according to the export reports, 66% of 

the readings did not have 10kcps in excess of the media, 90% of the data did not have 

an intercept between 0.85 and 0.95 and within the ZP study 10% of the data “met the 

quality criteria”.  These results indicated that not all of the results obtained for the 

samples tested were reliable.  
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Figure 2.2: The hydrodynamic diameter and zeta potential of ZnO bulk particles in 

filtered EPA HW media and filtered deionised water, both in the presence and absence 

of 5mg/L Suwannee River Humic Acid (Data represents means ± SE). 
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2.3.3 FENAC studies 

The following results were written by Dr. Bjorn Stolpe, FENAC, 2012 and each section 

is referenced as “Report FENAC/2010/2012/003, Dr. Bjorn Stolpe”. 

 

BET surface area 

The BET surface area was 12.06 ± 0.023 m
2
/g for ZnO NPs, and 5.8 ± 0.37 m

2
/g for the 

ZnO-bulk particles.  The average values and standard deviations are based on 3 replicate 

measurements each.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

 

XRD 

The XRD-spectra of the ZnO nanoparticles and bulk particles were compared with a 

reference library and were confirmed to be particles composed of ZnO.  The crystallite 

diameter (average value of the crystallite diameters determined at 2θ = 32.7˚, 34.4˚, 

36.2˚, 47.5˚, 56.6˚, 62.9˚ and 68.0˚) were for nanoparticles 199 ± 53 nm and for bulk 

particles 208 ± 28 nm.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

  

TEM 

The TEM-micrographs of ZnO suspensions in EPA HW medium showed particles that 

were several hundred nm in diameter, appearing to be composed of smaller 

nanoparticles aggregated or ‘fused’ together (Figure 2.3A, C; Table 2.11).  The form 

factor and roundness (see below) of the aggregates of both nano and bulk particles in 

EPA HW medium were low (average form factor around 0.2, average roundness around 

0.4-0.5) showing that the 2-dimensional shapes of the aggregates were far from circular 

(circular shape would give form factor = 1 and roundness = 1).  The convexity and 

solidity of the aggregates of both nano and bulk-particles were also rather low (average 

convexity around 0.6, average solidity around 0.7), showing that the aggregates were 

highly ‘branched’ and concave (totally convex and solid particles would give convexity 

= 1 and solidity = 1).  The TEM-micrographs from samples of EPA HW medium with 

humic acid showed particles with varying structure and morphology (Figure 2.3 B, D), 
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that looked rather different from the particles in EPA HW medium without humic acid.  

However, no significant differences in size, form factor, roundness, convexity or 

solidity could be shown between aggregates in EPA HW medium with and without HA 

(based on two-tailed T-test with 5 % significance).  The numbers of aggregates used for 

the T-tests (6-42) were probably too low for the tests to be meaningful.  (Report 

FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3: TEM micrographs of ZnO-nanoparticles (A and B) and ZnO-bulk particles (C 

and D) in EPA HW medium (A and C) and EPA HW medium with humic acid (B and 

D). 
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Table 2.11: Size and shape factors of particle-aggregates in EPA HW medium with and 

without humic acid (mean ± SD). 

 ZnO-nanoparticles ZnO-bulk particles 

 EPA HW 

medium 

EPA HW 

with humic 

acid 

EPA HW 

medium 

EPA HW 

with humic 

acid 

Length (nm) 850 ± 380 670 ± 960 840 ± 460 890 ± 1000 

Breadth (nm) 550 ± 210 360 ± 470 610 ± 330 550 ± 610 

Equivalent circular 

diameter (nm) 

720 ± 300 530 ± 740 730 ± 390 730 ± 840 

Form factor 0.18 ± 0.075 0.2 ± 0.13 0.18 ± 0.088 0.2 ± 0.16 

Roundness 0.4 ± 0.13 0.4 ± 0.13 0.47 ± 0.095 0.4 ± 0.12 

Convexity 0.58 ± 0.087 0.6 ± 0.10 0.6 ± 0.10 0.6 ± 0.17 

Solidity 0.68 ± 0.088 0.8 ± 0.51 0.71 ± 0.076 0.7 ± 0.11 

 

 

The TEM micrographs from the EPA HW medium (where worms had been living 

during 10 days without ZnO-particles) showed large aggregates of small elongated (up 

to about 50 nm in length, 10 nm in breadth) particles (Figure 2.4A).  It is possible that 

those particles were produced by the worms, or that they were formed by precipitation 

from the salts composing the EPA HW medium.  Some micrographs (e.g., 2.4A1a) 

showed a diffuse ‘matrix’ surrounding the particles, probably organic matter produced 

by the worms of by bacteria in the exposures. The micrographs of control samples of 

EPA HW with HA sometimes showed a type of small (about 10 nm) particles (e.g., 

Figure 2.4A2a), probably representing the macromolecules of humic acid.  Some of the 

micrographs from the exposures with ZnO-particles (e.g., Figure 2.4B2a) showed the 
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same type of small elongated particles that were found in the control samples. However, 

the micrographs from the exposures of both ZnO NPs (Figure 2.4B) and bulk particles 

(Figure 2.4C) were dominated by larger (about 10 nm to a few 100 nm) particles with 

oval, rounded or angular shapes, that occurred both as discrete particles and as part of 

larger aggregates.  Some of those particles were surrounded by the diffuse ‘matrix’, 

presumably organic matter.  The aggregates of ZnO-particles in the exposures (Figure 

2.4) looked rather different from the aggregates of ‘raw’ ZnO particles (Figure 2.3), as 

they were not ‘fused’ together in the same way, but appeared to be composed of distinct 

particles.  However, in most cases the size and shape factors of the aggregates in the 

different samples could not be shown to be significantly different (based on T-test with 

5 % confidence level), neither when the samples of ‘raw’ particles were compared with 

the exposure media, nor when the different exposure media with different 

concentrations of ZnO particles (2.5 and 10 mg/L) and exposure media with and 

without humic acid were compared (Table 2.11).  As previously stated, the number of 

aggregates found on the TEM-micrographs was probably too low to carry out a 

meaningful T-test.  An exception from the other samples was the exposure sample with 

2.5 mg/L ZnO NPs in EPA HW medium, in which the aggregates were significantly 

smaller and had significantly higher values of form factor, roundness, convexity and 

solidity compare with most other samples (Table 2.10).  It is possible that a lower 

concentration of ZnO-nanoparticles, in the absence of HA, resulted in smaller and more 

compact aggregates.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 
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Fig. 2.4: TEM micrographs of exposure medium after 4 day worm-exposures.  

Control samples without ZnO particles (A), ZnO nanoparticles (B) and ZnO bulk 

particles (C) in EPA HW medium (A1, B1, C1) and EPA HW medium with humic 

acid (A2, B2, C2).  (Lower case letters indicate image is from the same sample i.e. 

A1a and A1b are different images from the same TEM slide). 

 

C1a C1b C2a C2b 
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Table 2.12: Size and shape factors of particle-aggregates in medium after worm exposures (mean ± SD). 

 ZnO-nanoparticles   ZnO-bulk particles   

 2.5 mg/L in 

EPA HW 

medium 

10 mg/L in 

EPA HW 

medium 

2.5 mg/L in 

EPA HW with 

humic acid 

10 mg/L in 

EPA HW with 

humic acid 

2.5 mg/L in 

EPA HW 

medium 

10 mg/L in 

EPA HW 

medium 

2.5 mg/L in 

EPA HW with 

humic acid 

10 mg/L in 

EPA HW with 

humic acid 

Length (nm) 430 ± 430 1140 ± 870 780 ± 910 630 ± 520 1650 ± 

1030 

1770 ± 

1040 

1100 ± 970 1720 ± 1220 

Breadth (nm) 260 ± 300 720 ± 600 520 ± 730 380 ± 350 1080 ± 790 970 ± 600 690 ± 600 1220 ± 1060 

Eq. circ.diam. 

(nm) 

360 ± 370 950 ± 750 660 ± 830 520 ± 440 1400 ± 940 1420 ± 840 900 ± 770 1530 ± 1170 

Form factor 0.4 ± 0.19 0.14 ± 

0.094 

0.2 ± 0.16 0.3 ± 0.20 0.23 ± 

0.094 

0.2 ± 0.16 0.3 ± 0.14 0.2 ± 0.20 

Roundness 0.5 ± 0.14 0.4 ± 0.13 0.40 ± 0.099 0.4 ± 0.13 0.5 ± 0.14 0.3 ± 0.11 0.42 ± 0.098 0.36 ± 0.077 

Convexity 0.7 ± 0.15 0.6 ± 0.10 0.6 ± 0.15 0.6 ± 0.17 0.6 ± 0.11 0.6 ± 0.15 0.7 ± 0.13 0.7 ± 0.21 

Solidity 0.8 ± 0.15 0.6 ± 0.14 0.7 ± 0.13 0.7 ± 0.15 0.74 ± 

0.092 

0.7 ± 0.12 0.7 ± 0.11 0.6 ± 0.16 

 

(Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 
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Sizes and shapes were also determined on the individual particles making up the larger 

aggregates.  The TEM-micrographs from the exposure samples were used for this 

analysis.  The results are shown in Figure 2.5 and Table 2.13.  The size distributions 

were not normal, and are therefore described by the median value and the upper/lower 

quartiles (the average value coincides with the maximum of the size distribution only if 

the distribution is Gaussian).  Both the discrete ZnO NPs and bulk particles had broad 

size distributions, but the nanoparticles were smaller (median equivalent circular 

diameter 91 nm) than the bulk particles (237 nm).  The form factor and roundness of the 

ZnO-particles were around 0.6-0.7, and are consistent with most particles being oval in 

two dimensions (completely circular shapes have form factor and roundness of 1, lower 

values indicate deviations from circular shape).  However, the bulk particles had lower 

form factor and roundness (median values 0.62 and 0.59 respectively) than the 

nanoparticles (median values 0.69 and 0.63), showing that the bulk particles were more 

elongated or angular in shape than the nanoparticles.  (Report FENAC/2010/2012/003, 

Dr. Bjorn Stolpe). 

 

 

 

 

 

Fig. 2.5: Particle size (equivalent spherical diameter) of individual ZnO-

nanoparticles and ZnO-bulk particles, determined by TEM. 
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Table 2.13: Size and shape factors of individual ZnO-particles, measured by TEM. 

 ZnO-nanoparticles 

(n = 799) 

ZnO-bulk particles  

(n = 70) 

Length (nm) 108 (
159

74) 289 (
369

208) 

Breadth (nm) 67 (
99

47) 175 (
218

122) 

Equivalent circular diameter (nm) 91 (
133

64) 237 (
322

165) 

Form factor 0.69 (
0.74

0.62) 0.62 (
0.68

0.55) 

Roundness 0.63 (
0.72

0.52) 0.59 (
0.69

0.50) 

Median (interquartile range) (n = number of particles measured) 

 

 

AFM 

Selected AFM images and diameter (height) distributions of particles determined by 

AFM (minimum 165 particles in each sample) are shown in Figure 2.6.  In the sample 

of ZnO-nanoparticles in milli-Q water, only a few large particles could be found, and it 

was therefore not possible to determine the size distribution in that sample.  For the 

other samples, the median sizes and upper/lower quartiles are given in Table 2.14, and 

they were considerably smaller than the sizes of individual ZnO particles determined by 

TEM.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 
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Fig. 2.6: AFM images (A1-F1, A2-F2) and associated particle height 

distributions (A3-F3) of ZnO-nanoparticles in milli-Q water (A), EPA HW 

medium (B) and EPA HW medium with humic acid (C), and of ZnO-bulk 

particles in milli-Q water (D), EPA HW medium (E) and EPA HW medium 

with humic acid (F). 

 



 

53 

 

Table 2.14: Median diameter (height) and interquartile ranges of ZnO particles in 

different media determined by AFM. 

 ZnO nanoparticles ZnO bulk particles 

Milli-Q water  35.5 (
65.4

14.0) (n = 165) 

EPA HW medium 5.2 (
16.2

3.3) (n = 231) 9.1 (
20.3

5.6) (n = 200) 

EPA HW medium with humic acid 7.0 (
15.2

2.5) (n = 210) 10.8 (
25.8

4.4) (n = 204) 

(Median height (interquartile range) (n = number of particles measured)) 

 

 

STEM-EDX 

It was difficult to detect any levels of Zn above the background in the worm tissues 

exposed to ZnO particles using STEM-EDX.  In one single worm from the sample of 10 

mg/L ZnO bulk particles in EPA HW medium, Zn-rich particles with similar sizes and 

shapes as the ZnO bulk particles were found in the gut of the worm (Figure 2.7 a, b, c).  

Another type of nearly circular structures were found in the tissues surrounding the gut, 

and were rich in P and S (Figure 2.7 d, e), but without detectable levels of Zn.  
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Fig. 2.7: STEM-micrographs (A, B, D) and associated EDX-spectra (C and E) from 

tissues of worms exposed to ZnO NPs and ZnO bulk particles for 10 days.  Image B 

and spectra C show a Zn particle within the gut of the worm.  Image D shows a 

particle in the gut however no Zn was detected (spectra E). 
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Dialysis 

The containers outside the dialysis bags contained 10 mg/L ZnO particles, equivalent to 

8.03 mg/L Zn. The concentrations of Zn in suspension immediately after the start of the 

experiment was 5.49 mg/L for nanoparticles in EPA HW medium, 7.71 mg/L for 

nanoparticles in EPA HW medium with humic acid, 7.83 mg/L for bulk particles in 

EPA HW medium, and 5.47 mg/L for bulk-particles in EPA HW medium with humic 

acid.  In the end of the dialysis experiment (after 33 days) the concentrations of 

suspended Zn had decreased to 2.75 mg/L for nanoparticles in EPA HW medium, 2.44 

mg/L for nanoparticles in EPA HW medium with HA, 1.64 mg/L for bulk-particles in 

EPA HW medium and 1.51 mg/L for bulk particles in EPA HW medium with HA.  The 

concentrations of Zn inside all the dialysis bags increased rapidly immediately after the 

start of the experiments (Figure 2.8).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8: Variations in Zn-concentration with time inside dialysis bags immersed in 10 

mg/L suspensions of ZnO-nanoparticles (A, B) and ZnO bulk particles (C, D) in EPA 

HW medium (A, C) and EPA HW medium with humic acid (B, D). Data points used 

for calculating the solubility are indicated by the filled squares. 
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The increase in Zn concentrations became successively slower, and the concentrations 

usually stabilised after around 200 hours.  The average Zn concentrations inside the 

dialysis bags after 198 hours (including all but one outlying data point in the ZnO NP 

sample in EPA HW medium, Figure 2.8A) were 0.9 ± 0.15 mg/L for nanoparticles in 

EPA HW medium, 0.8 ± 0.12 mg/L for nanoparticles in EPA HW medium with humic 

acid, 0.6 ± 0.13 mg/L for bulk particles in EPA HW medium, and 0.6 ± 0.23 mg/L for 

bulk particles in EPA HW medium with humic acid.  There was a significant difference 

in solubility between nanoparticles and bulk particles in EPA HW medium (based on T-

test at 5% significance level).  There was no significant difference between the 

solubility of NPs compared with NPs with HA, between bulk particles and bulk 

particles with HA and between NP with HA and bulk particles with HA. 
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2.3.4 Summary of results 

Table 2.15 below shows a summary of the results found in the studies from HWU and 

FENAC. 

Table 2.15: Summary of results obtained from studies performed at HWU and FENAC. 

 NP NP + HA 
 

Bulk Bulk + HA 

Manufacturer Size 
40-100nm - 

-325 mesh 

(~44µm) 
- 

DLS HD Diameter  

(DI water @ 

0.01mg/L) 
406.7nm 372.3nm 1436nm 1228nm 

DLS HD Diameter  

(EPA medium @ 

0.01mg/L) 

1021nm 939.6nm 1924nm 2272nm 

Zeta Potential  

(DI water @ 

0.01mg/L) 
-31.3 -34.1 -38.5 -43.0 

Zeta Potential  

(EPA medium @ 

0.01mg/L) 

-29.5 -30.3 -34.6 -34.7 

BET Surface Area 12.064m
2
g

-1
 - 5.821m

2
g

-1
 - 

XRD Crystallite 

Size 
199 ± 53nm 

(confirmed 

ZnO) 

- 

208 ± 28nm 

(confirmed 

ZnO) 

- 

TEM 

(agglomerates) 

 

TEM (NPs) 
(Median(interquartile range)) 

720 ± 300nm 

 

91 

(133/64)nm 

530 ± 740nm 

 

- 

730 ± 390nm 

 

237 

(322/165)nm 

730 ± 840nm 

 

- 

Dialysis 0.9 ± 0.15 

mg/L 

0.8 ± 0.12 

mg/L 

0.6 ± 0.13 

mg/L 

0.6 ± 0.23 

mg/L 

AFM 
(Median(interquartile range)) 

5.2  

(16.2/3.3)nm 

7.0 

(15.2/2.5)nm 

9.1  

(20.3/5.6)nm 

10.8  

(25.8/4.4)nm 
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2.4 Discussion 

The physicochemical properties of NPs have been extensively referred to in the 

literature as important factors in determining their potential toxicity (e.g. Adams et al., 

2006; Xia et al., 2008; Cho et al., 2011).  As mentioned in the introduction, in order to 

sustain the nanotechnology sector, comprehensive studies must be conducted to assess 

the toxicity of NPs in relation to environmentally relevant organisms and a major part of 

such studies will entail characterising and understanding the physicochemical properties 

of these NPs. 

 

2.4.1 DLS Study 

Time course 96 hour study 

A number of studies have investigated the agglomeration of NPs in aqueous 

suspensions and most nanoparticles have been shown to agglomerate when hydrated 

(Chen et al., 2007; Pettibone et al., 2008; Berg et al., 2009; Domingos et al., 2009, 

Keller et al., 2010).  These studies investigated numerous conditions, such as pH, 

concentrations of organic matter and the ionic strength of the suspensions, which can 

affect the agglomeration of particles and ultimately their fate in environmental media.  

In the present study, the effects on agglomreation of salts (CaSO4, MgSO4, NaHCO3 

and KCl) within a medium, the effects on agglomeration of organic matter and the 

effects on agglomeration over time were investigated.  pH was not considered in these 

studies due to size (e.g. space, access to DLS machine), cost (Suwannee River HA is 

very expensive) and time constraints.  Within this study contaminant particles were 

detected in all four control media (deionised water with and without 5mg/L HA and 

EPA HW medium with and without 5mg/L HA) at each time point during the 96 hours 

study and this was to be expected as the media had not been filtered as recommended by 

the user manual for the Malvern Zetasizer (2008).  The reason the media had not been 

filtered was for the data to give a relevant representation of the media used in 

ecotoxicological experimentation.  However, the media had been filtered in the size 

measurement experiment and contaminant particles were still detected in the controls.  

This suggests that the 0.2µm filter may not have been sufficient to remove contaminant 

particles (e.g. constituent salts in the EPA HW media and dust particles in both media 

types).  The recommended minimum concentration suggested by Malvern for particles 
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of 10-100nm is 0.1mg/ml, or for 100nm-1µm is 0.01mg/ml.  The particles used in this 

study, according to the manufacturer, ranged from 40-100nm (NP) and -325mesh 

(~44µm; bulk) and so the highest experimental concentration of 10mg/L may have 

proved to be the most relevant.  However, the Malvern manual also states that various 

concentrations should be investigated to avoid concentration dependent effects.  In this 

study each factor, i.e. the concentration of particles, time, the medium type and the 

particle type, was seen to have a significant impact on the results when using DLS to 

characterise the HD and ZP of ZnO NPs in environmentally relevant media.  The 

recommended minimum concentration of NPs, that is 0.01mg/ml, was found to yield the 

only significantly different HD results from the control.  When measuring ZP however 

this is not the case as all concentrations were found to have various degrees of stability.  

This is not an unexpected result as the Zetasizer will measure ZP at any concentration 

provided there is a count rate of 20kcps or above.  As expected, it also appears that this 

study is time sensitive as 0 hours was significantly different from all other time points.  

This may be attributed to the solubility of ZnO NPs and their tendency to 

aggregate/agglomerate.  The media type was also found to be a significant factor.  It 

was expected that the EPA HW suspensions would have greater hydrodynamic 

diameters than the sterile water suspensions as the salt concentrations of the media 

would increase agglomeration and that humic acid would increase the dispersion and 

stability of the suspensions.  This study suggests that the NPs interact with salts in the 

media and with organic matter.  HA was found to increase the stability of the 

suspensions in both media types, which is in keeping with the literature as in previous 

studies humic substances have been shown to increase the dispersion and stabilise 

suspensions of nanoparticles (Chen and Elimelech, 2006; Hyung et al., 2007).   

As mentioned in the introduction, DLS is a useful method for assessing the size 

and stability of a suspension of nanoparticles, however cautious interpretation of the 

results is necessary.  It is clear from the results obtained in this study that it is necessary 

to examine numerous parameters when exploring the data released from the Malvern 

Zetasizer Nano.  Often publications will cite the Z-average number (the hydrodynamic 

diameter) without a reference to the e.g. PdI, count rate or intercept, all of which give 

meaning to the Z-average value.  According to the Malvern User Manual (2008) there 

are a number of parameters that must be within a certain range in order for a reading to 

be “acceptable”.  These parameters include having a count rate 10 kcps (kilo counts per 
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second) in excess of the media, the PdI (polydispersity index) should be less than 0.5 

(0.7 quoted in other editions of the manual) and the intercept should be between 0.85 

and 0.95 for a “good” reading.  When a sample produces a result that is outside of these 

parameters it will suggest numerous reasons as to why this may be in the “expert 

report”.  These reasons can include a sedimenting or aggregating sample, an unstable 

suspension or measurements deviating from one another, amongst others.  As 

mentioned in the results very few of the samples fitted within the required parameters of 

the Zetasizer.  I feel this does not, however, mean that this method is not suitable 

however the data need to be interpreted with care, not as individual numbers but as 

patterns over time. 

 

Size measurement study 

In the size measurement study the factors of concentration, media type and particle type 

were seen to be significant in determining size.  In the HD measurements the controls 

were found to have significantly smaller sizes that 0.1 and 0.01mg/L ZnO as expected.  

The media type was also seen to be significant with EPA HW with HA having a 

significantly higher HD that DI with HA, again as expected due to the presence of salts 

in the EPA HW with HA media.  Finally, the NPs were found to have significantly 

lower HDs than bulk particles.  These results were reflected in the ZP study as the 

controls were found to be less stable than other concentrations due to the lack of 

particles in the controls.  The media was also seen to be a significant factor and the HA 

was seen to increase the stability of the suspensions in keeping with current literature.  

Finally, the particle factor was found to be significant with bulk suspensions being 

significantly more stable than the NPs.  This may have resulted from the solubility of 

the particles as the solubility of the NPs was found to be significantly higher than that of 

the bulk particles in the dialysis study.  When comparing the effects of filtering the 

media prior to testing it was seen that filtering the media had little effect on the 

hydrodynamic diameter of the nanoparticles but increased their stability and within the 

bulk studies filtering the media increased the consistency of the hydrodynamic diameter 

across the concentrations but did not reduce the size of the hydrodynamic diameter.  

This suggests that, at least for this particle type, filtering does not significantly influence 

the readings. 
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2.4.2 FENAC Studies 

BET 

The surface area of the NPs was found to be much greater than that of the bulk particles 

in powder form.  This was to be expected because as size decreases the surface area 

reactivity increases (Christian et al., 2008).  A number of papers in the literature have 

stated that the greater the surface area of a particle, the greater the reactivity of that 

particle and in turn the greater the potential for that particle to have an increased toxicity 

(e.g. Pal et al., 2007; Navarro et al., 2008; Li et al., 2006). 

 

XRD 

Within the XRD study, the bulk crystallite diameter was smaller than the average 

circular diameter determined by TEM.  This result is expected, since the crystallite 

diameter should be equal or smaller than the particle size. However, for NPs, the 

crystallite diameter was approximately double the circular diameter determined by 

TEM.  This unexpected result could perhaps be explained by the fact that the NPs were 

highly polydispersed, as indicated by the DLS study.  Larger particles can dominate the 

XRD-signal (Calvin et al., 2005), resulting in a misrepresentation of the sample.  

(Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

 

AFM 

In a number of samples, the median sizes and upper/lower quartiles were considerably 

smaller than the sizes of individual ZnO particles determined by TEM.  This finding can 

be explained by the fact that AFM cannot distinguish between particles of different 

composition and it is therefore possible that particles other than ZnO (e.g. HA 

macromolecules or precipitates from the salts of the EPA HW medium) are included in 

the particle size distributions determined by AFM.  Similarly, the much smaller median 

size of the ZnO bulk particles in EPA HW media (with and without HA) compared 

within milli-Q water, could be explained by the presence of particles other than ZnO 

(e.g., HA macromolecules or salt precipitates), by the formation of other Zn-rich 
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particles following the dissolution of ZnO, or by the disaggregation of ZnO particle 

aggregates (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

 

TEM 

The TEM images indicated that the particles were several hundred nm in diameter, 

appearing to be composed of smaller NPs that were aggregated or “fused” together.  

These aggregates were not circular, were highly branched and concave.  The images 

showed no significant difference between NPs dispersed in EPA HW and EPA HW 

with HA but the testing was not 100% robust due to the sample size.  This result is in 

keeping with the dissolution study where HA had no significant impact on the 

dissolution of particles.  However, as stated in the DLS study, the addition of HA gave 

stability to the dispersion.  This stability may be derived from the diffuse “matrix” that 

was seen to surround the particles, which was presumed to consist of organic matter. 

 

STEM-EDX 

As mentioned in the results section it was difficult to detect any zinc above background 

levels in the worm tissues which had been exposed to various concentrations of ZnO 

NPs and bulk particles.  As zinc was found in the gut of at least one worm it can be 

concluded that the worms do ingest the particles.  The reason that it was difficult to find 

zinc in any other sample may have been because the sections of tissue were extremely 

thin (~100nm) and so the particles may not have been sampled in the subsection of 

worm examined.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe). 

Dialysis 

Understanding the aquatic chemistry of NPs may also be an important consideration 

when investigating the toxicity of these NPs.  Concerns have arisen in the literature 

about the bioavailability of NPs after they enter the environment.  The solubility of ZnO 

is highly dependent on the pH of the solution it is in and it has been reported to be 

anywhere in the range of several thousand mg/L at pH 6 to approximately 1mg/L at pH 

8 (Stumm and Morgan, 1995).  The rate of dissolution is proportional to the particle 
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surface area and so NPs should dissolve at a faster rate than their bulk counterparts 

(Borm et al., 2006).  In addition to this, the size of the particle may also be relevant 

when discussing the solubility, with NPs expected to have higher equilibrium solubility 

than bulk particles (Borm et al., 2006).  Our traditional understanding of equilibrium 

solubility for bulk materials is challenged by the additional complexities of working 

with nano-sized materials (Franklin et al., 2007).  The solubility of the NPs and bulk 

was determined in this study as 0.9 ± 0.15 mg/L
 
and 0.8 ± 0.12 mg/L, for NPs in EPA 

HW and EPA HW with HA and 0.6 ± 0.13 mg/L and 0.6 ± 0.23 mg/L for bulk particles 

in EPA HW and EPA HW with HA, respectively,  provided that the 

aggregation/adsorption of ZnO NPs and bulk particles did not influence the solubility, 

that equilibrium between ZnO and soluble Zn was reached after 198 hours, and ZnO-

particles did not pass through the 1 kDa membrane.  This solubility was found to be in 

agreement with the previously mentioned literature as NPs were found to have a 

significantly higher equilibrium solubility after 200 hours.  It was also observed that 

there was a rapid dissolution of ZnO particles outside the dialysis bags however the 

speed at which NPs dissolved was not investigated in comparison with the bulk 

particles.  The media type also influenced the dissolution of the ZnO as in the case of 

NPs in EPA HW and EPA HW with HA media there was considerable aggregation or 

adsorption of particles onto the container walls, which had taken place immediately 

after their addition to the media.  After 33 days, 61-88% of the ZnO had aggregated or 

adsorbed onto the container walls.  (Report FENAC/2010/2012/003, Dr. Bjorn Stolpe).   

 

2.4.3 Comparison of results obtained at Heriot Watt University and at FENAC 

When comparing the DLS HD data obtained at HWU and the TEM data obtained from 

FENAC it can be seen that the NP HDs are in the same range but the bulk particles are 

not, in both EPA HW medium and EPA HW medium with HA.  The DLS technique 

found the bulk particle to be much larger in HD than the TEM technique.  This 

discrepancy can be explained by the fact that the TEM investigated individual particles 

and agglomerates separately.  The DLS result can be influenced by the polydisperse 

nature of a sample whereas the TEM is not.  Furthermore, TEM was able to establish 

that there was a broad distribution of particle sizes but that the NPs (91nm) were smaller 

than the bulk particles (237nm) in median value.  This comparison of results confirms 
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that a technique such as TEM may be more useful in determining the size of an NP in 

environmental media than DLS. 
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Chapter 3 Acute Toxicity Testing: Investigation of the effects of ZnO 

nanoparticles and bulk particles on the behaviour of Lumbriculus 

variegatus. 

3.1 Introduction: 

As mentioned in chapter one, L. variegatus have been extensively used to test the 

toxicity of a variety of contaminants.  Most oligochaete species are likely to be found at 

the interface between sediment and water or, in more shallow habitats, at the interface 

between water and air, and so they will often encounter steep environmental gradients 

and abrupt transitions when exposed to chemical or biological factors that may affect 

their rate of survival (Drewes, 1997).  The behaviours of L. variegatus are highly 

stereotyped and so are very useful as a biomarker for toxicity.   

 

3.1.1 The nervous system and functions of locomotor behaviours in Lumbriculus 

variegatus 

The behaviours of helical swimming and body reversal in L. variegatus were first 

described in detail by Charles Drewes in the 1990s (Drewes, 1997; 1999).  Locomotor 

behaviours are integrally linked with the worm’s ability to forage, sexually reproduce, 

avoid predators, disperse quickly and react to general environmental cues (Drewes, 

1997).  Helical swimming and body reversal behaviours are most likely anti-predation 

strategies, used both singularly or in combination, throughout the post embryonic life of 

the worm.  Drewes (1999) hypothesised that since L. variegatus tend to feed en masse, 

when a negative stimulus occurs the worms will execute body reversal behaviours 

which rapidly disaggregate the assembled mass and this can confuse or startle a 

predator.  The body reversal behaviour positions the head of the worm away from the 

predator or negative stimulus and swimming behaviour allows for rapid, short distance 

retreats from threats, where the worm doesn’t have the benefit of protection or traction 

(Drewes, 1999).   

The gross anatomy of L. variegatus was first described by Isossimow (1926), 

with an English summary in Stephenson’s book “The Oligochaeta” (1930).  The central 
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nervous systems of L. variegatus consists of a cerebral ganglion (or “brain”), which is 

located in the first segment of the worm and a ventral nerve cord that extends along the 

length of the body into each segment.  In each segment, except the first two, the ventral 

nerve cord splits into four pairs of segmented nerves.  The segmented nerves extend 

laterally into the body wall (Stephenson, 1930).  Some of these fibres act upon 

stimulation of the body surface and other have motor functions and innervate the 

circular and longitudinal muscle.  Rapid escape behaviours occur when the worm 

rapidly withdraws in response to an abrupt stimulus.  This stimulation excites segmental 

nerves to conduct activity centrally to the ventral nerve cord, where sensory fibres make 

synaptic connections with a central neurophil (Drewes, 1984).  Photoreceptors in the tail 

of the worm detect shadows and these trigger rapid shortening of the tail (Drewes and 

Fourtner, 1989).  Swimming in L. variegatus is always stimulus evoked and brief in 

length.  For this reason it is unlikely that this behaviour is a means of sustained vertical 

movement or horizontal migration.  One possible benefit to swimming is the potential 

for the worms to be transiently planktonic (i.e. drift in the water column to exploit food 

sources if necessary) and allow them to quickly escape adverse conditions or exploit 

available resources (Drewes, 1999).   

Since these behaviours are so well documented and are also highly stereotyped 

they are amenable to quantification (Rogge and Drewes, 1993; Ding et al., 2001).  The 

stereotyped behaviour of L. variegatus make them a useful tool in detecting and 

investigating the sublethal effects of environmental contaminants using a touch stimulus 

assay referred to from here on as the “head flick” assay. 

 

3.1.2 Aims of the study 

The aim of this study was to investigate the effects of ZnO NPs and bulk particles on 

the mortality and body reversal behaviour of Lumbriculus variegatus in water only (i.e. 

no sediment) acute toxicity tests.  The use of water only tests is relevant in this species 

as they are capable of moving within the water column and so may come in contact with 

potential contaminants held within the water column.   A further aim was to assess the 

impact of organic matter on the toxicity of ZnO NPs and bulk particles.  These tests 

were conducted over 96 hours.  The null hypotheses proposed prior to the beginning of 

the study were that:  



 

67 

 

1. Feeding of the worms during physiological synchronisation has no effect on the 

behaviour of the worms during testing with ZnO NPs. 

2. NPs and bulk particles have no effect on the behavioural response of the worms 

after a 96 hour water only exposure at the concentrations tested.  

3. The addition of 5mg/L humic acid has no effect on the behavioural response of 

worms exposed to NPs and bulk particles after a 96 hour water only exposure at the 

concentrations tested. 

4. The interaction of the concentration factor and the humic acid factor is not 

statistically significant in the effects of the NPs/bulk particles after a 96 hour water 

only exposure at the concentrations tested. 

 

3.2 Methods 

These studies were carried out at two locations, the Technical University of Denmark 

(DTU) in Lyngby, Denmark and at Heriot Watt University (HWU) in Edinburgh, 

Scotland. 

 

3.2.1 United States Environmental Protection Agency medium (EPA HW) 

The medium the worms were exposed and maintained in was USEPA hard reconstituted 

water (EPA HW) as described in Chapter 2, Section 2.2.1.  

 

3.2.2 Maintenance of the Lumbriculus variegatus cultures  

At DTU, the L. variegatus cultures were maintained according to a protocol devised 

within the Nano Safety group at HWU and that was adapted from the OECD Guideline 

225 (2007).  The cultures were stored in 2 x 10L aquarium tanks in a temperature 

controlled room at 20 ± 2°C with a light regime of 16:8 hours at 100 - 500 lux.  The 

substrate used within the tanks was cut strips of unbleached (not autoclaved) brown 

paper towels.  The culture medium was renewed once per week by removing the 

aquarium lids and slowly pouring out the overlying water from the aquarium.  The 

worms and paper towels were transferred to a clean container containing EPA HW 
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medium.  Any paper towels that appeared discoloured were removed.  The culture tanks 

were then scrubbed with a sponge in deionised water.  When the aquarium was clean the 

worms and paper towels were transferred back into it.  The paper towels were 

replenished if necessary.  The culture aquarium was then topped up with approximately 

5L of culture medium.  Following this 0.7g of pre-powdered aquaria tropical flake food 

(“TetraMin”, Tetra) was added to each aquarium.  The aquaria (with tank lids) were 

replaced in the temperature controlled room with aeration via an air pump (Eheim Air 

Pump 100) attached to aquarium tubing (Algarde Silicone Tubing 6mm), filters (0.3µm 

50mm diameter, Whatman) and 200µl pipette tips. 

At HWU, the L. variegatus cultures were maintained according to a protocol 

that was adapted from the OECD Guidelines 225 (2007).  The cultures were stored in 2 

x 10L tanks in an incubator at 20 ± 2°C with a light regime of 16:8 hours at 100 - 500 

lux.  The substrate used within the tanks was cut strips of unbleached brown paper 

towels (which were prewashed and autoclaved).  The culture medium was renewed once 

per week by sieving the paper towels through a 500µm mesh into a large plastic tub.  

The culture tanks were then scrubbed in tap water and rinsed in culture medium.  The 

paper towels were replenished if necessary and the worms were rinsed from the sieve, 

using culture medium, back into the clean tanks.  Worms were also collected from the 

bottom of the plastic tub using a pastette and returned to the tanks.  The culture tank 

was then topped up with approximately 5L of culture medium.  Following this 0.7g of 

pre-powdered aquaria tropical flake food (“TetraMin”, Tetra) was added to each tank.  

The tanks (with tank lids) were replaced in the incubator with aeration via an air pump 

(Hailea Super Silent Adjustable Air Pump) attached to aquarium tubing (Algarde 

Silicone Tubing 6mm) and glass pipettes. 

 

3.2.3 Equipment 

At DTU, each item of glassware was acid washed using a Miele Professional G7835 CD 

Glassware Washer.  The machine was programmed for 1.25 hours and the steps 

included a pre-wash, cleansing, neutralisation, rinses, final rinse and drying.  At HW, 

each item of glassware was acid washed by hand in a 50% (v/v) 5M HNO3 solution.  
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Glassware was left in acid for 15 minutes and after was rinsed four times in distilled 

water.  Items were allowed to air dry. 

 

3.2.4 Physiological synchronisation of worms prior to testing 

Twelve days prior to testing worms were artificially fragmented according to a protocol 

adapted from the OECD Guideline 225 (2007) as described in chapter 2, section 2.2.2. 

 

3.2.5 ZnO ecotoxicity testing – preliminary work 

Pilot studies were conducted in order to find a suitable range of sublethal doses due to 

the lack of exposure data available.  A wide range of doses were chosen based on 

available NP and bulk ZnO exposure literature which used a number of environmentally 

relevant species.  These species included Daphnia magna (e.g. Adams et al., 2006; 

Heinlaan et al., 2008; Blinova et al., 2010), Danio rerio (e.g. Zhu et al., 2008), 

Pseudokirchneriella subcapitata (e.g. Franklin et al., 2007; Aruoja et al., 2008), micro-

organisms (e.g. Adams et al., 2006; Huang et al., 2008; Mortimer et al., 2008) and 

plants (e.g. Lin and Xing, 2008).  As a result of these pilots the dose range chosen was 

0, 1.25, 2.5, 5 and 10mg/L ZnO NP and bulk.  The effect of organic matter on the 

toxicity of the particles was investigated and 5mg/L Suwannee River Humic Acid (HA) 

was chosen to reflect what was environmentally relevant, based on the available 

literature (e.g. Collins et al., 1986; Zhang et al., 2009) and previous projects within the 

research group, conducted by Jon Mullinger, as described in Chapter 1, Section 1.4.  

Pilots were also conducted in order to assess the best method of husbandry after 

physiological synchronisation of the worms and positive controls of ZnSO4 and CuSO4 

were used to confirm the test protocol was valid.  O’Gara et al. (2004) showed that 

CuSO4 was toxic to L. variegatus over various time points in a seven day period.  It has 

also been shown that ZnSO4 is toxic to a variety of oligochaetes (Callahan et al., 1994; 

Reinecke et al., 1996).  The doses chosen for this study were based on the sublethal 

doses observed in O’Gara et al. (2004) and Callahan et al. (1994). 
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3.2.6 Pilot study: Assessing the effect of particle exposure on fed vs. not fed worms 

This study was carried out at DTU, Lyngby, Denmark.  Worms were synchronised as 

described in Chapter 2, Section 2.2.2.  During synchronisation in this pilot study 200 

worms were kept in two separate 500ml beakers (100 worms per beaker) containing 

350ml EPA HW medium and shredded unbleached paper towels (un-autoclaved).  One 

beaker was fed at day 7 and one was not.  The ZnO NPs were sourced from Alfa Aesar, 

Germany.  Once weighed the NPs were transferred to a volumetric flask containing 

EPA HW medium and were sonicated in a sonication bath (Ultrawave Q series, 400W) 

for 30 minutes.  Solutions of 1.25mg/L, 2.5mg/L, 5mg/L and 10mg/L ZnO NP were 

made up in EPA HW medium from the sonicated stock.  When the NP suspensions 

were prepared the temperature, dissolved oxygen and pH were measured (Table 3.1). 

Table 3.1: Parameters tested during exposure 

Parameter Level Checked 

Temperature 20°C ± 2°C 1 replicate at the beginning and end of 

testing 

Dissolved 

oxygen 

> 30% 

saturation 

1 replicate at the beginning and end of 

testing 

pH 6.0 – 9.0 1 replicate at the beginning and end of 

testing 

 

The dissolved oxygen was measured with a Hach LDO HQ10 O2 dissolved oxygen 

meter. The temperature was also measured using the DO meter which was inserted into 

the medium and gently stirred for 30 seconds until the temperature stabilised.  The 

probe was allowed to run until the percent oxygen saturation stabilised.  The pH was 

measured using a pHM210 standard pH meter (MeterLab Radiometer Analytical).  The 

probe was inserted into the medium and it gently stirred in the medium until the pH 

stabilised.  After determination of each suspension’s parameters 20ml of the required 

concentration was added via a 20ml syringe to each glass vial.  After the suspension 

was added one worm was added per vial.  The vials were then moved to the 20°C ± 2°C 

controlled temperature room and arranged at random under a light regime of 16:8 hour 

light:dark.  They were left in the controlled temperature room for 96 hours.  During the 

96 hour period vials were observed for any obvious changes in behaviour (e.g. spasms 

in the worms) when compared to the controls or any mortalities.  Any observations were 

recorded. 
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Upon completion of the 96 hour period in the controlled temperature room the vials 

were removed back to the laboratory.  Vials were checked for mortality.  Mortalities 

were assessed and recorded under the following conditions: 

 no sign of movement after gentle stimulus; 

 decomposition was apparent; 

 no worm in the vial (i.e. complete decomposition). 

Following this, the “head flick” assay was performed.  Worms were gently removed 

from the vials using a pastette and transferred to a glass petri dish along with some 

liquid from the vial to allow the free movement of the worm.  The assay was carried out 

according to Drewes (1999).  Touch stimuli were delivered via the tip of a pastette.  The 

anterior portion of the worm was gently touched to evoke a behavioural response.  The 

flexibility of the pastette tip ensured the worm was not injured during stimulation.  The 

worm was touch stimulated a total of ten times and the behavioural response was 

recorded in terms of the total number of body reversal movements that occurred.  This 

body reversal can be seen in figure 3.1 below (taken from Drewes, 1999).  To avoid 

observer bias only completed 180° turns were accepted to be counted.  The results of 

this study were used to determine whether worms in subsequent tests should be fed 

during regeneration. 

 

 

 

 

 

Figure 3.1: The body reversal behaviour of Lumbriculus variegatus (Drewes, 1999). 
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The results were analysed statistically using PASW software 17.0.  Data were 

normalised to the control behavioural response by dividing the percent behavioural 

response by the mean of each test and multiplying by 100.  The data were then tested 

for normality using a Kolmogorov-Smirnov test.  Since the data were found not to 

comply with parametric tests requirements, a Scheirer-Ray-Hare test, equivalent to a 

two-way ANOVA (Dytham, 2011).  The Scheirer-Ray-Hare test is often used in animal 

behaviour studies (e.g. Tolimeiri et al., 2000; Tosh et al., 2006; Todd et al., 2011; de la 

Fuente et al., 2012) where the data does not meet the assumptions of normality.  This 

was followed by Mann Whitney tests, which assessed where any differences between 

the treatments may lay.  A Bonferroni correction was applied to account for the use of 

multiple tests. In summary, the standard significance threshold (0.05) was divided by 

the number of multiple tests conducted and significance accepted only for P values 

below this new threshold.  Although this is a conservative correction it reduces the 

probability of making a type I error (rejecting the null hypothesis (NH) when it should 

be accepted).   

 

 

3.2.7 Nanoparticle and bulk studies  

These studies were carried out at both DTU (Denmark) and HWU (Scotland).  Twelve 

days prior to testing worms were artificially fragmented according to the protocol as 

described previously in Chapter 2, Section 2.2.2.  The same concentrations of bulk 

particles and NPs were used as described for the feeding test in Section 3.2.5, both with 

and without the addition of 5mg/L Suwannee River humic acid (HA).  HA was added to 

the dilutions after sonication (as described in Chapter 1, Section 1.5.2).   At DTU, when 

the nanoparticle and bulk concentrations were prepared the temperature, dissolved 

oxygen and pH were measured and the suspensions and worms were added to the vials 

as described previously in Section 3.2.5.  The test set up at Heriot Watt was the same as 

the set up at DTU except that an incubator at 20 ± 1°C with a light regime of 16:8 hours 

was used as opposed to a temperature controlled room; in addition the NP study at DTU 

was n = 3, the bulk study at DTU was n = 1, whereas the NP and bulk study at HWU 

was n = 3. 
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Upon completion of the 96 hour period in the controlled temperature room the 

vials were removed from incubation and assessed for mortality and behavioural 

response as described previously in section 3.2.6.  After assessing the vials for mortality 

and behavioural response the worms were preserved in Bouin’s solution for 4-5 hours 

before being transferred to 70% ethanol ready for processing for histology.   

 

3.2.8 Positive control studies 

Two positive controls were set up using CuSO4 at 0.2µM and 0.4µM and ZnSO4 at 

2.5mg/L and 10mg/L, in the presence and absence of 5mg/L HA.  These tests were set 

up in the same way as the nanoparticles and bulk studies (except without sonication), 

with n = 3.   The results were statistically analysed using PASW 17.0 software.  Data 

were normalised to the control behavioural response.  Normality was investigated using 

a Kolmogorov-Smirnov Test.  Non parametric data was investigated for significance 

using a Scheirer-Ray-Hare test followed by Mann Whitney tests as described previously 

in Section 3.2.6.  A bonferroni correction was applied to account for the use of multiple 

post hoc tests.  Data found to comply with parametric tests requirements were analysed 

using a 2 way ANOVA, followed by post hoc Tukey tests. 
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3.3 Results 

3.3.1 Experimental design for each study 

Table 3.2 below shows the experimental design for each study in this chapter.  The p 

value was accepted at 0.05, unless a Bonferroni Correction was applied (as detailed in 

each section). 

Table 3.2: Experimental design for the studies within this chapter 

Experiment Test Factor Factor 
Interaction 

Factor 

Fed vs. Scheirer-Ray-Hare Test Concentration Feeding Concentration 

not fed worms 
 

(4 + 1 Control) 
 

Feeding 

CuSO4 vs. Scheirer-Ray-Hare Test Concentration HA Concentration 

CuSO4HA 
 

(2 + 1 Control) 
 

HA 

ZnSO4 vs. 2-way ANOVA Concentration HA Concentration 

ZnSO4HA 
 

(2 + 1 Control) 
 

HA 

NP vs. Scheirer-Ray-Hare Test Concentration HA Concentration 

NPHA 
 

(4 + 1 Control) 
 

HA 

Bulk vs. Scheirer-Ray-Hare Test Concentration HA Concentration 

BulkHA 
 

(4 + 1 Control) 
 

HA 

NP vs. Scheirer-Ray-Hare Test Concentration 
Particle 

type 
Concentration 

Bulk 
 

(4 + 1 Control) 

 

Particle type 

NPHA vs. Scheirer-Ray-Hare Test Concentration 
Particle 

type 
Concentration 

BulkHA 
 

(4 + 1 Control) 
 

Particle type 

 

3.3.2 Pilot study: Fed vs. not fed worms 

Figure 3.2 shows the behavioural response of worms that were exposed to solutions of 

varying concentrations of zinc oxide NPs (from 0 – 10mg/L).   These worms were either 

fed at day 7 of their synchronisation period or not fed at all during the synchronisation 

period.  Data were found not to comply with parametric test requirements using a 

Kolmogorov-Smirnov test (Z = 1.40; P < 0.05).  Arcsine transformation was attempted 

however it was not possible to bring the data to normality.  The effect of feeding worms 

at day 7 of synchronisation was investigated using a Scheirer-Ray-Hare test.  When fed 

worms were compared to not fed worms across a range of concentrations, the 
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concentration of NP (P < 0.001) and feeding (P < 0.001) and the interaction between 

feeding and concentration were found to be significant (P < 0.01) (Table 3.3).  Mann 

Whitney U tests were performed to investigate where these significances lay.  

Bonferroni corrections were applied to account for the use of multiple tests.   

 

Table 3.3: Statistical results obtained from the Scheirer-Ray-Hare test: influence of 

feeding and on NP exposure results  

Factor F SS SS/MStotal d.f. p value 

Concentration 29.39 34171.30 40.60 4 0.001 

Feeding 33.45 9721.96 11.55 1 0.001 

Conc * feeding 11.42 13274.14 15.77 4 0.01 

 

 

Effects of NPs on worms that were fed: 

The behaviour of worms exposed to 5 and 10mg/L ZnO NPs was significantly inhibited 

when compared to the control worms (P < 0.001).  The behaviour of the controls were 

not found to be significantly different from 1.25 and 2.5mg/L ZnO NPs, however the 

statistical method is highly conservative and since they are close to significance, this 

would warrant further consideration.  The behavioural response of worms exposed to 

1.25, 2.5 and 5mg/L ZnO NPs was not significantly different from each other but were 

significantly less inhibited than the response of worms exposed to 10mg/L ZnO NPs (P 

< 0.003).   

Effects of NPs on worms that were not fed: 

For worms that were not fed the control (EPA HW medium alone) was found to have a 

significantly less inhibited response than all other concentrations (P < 0.001).  Worms 

that were not fed and exposed to 1.25mg/L ZnO NPs had a significantly greater 

inhibition of behavioural response that 2.5 and 10mg/L ZnO NPs (P < 0.002) and 2.5, 5 

and 10mg/L ZnO NPs were not found to be significantly different from each other.   
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Figure 3.2: Behavioural response (i.e. the number of turns of the worm in response to a 

tactile stimulus) of worms exposed to various concentrations of ZnO nanoparticles.  

Worms were fed at day 7 of their synchronisation period and not fed for the 12 day 

synchronisation period.  (Data represents medians (interquartile range), n = 1; 

comparison made on graph are between each concentration in fed vs. non fed worms – a 

shared letter between 2 columns indicates no significant difference). 

    

Influence of food on effects of NPs: 

The interaction factor was found to be significant (P < 0.01) and so the effects of the 

two factors (feeding and NP concentration) were not additive, i.e. the groups 

observations assigned to one factor do not respond in the same way as those assigned to 

other factor (Dytham, 2011).  When comparing fed and not fed worms across each 

concentration, the controls (EPA HW medium alone) worms and worms exposed to 

2.5mg/L and 10mg/L ZnO NPs were not found to be significantly different from each 

other.  Worms exposed to 1.25 and 5mg/L ZnO NPs (fed and not fed) were found to be 

significantly different from each other (P < 0.001) with the fed worms having a less 

inhibited behavioural response than worms that were not fed.  This study suggested that 

the fed worms were more likely to turn in response to the head flick assay than worms 

b 

a 

a a 

a 
a 

b 

a 

a 
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that were not fed.  It was also noted that worms in the fed study had better colouring 

(i.e. the worms that were not fed were far paler than fed worms) and were more active 

than non fed worms.   

 

3.3.3 Positive Control Studies 

The CuSO4 and CuSO4 with HA data were compared to each other to investigate 

whether there were any significant differences in the behaviour of the worms (Figure 

3.3).  Data were normalised to the test mean and outliers were removed using the 

modified Thompson Tau technique (http:// www.mne.psu.edu/me345/Lectures/ 

Outliers.pdf, 10/08/2012).  Outliers were removed as they are data points that lie outside 

the usual range of the data and can seriously affect the results of analyses (Quinn and 

Keogh, 2002).  Data were found to be not normally distributed using a Kolmogorov-

Smirnov test (Z = 2.319; P < 0.001).  Arcsine transformation was attempted however it 

was not possible to bring the data to normality.  The effect of CuSO4 and CuSO4 with 

5mg/L HA was investigated using a Scheirer-Ray-Hare test.  The concentration (F = 

31.921, d.f. = 2, P < 0.001) was found to have a significant effect on the behaviour of 

the worms.  As the concentration increased the behaviour of the worms was more 

inhibited.  The addition of HA and the interaction between HA and concentration were 

not found to be significant factors (Table 3.4). 

 

Table 3.4: Statistical results obtained from the Scheirer-Ray-Hare test: influence of HA 

on the effect of CuSO4. 

Factor F SS SS/MStotal d.f. p value 

Concentration 31.92 108794.37 46.53 2 0.001 

HA 0.001 0.906 0.001 1 0.98 

Conc * HA 1.30 4424.22 1.89 2 0.39 

 

Mann Whitney U tests were performed to investigate where the significant differences 

in concentration lay.  Bonferroni corrections were applied to account for the use of 

multiple tests.  No significant differences were found between each control group.  The 

behavioural response of the worms in the control group (EPA HW medium alone) was 

significantly less inhibited than the response of worms exposed to 0.2µM CuSO4 (P < 

0.01) and 0.4µM CuSO4 (P < 0.001).  The control with 5mg/L HA worms also had a 
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significantly less inhibited behavioural response than those exposed to 0.2µM CuSO4 

with HA (P < 0.001) and 0.4µM CuSO4 with HA (P < 0.001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Percentage behavioural response of worms exposed to 0.2 and 0.4µM 

concentrations of CuSO4 and CuSO4 with 5mg/L HA.  (Data represents medians with 

interquartile range, n = 3; comparison made on graph are between each concentration in 

CuSO4 and each concentration of CuSO4 with HA exposed worms – a shared letter 

between 2 columns indicates no significant difference.  A comparison between 

concentration with and without HA are not made on the graph as the addition of HA 

was not found to be significant). 

 

The ZnSO4 and ZnSO4 with HA data were compared to each other to investigate 

whether there were any significant differences in the behaviour of the worms (Figure 

3.4).  Data were normalised to the test mean and outliers were removed using the 
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modified Thompson Tau technique.  Data was found to be parametric using a 

Kolmogorov-Smirnov test (Z = 1.154; P > 0.05).  The effect of ZnSO4 and ZnSO4 with 

5mg/L HA was investigated using a 2-way ANOVA with post hoc Tukey tests. The 

concentration (F = 9.481, P < 0.001), the addition of HA (F = 6.788, P < 0.01) and the 

interaction factor (F = 4.646, P < 0.05) were all seen to have a significant effect on the 

behaviour of the worms (Table 3.5).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Histogram showing the percentage behavioural response of worms exposed 

to 2.5mg/L and 10mg/L of ZnSO4 and ZnSO4 with 5mg/L HA (data represents medians 

with interquartile range, n = 3; comparison made on graph are between each 

concentration and between each concentration and its corresponding HA concentration 

– a shared letter between 2 columns indicates no significant difference). 
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Table 3.5: Statistical results obtained from the Scheirer-Ray-Hare test: influence of HA 

on the effect of ZnSO4. 

Factor F SS Mean Square d.f. p value 

Concentration 9.48 7151.11 3575.56 2 0.001 

HA 6.79 2559.84 2559.84 1 0.01 

Conc * HA 4.65 3504.27 1752.13 2 0.01 

 

 

The behaviour of the worms exposed to 10mg/L ZnSO4 was significantly more 

inhibited when compared to the control group (P < 0.001).  The behaviour of worms 

exposed to 10mg/L ZnSO4 was also significantly more inhibited than those exposed to 

2.5mg/L ZnSO4 (P < 0.05).  The addition of HA improved the behaviour of the worms 

but only at the highest concentration of 10mg/L ZnSO4 (P < 0.01).  The interaction 

factor indicated that the independent variables of concentration and HA both influenced 

each other and the dependent variable (behavioural response). 

 

3.3.4 Nanoparticle and bulk studies, with and without HA 

Effects of NPs and NPs with HA on worms after 96 hours: 

The behavioural response data of worms exposed to ZnO NPs and NPs with HA were 

normalised to the test mean and outliers have been removed using the modified 

Thompson Tau technique.  Data were found to not to be normally distributed using a 

Kolmogorov-Smirnov test (Z = 1.804; P < 0.01).  Arcsine transformation was attempted 

however it was not possible to bring the data to normality.  The effect of NP 

concentration and the addition of 5mg/L HA were investigated using a Scheirer-Ray-

Hare test.  The concentration of NPs was found to have a significant negative effect on 

the behaviour of the worms as the concentration increased (F = 6.786, d.f. = 4, P < 

0.001).  The addition of 5mg/L HA had a significant positive effect on the behaviour of 

the worms compared to the worms that were treated with particles only (F = 72.347, d.f. 

= 1, P < 0.001).  The interaction factor between concentration and the addition of HA 

was also found to be significant (F = 7.421, d.f. = 4, P < 0.001) (Table 3.6).  The 

significant interaction factor indicated that the concentration and HA variables were 

dependent on each other as well as the independent behavioural response factor. 
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Table 3.6: Statistical results obtained from the Scheirer-Ray-Hare test: influence of HA 

on the effect of ZnO NPs. 

Factor F SS SS/MStotal d.f. p value 

Concentration 6.79 536502.13 22.04 4 0.001 

HA 72.35 1429892.37 58.74 1 0.001 

HA*Conc 7.42 586661.26 24.10 4 0.001 

 

 

Since significant differences were founds for all factors, Mann Whitney U tests were 

performed to investigate where these significances lay.  Bonferroni corrections were 

applied to account for the use of multiple tests.  The control in the NP study (EPA HW 

medium alone) was found to be significantly different from all other ZnO NP 

concentrations (P < 0.001) indicating that worms which were not exposed to NPs had a 

significantly less inhibited behavioural response that worms exposed to ZnO NPs for 96 

hours.  Worms exposed to 1.25mg/L, 2.5mg/L, 5mg/L ZnO NPs were not significantly 

different from each other but 1.25mg/L and 2.5mg/L ZnO NPs were significantly 

different from 10mg/L ZnO NPs (P < 0.01).  Worms exposed to 1.25mg/L and 2.5mg/L 

ZnO NPs had a significantly less inhibited behavioural response than worms exposed to 

10mg/L ZnO NPs.  There was no significant difference observed in the behaviour of 

worms exposed to the control with HA and 1.25, 2.5, 5 and 10mg/L ZnO NP with 

5mg/L HA.  All worms exposed to concentrations of NPs were found to have 

significantly greater inhibition of behaviour than worms which were exposed to NPs 

mixed with 5mg/L HA (P < 0.001) (Figure 3.5). 
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Figure 3.5: Histogram showing the percentage behavioural response of worms 

(stimulated with a touch stimulus) exposed to 1.25, 2.5, 5 and 10mg/L of ZnO NPs and 

ZnO NPs with 5mg/L HA.  (Data represent medians with interquartile range, n = 6; 

comparison made on graph are between each and between each concentration and its 

corresponding HA concentration - a shared letter indicates no significant difference). 

 

Effects of bulk particles and bulk particles with HA on worms after 96 hours: 

The behavioural response data of worms exposed to bulk particles and bulk particles 

with HA (Figure 3.6) were normalised to the test mean and outliers have been removed 

using the modified Thompson Tau technique.  Data were found to be not normally 

distributed using a Kolmogorov-Smirnov test (Z = 2.501; P < 0.01).  Arcsine 

transformation was attempted however it was not possible to bring the data to 

normality.  The effect of bulk particle concentration and the addition of 5mg/L HA was 

investigated using a Scheirer-Ray-Hare test.  The concentration of bulk particles was 

found to have no significant effect on the behaviour of the worms as the concentration 

increased.  The addition of 5mg/L HA had a significant effect on the behaviour of the 

worms compared to the worms that were treated with particles only (F = 26.749, d.f. = 

1, P < 0.001).  The interaction factor between concentration and the addition of HA was 

also found to be significant (F = 3.819, d.f. = 4, P < 0.01) (Table 3.7).  The significant 
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interaction factor indicated that the concentration and HA variables were dependent on 

each other as well as the independent behavioural response factor. 

 

Table 3.7: Statistical results obtained from the Scheirer-Ray-Hare test: influence of HA 

on the effect of ZnO bulk particles. 

Factor F SS SS/MStotal d.f. p value 

Concentration 2.27 80085.54 8.10 4 0.09 

HA 26.75 235923.23 23.86 1 0.001 

Conc * ha 3.82 134747.03 13.63 4 0.01 

 

Mann Whitney U tests were performed to investigate where these significances lay.  

Bonferroni corrections were applied to account for the use of multiple tests.  Worms 

exposed to 5mg/L bulk particles with 5mg/L HA were found to have a significantly 

inhibited behavioural response when compared to the control with HA group (P < 0.01).  

When comparing the response of the worms exposed to bulk particles and those 

exposed to bulk with 5mg/L HA it was found that only 5mg/L ZnO bulk particle was 

significantly different from their HA counterpart (P < 0.001) indicating that the worms 

had the same response to bulk particles and bulk particles with 5mg/L except at 5mg/L 

ZnO bulk particles.   
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Figure 3.6: Percentage behavioural response of worms (stimulated with a touch 

stimulus) exposed to various concentrations of ZnO bulk particles and bulk particles 

with 5mg/L HA.  .  (Data represent medians with interquartile range, n = 4; comparison 

made on graph are between each and between each concentration and its corresponding 

HA concentration - a letter indicates significant difference). 

 

 

Effects of ZnO NP vs bulk particles (without HA) on the worms: 

The NP and bulk data (without HA) were compared to each other to investigate whether 

there were any significant differences in the behaviour of the worms exposed to either 

particle type (Figure 3.7).  Data were normalised to the test mean and outliers have been 

removed using the modified Thompson Tau technique.  Data were found to not to be 

normally distributed using a Kolmogorov-Smirnov test (Z = 1.407; P < 0.05).  Arcsine 

transformation was attempted however it was not possible to bring the data to 

normality.  The effect of NP concentration and bulk concentration was investigated 

using a Scheirer-Ray-Hare test.  The concentration (F = 3.650, d.f. = 4, P < 0.05), 

particle type (F = 78.112, d.f. =1, P < 0.001) and the interaction between concentration 
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and particle type (F = 7.902, d.f. = 4, P < 0.001) were all found to be significant (Table 

3.8). 

 

Table 3.8: Statistical results obtained from the Scheirer-Ray-Hare test: assessing the 

effect of ZnO size on worm behaviour. 

Factor F SS SS/MStotal d.f. p value 

Concentration 3.65 190158.70 11.34 4 0.022 

Particle 78.11 1017282.52 60.69 1 0.001 

Conc*particle 7.90 411632.82 24.56 4 0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Percentage behavioural response of worms (stimulated with a touch 

stimulus) exposed to various concentrations of ZnO NPs and ZnO bulk particles.  (Data 

represent medians with interquartile range, n = 4; comparison made on graph are 

between each and between each concentration and its corresponding HA concentration - 

a shared letter indicates no significant difference). 
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Mann Whitney U tests were performed to investigate where these significances lay. 

Bonferroni corrections were applied to account for the use of multiple tests.  The 

concentration of nanoparticles was found to have a significant negative effect on the 

behaviour of the worms as the concentration increased (F = 6.786, d.f. = 4, P < 0.001).  

The concentration of bulk particles was found to have no significant effect on the 

behaviour of the worms as the concentration increased.  There was no significant 

difference found between the control group of the NP study and the control group of the 

bulk particle study.  Worms in 1.25mg/L, 2.5mg/L, 5mg/L and 10mg/L NP were found 

to have a significantly inhibited behavioural response when compared to their bulk 

counterparts (P < 0.001).  The interaction factor was found to be significant (P < 0.001).  

The significant interaction factor indicated that the concentration and particle type 

variables were dependent on each other as well as the independent behavioural response 

factor. 

 

Effects of ZnO NP vs bulk particles (with HA) on the worms: 

The NP with HA and bulk with HA data were compared to each other to investigate 

whether there were any significant differences in the behaviour of the worms exposed to 

either particle type with HA (Figure 3.8).  Data were normalised to the test mean and 

outliers have been removed using the modified Thompson Tau technique.  Data were 

found to be not normally distributed using a Kolmogorov-Smirnov test (Z = 1.551; P < 

0.05).  Arcsine transformation was attempted however it was not possible to bring the 

data to normality.  The effect of NP with 5mg/L HA concentration and bulk with 5mg/L 

HA concentration was investigated using a Scheirer-Ray-Hare test.  The concentration 

(F = 4.371, d.f. = 4, P < 0.01), particle type (F = 13.818, d.f. =1, P < 0.001) and the 

interaction between concentration and particle type (F = 2.859, d.f. = 4, P < 0.05) were 

all found to be significant (Table 3.9).  The significant interaction factor indicated that 

the concentration and particle type with HA variables were dependent on each other as 

well as the independent behavioural response factor. 
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Table 3.9: Statistical results obtained from the Scheirer-Ray-Hare test: influence of HA 

on the effect of ZnO particles (NP and bulk). 

Factor F SS SS/MStotal d.f. p value 

Concentration 4.37 259658.82 16.35 4 0.01 

Particle 13.82 205230.54 12.93 1 0.001 

Conc * 

particle 
2.86 169833.30 10.70 4 0.03 

 

Mann Whitney U tests were performed to investigate where these significances lay. 

Bonferroni corrections were applied to account for the use of multiple tests.  There were 

no significant differences across the NP with HA concentrations but there were 

significant differences seen across the bulk with HA concentrations.  Worms exposed to 

5mg/L bulk with HA were found to have a significantly lower behavioural response 

when compared to the bulk with HA control worms (P < 0.05).  When comparing 

worms exposed to NP with HA and worms exposed to bulk with HA significant 

differences were found.  Worms exposed to 5mg/L (P < 0.001) NP with HA were found 

to have a significantly less inhibited response than worms exposed 5mg/L bulk with 

HA.   
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Figure 3.8: Percentage behavioural response of worms (stimulated with a touch 

stimulus) exposed to various concentrations of ZnO NPs with 5mg/L HA and ZnO bulk 

particles with 5m g/L HA. (Data represent medians with interquartile range, n = 4; 

comparison made on graph are between each and between each concentration and its 

corresponding HA concentration - a letter indicates significant difference). 

 

 

3.4 Discussion 

 

3.4.1 Feeding worms during physiological synchronisation 

The worms were physiologically synchronised prior to toxicity testing according to a 

protocol from the OECD 225 guideline (2007).  Within this protocol it is recommended 

that worms be fed as soon as they exhibit burying behaviour, if kept on sediment, or at 

day seven of synchronisation if kept in artificial paper “sediment”.  Leppänen and 

Kukkonen (1998) stated that the worms cease to ingest during division into fragments.  

Previous studies conducted within our research group and in the literature (e.g. Liebig et 
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al., 2005), however, were conducted without feeding the worms during the 

synchronisation period.  In order to test whether this would affect the behaviour of the 

worms during testing an investigation was performed with and without feeding of the 

worms at day seven.  Feeding the worms at this point in their physiological 

synchronisation resulted in worms that were more likely to respond to a tactile stimulus 

during testing.  Prior to synchronisation worms were kept in culture and fed weekly.  A 

lack of food during synchronisation may be viewed as an adverse condition and so can 

affect the growth of L. variegatus.  A lack of sufficient growth and healthy status of the 

worms would introduce a further variable into the NP toxicity tests and would also be 

less environmentally relevant.  The interaction factor between NP concentration and 

feeding was found to be significant and therefore not additive.  If two variables interact 

the relationship between each of the interacting variables and the dependent variable 

depends on the value of the other interacting variable, i.e. the ability of the worm to 

respond to a tactile stimulus was affected by both the NP concentration and feeding 

during synchronisation.  It has been suggested that growth and reproduction in L. 

variegatus can be affected by adverse conditions (Leppänen and Kukkonen, 1998).  As a 

result of this study, the null hypotheses that feeding the worms at day seven would not 

affect the behaviour of the worms and would have no effect on the behaviour of the 

worms during exposure to NPs were rejected and all subsequent synchronisations of 

worms in this thesis (i.e. all water only studies, all oxidative stress studies, all sediment 

and paper sediment studies, all depuration studies and all histological studies) were 

conducted with feeding on day seven. 

 

 

3.4.2 Positive control tests 

A positive control is designed to show that a test system is capable of 

detecting/determining the end point in question, using a perturbation distinct from that 

used in the study (Glass, 2007).  In this case copper sulphate and zinc sulphate were 

used as positive controls.  The positive controls both had a dose dependent significant 

negative effect on the behaviour of the worms after the 96 hour testing period, 

indicating that the experimental protocol was valid. 
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3.4.3 Acute ZnO NP toxicity vs. acute ZnO bulk particle toxicity 

In this study the effects of particle type and the addition of organic matter to the particle 

dispersion on the behavioural response of L. variegatus were investigated.   

 

Comparison of the effects of ZnO NP and bulk particles (without HA) on the worms: 

The null hypothesis that there is no significant difference in the behaviour of worms 

exposed to NPs and those exposed to bulk particles was rejected as significant 

differences in behavioural response was seen across all concentrations up to 10mg/L in 

the NP verses bulk.  The interaction factor between the concentration of the particles 

and the particle type was also found to be significant, indicating that since these two 

variables interact the relationship between concentration and particle type and the 

dependent variable, behavioural response, depends on the value of the other interacting 

variable.  

The surface area of the NPs was found to be greater than that of the bulk 

particles (BET study, Chapter 2, Section 2.3.2) and this may explain why the NPs were 

found to have a toxic effect when the bulk did not.  As mentioned in Chapter 2 (Section 

2.4.2), the greater the surface area of a particle, the greater the reactivity of that particle 

and in turn the greater the potential for that particle to have an increased toxicity (e.g. 

Pal et al., 2007; Navarro et al., 2008; Li et al., 2006).   

The solubility of the particles may also have played a role in the difference in 

observed toxicity.  The solubility of the NPs (0.9  0.15 (SE) mg/L) was found to be 

significantly greater than that of the bulk particles (0.6  0.13 (SE) mg/L) in dialysis 

experiments (Chapter 2, Section 2.3.2).  This would mean that the worms were exposed 

to more Zn ions in the NP exposures compared to the bulk particle exposures, giving 

rise to potential ionic toxicity.  However, they may also have been exposed to insoluble 

NP/aggregates as the solubility equilibrium was reached at 0.9  0.15 (SE) mg/L and the 

exposure concentrations in this experiment ranged from 1.25 to 10mg/L ZnO.  Studies, 

which have used crustaceans (Blinova et al., 2010), protozoa (Blinova et al., 2010) and 

algae (Franklin et al., 2007; Aruoja et al., 2009), have stated that the toxicity observed 

in their studies was down to ions rather than NPs.  Some studies, however, in human 

toxicology (cell lines; Xia et al., 2008), mammalian toxicology (adult mice; Wang et 

al., 2008) and ecotoxicology (crustaceans and bacteria; Heinlaan et al., 2008) have also 
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shown nano-specific toxicity.  Xia et al. (2008) stated that the cytotoxicity observed in 

their cell line study was down to both the dissolution and release of Zn
2+

 in the culture 

medium as well as the uptake of the particle remnants (i.e. particles that had shed their 

label) by lysosomes in the cell.  This accumulation of Zn in the lysosomes caused a 

number of issues within the cell, e.g. oxidative stress and cytotoxicity.  Generalisations 

cannot be made to state that ZnO NP toxicity is ultimately solely down to Zn
2+

 ion 

release (Wong et al., 2010) and the dissolution of NPs may result in an additional layer 

of complexity when examining their potential toxicity (Xia et al., 2008).  

Finally, the feeding behaviour of L variegatus may also have played a role in the 

difference in observed toxicity between ZnO NPs and bulk particles.  L. variegatus are 

known to be “conveyor belt” feeders (Brinkhurst and Jamieson, 1971) and ingest fine 

particulate matter (Gaskell et al., 2007).  The agglomerates that the worms may have 

come in contact with in the bulk study may potentially have been too large for them to 

ingest.  Within the DLS study (Chapter 2, Section 5.3.3) the hydrodynamic diameter of 

bulk ZnO particles were found to be significantly larger than ZnO NPs. 

 

Comparison of the effects of ZnO NP and bulk particles (with HA) on the worms: 

In this study the effect of particle type with the addition of organic matter to the particle 

dispersion on the behavioural response of L. variegatus was investigated.  The null 

hypothesis that there is no significant difference in the behaviour of worms exposed to 

NPs with 5mg/L HA and those exposed to bulk particles with 5mg/L HA was rejected 

as a significantly greater inhibition of behavioural response was observed at 5mg/L bulk 

with HA compared to 5mg/L NP with HA.  The interaction factor between the 

concentration of the particles with HA and the particle type was also found to be 

significant, indicating that since these two variables interact the relationship between 

concentration with HA and particle type and the dependent variable, behavioural 

response, depends on the value of the other interacting variable.    

The addition of humic acid mitigated the negative effect of NPs to the point 

where NPs mixed with 5mg/L HA had no effect on the behaviour of the worms, 

allowing for the rejection of the null hypothesis that the addition of HA had no effect on 

the toxicity of the particle.  TEM images taken of ZnO NPs dispersed with 5mg/L HA 

(Chapter 2, Section 2.3.2) indicate that the particles agglomerated and were also 
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surrounded by what appeared to be an organic matrix.  This matrix may have been what 

increased the stability of the dispersion (indicated by DLS data, Chapter 2, Section 

2.3.1) and kept the agglomerates in suspension throughout the exposure.  Other studies 

have noted that humic acids increase the stability of NP suspensions (Chen and 

Elimelech, 2007; Handy et al., 2008; Zhang et al., 2009).  It is also possible that the HA 

acted as a chelating agent.  HA is a natural chelating polymer and is often used as a sink 

for many multivalent metal ions because of its widespread availability and ability to 

bind metal ions (Yaghmour et al., 2007).As the worms sit at the base of the vial there is 

potential for them to have come into less contact with the particles compared to NP 

exposures alone.   

The solubility of ZnO NPs in EPA HW medium and EPA HW with HA medium 

was not found to be significantly different so the worms in the HA exposures had the 

potential to come into contact with the same amount of Zn ions but potentially had less 

contact with ZnO NPs and agglomerates.    A study conducted by Gao et al. (2012) 

using Ag NPs stated that the addition of organic matter did not affect solubility and also 

that toxicity linearly decreased as the levels of organic matter increased in the exposure 

solution.  However, at 5mg/L ZnO bulk with 5mg/L HA there was a significant negative 

effect on the behaviour of the worms and so the null hypotheses that the addition of HA 

(across increasing concentrations of bulk ZnO up to 10mg/L) had no effect on the 

toxicity of the bulk particles was rejected.  When examining the DLS data, HA does not 

appear to affect the hydrodynamic diameter of the bulk particles however their stability 

was increased with the addition of 5mg/L HA.  It would be expected that since HA 

should have increased dispersion and kept the bulk particles in suspension, the worms 

would have come into less contact with the particles.  However, it is possible that large 

agglomerates may have formed and deposited onto the area where the worm was placed.  

The TEM images produced at FENAC did appear to show agglomerates that looked 

different in EPA HW medium and EPA HW medium with HA, suggesting that there 

was little effect of the HA on agglomeration of ZnO NPs.  Statistics performed did not 

show that there was a significant difference however the data may not have been 

sufficient to perform robust testing. 

 An important consideration within these studies is the possibility bias 

from the observer.  In order to prevent such bias blind controls could be used and should 

be considered for future studies. 
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3.5 Summary of this study 

The behavioural response of L. variegatus after exposure to ZnO NPs and bulk particles 

was investigated in this study.  ZnO NPs (1.25 – 10mg/L) were found to have a 

significant negative effect on the behaviour of the worms after a 96 hour exposure 

however this effect is mitigated by the addition of 5mg/L HA.  ZnO bulk particles (with 

and without 5mg/L HA) were not found to have any effect on the behaviour of the 

worms except at 5mg/L ZnO bulk particle with 5mg/L HA.  The possible reasons for 

the difference in toxicity between NPs and bulk particles are the feeding behaviour of 

the worms, the size difference between the particle, the dissolution of the particles and 

also the stability of the particles in suspension.  These studies suggest that although 

there may have been ionic toxicity there was also a nano-specific effect observed. The 

aims of the study were met and this sub lethal bioassay was found to be a successful 

endpoint for investigating the toxicity of NPs in L. variegatus.    
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Chapter 4 Acute Toxicity Testing: Investigation of the potential for 

ZnO nanoparticles to induce oxidative stress in Lumbriculus 

variegatus. 

 

4.1 Introduction  

Due to the physicochemical characteristics of nanoparticles they are expected to have a 

greater potential for toxicity via mechanisms such as oxidative stress.  NPs that are 

chemically unstable in media can produce reactive oxygen species (ROS) which can 

lead to oxidative stress in the presence of organisms (Houdy et al., 2011).  A number of 

studies have indicated that nanoparticles do induce oxidative stress and damage in both 

human models (e.g. epithelial, lung and kidney cells) and environmental models (e.g. 

fish, molluscs and annelids).  There is evidence to suggest that accumulated damage 

from oxidative stress contributes to numerous diseases, such as cancer, artherosclerosis, 

neurodegenerative diseases and rheumatoid arthritis (Aruoma, 1998) and so is an 

important biomarker for investigation. 

 

4.1.1 Oxidative stress and antioxidant defences 

As mentioned in Chapter 1, oxidative stress occurs when there is an imbalance between 

oxidants and antioxidants in a cell (Sies 1985, 1986, 1991) and can potentially lead to 

damage.  Oxidants are normal products of aerobic metabolism but can be produced at 

elevated levels under stressed conditions (Sies, 1997).  Oxidative stress can be induced 

by reactive oxygen species and free radicals.  Reactive oxygen species (ROS) are 

chemically reactive molecules that contain oxygen.  Molecular oxygen can be evolved 

into an array of reactive metabolites (e.g. hydroxyl radicals, superoxide radicals, 

hydrogen peroxide and singlet oxygens) by reactions which can cause extensive 

oxidative damage (Sohal and Weindruch, 1996).  It is estimated that ~2-3% of oxygen 

consumed by aerobic cells is converted to O2
-
 and H2O2 (Chance et al., 1979).  Free 

radicals can also cause oxidative stress.  A free radical is any species that is able to exist 

independently and that contains paired and unpaired electrons (Halliwell, 2006).  A state 

of oxidative stress exists in cells because of an imbalance between oxidants and 
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antioxidants (Sohal and Weindruch, 1996) and is brought about as mentioned by 

exposure of the cell to reactive oxygen intermediates, such as superoxide anions (O2·
-
), 

hydrogen peroxide (H2O2) and hydroxyl radicals (HO·).  These intermediates if 

uncontrolled or excessive in amount can lead to oxidative stress including damage to 

proteins, nucleic acids and cell membranes (Storz and Imlay, 1999).  Generally, ROS 

have been proposed to work in 2 ways to damage the function of the cell: (i) by 

interacting with a large variety of biomolecules which can lead to tissue necrosis and the 

potential death of the organism and (ii) by interfering with the expression of genes and 

signal transduction pathways (Apel and Heribert, 2004).   

In order to protect themselves from oxidative stress cells possess a number of 

antioxidant strategies, most of which are expressed at low levels during normal cell life 

cycles (Storz et al., 1999).  Halliwell and Gutteridge (1989) stated that an antioxidant is 

“any substance that when present at low concentrations compared with that of an 

oxidisable substrate significantly delays or inhibits oxidation of that substrate”.  

Antioxidants can act at various levels of the oxidative stress sequence and they may 

have multiple mechanisms of action (Halliwell and Gutteridge, 1989).  Antioxidants can 

be broadly described in two groups: i) the enzymatic defences and ii) the non-enzymatic 

defences.  The enzymatic defences maintain levels of ROS by reducing the excess ROS 

to H2O and the non-enzymatic defences are free radical scavengers (Krishnan and 

Kodrík; In Farooqui and Farooqui, 2012).  Examples of enzymatic antioxidant defences 

include superoxide dismustase (SOD), catalase (CAT) and glutathione-S-transferase 

(GST).  SOD is responsible for the conversion of superoxide into H2O2 and oxygen 

(Halliwell and Gutteridge, 2007).  CAT catalyses the decomposition of H2O2 into H2O 

and O2 (Abdel-Mageed et al., 2012) and GST catalyses the reaction of the major low 

molecular mass thiol, glutathione (GSH) (Sies, 1997), which will be discussed further 

below.   

An example of a non-enzymatic defence is glutathione (GSH), an important free 

radical scavenger.  GSH is oxidised by ROS to form oxidized GSSG.  GSH exists 

ubiquitously in living systems and plays a crucial role in cellular defence against 

oxidative stress in tissues and cells (Kosower and Kosower, 1978; Kidd, 1997; Sen, 

1997).  As electrons are lost from GSH the molecule becomes oxidized and two such 

molecules link together to form GSSG via a disulphide bridge.  This linkage is 

reversible upon re-reduction.  GSH recycling is catalysed by glutathione disulfide 
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reductase using NADPH to reconvert GSSG to 2 GSH (Asada and Takahashi, 1987; 

Meister, 1994) however when NADPH becomes limited GSSG cannot be converted 

back to GSH and GSH is depleted.  A dynamic balance is maintained between GSH 

synthesis, its recycling from GSSG and it utilisation (Kidd, 1997).  The dynamic 

balance between GSH and GSSG is important in cellular signal transduction, gene 

regulation, redox regulation and biochemical homeostasis (Senft et al., 2000).  The 

intracellular depletion of GSH can lead to cell death and its clinical relevance has been 

researched for a number of years (Cook and Sherlock, 1965).  Factors which can induce 

oxidative stress via the depletion of GSH include UV and other radiation (Cai et al., 

2000), viruses (Kidd, 1997), environmental toxins, chemicals, heavy metals (Kidd, 

1997), inflammation due to injury (Luo et al., 1998; Spies et al., 1994) and dietary 

deficiencies of GSH precursors and enzyme cofactors (Whitcomb and Block, 1994).   

 

 

4.1.2 Oxidative stress and nanoparticles 

As mentioned previously, a number of studies have shown that NPs can cause oxidative 

stress in both human (e.g. epithelial cells, lung cells and kidney cells) and 

environmental models (e.g. freshwater and marine fish, freshwater and marine 

invertebrates and terrestrial invertebrates).  One of the first papers was by Stone et al. 

(1998) which used carbon black ultrafine particles in lung epithelial cell line (A549) 

which depleted glutathione.  TiO2 NPs (e.g. used in domestic and cosmetic applications) 

were found to compromise the antioxidant defence system of human amnion epithelial 

(WISH) cells via a depletion GSH and CAT activity and to increase intracellular ROS 

production causing oxidative stress (Saquib et al., 2012).  CeO2 NPs (e.g. used as a 

catalyst) were also found to induce oxidative stress, via GSH depletion and increased 

ROS production, in human lung (BEAS-2B) cells (Park et al., 2008).  Kim et al. (2011) 

also found that oxidative stress was induced via oxidative DNA damage in BEAS-2B 

cells by Ag NPs (e.g. medical applications) as ROS production was increased in the 

cells after exposure to Ag NPs.  ZnO, CdS and SiO2 NPs were found to cause oxidative 

stress in human kidney cells via a depletion of GSH.  ZnO and CdS NPs were found to 

increase ROS production and cause oxidative stress in IP15 and HK-2 cells (Pujalté et 

al., 2011) and SiO2 NPs were found to cause a reduction in GSH content and an 

increase in intracellular ROS in HEK293 kidney cells (Wang et al., 2009).     
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 Ag NPs have been shown to cause oxidative stress in Tilapia (Oreochromis 

mossambicus) by compromising the antioxidant defence system (inhibition of CAT 

activity), lipid peroxidation (LPO) and a heavy accumulation of free radicals 

(Govindasamy and Rahuman, 2012), in adult zebra fish (Danio rerio) via LPO and an 

increase in GSH (Choi et al., 2010) and embryonic medaka (Oryzias latipes) via a 

depletion in GSH (Wu and Zhou, 2012).  They have also been shown to cause oxidative 

stress in terrestrial invertebrates Drosophila melanogaster (Ahamed et al., 2010) and 

Eiseina fetida (Tsyusko et al., 2012).  Ahamed et al. (2010) reported that Ag NPs 

caused a reduction in GSH and an increase in SOD and CAT activity in the fruit fly and 

Tsyusko et al. (2012) reported that CAT activity was increased in the earthworm after 

exposure to Ag NPs, which indicated oxidative stress.  TiO2 NPs were shown to cause 

oxidative stress in marine abalone (Haliotis diversicolor supertexta) by decreasing GSH 

content and increasing SOD activity (Zhu et al., 2011) and in nematode worms 

(Caenorhabditis elegans) by increased ROS production (Wu et al., 2012).  TiO2 was 

also found to cause oxidative stress in water fleas (Daphnia magna) by increasing 

enzyme activity (CAT, glutathione peroxidise (GPX) and GST) (Tae Kim et al., 2010).  

Cu NPs induced oxidative stress in mussels (Mytilus galloprovincialis) via LPO, the 

increase in CAT and SOD activity and by ROS production (Gomes et al., 2011) and 

CuO NPs were found to cause oxidative stress in marine worms (Scrobicularia plana 

and Hediste diversicolor) by increasing enzyme activity (CAT and GST) (Buffet et al., 

2012).  Au NPs were shown to cause oxidative stress via LPO in blue mussels (Mytilus 

edulis) with increased production of ROS (Tedesco et al., 2010). 

 

4.1.3 Oxidative stress and ZnO nanoparticles 

A number of studies have indicated that ZnO NPs caused oxidative stress in a variety of 

species.  Ali et al. (2012) stated that ZnO NPs (32μg/ml) induced oxidative stress in 

Littoraria luteola via a decline of GSH in the digestive gland of the snail and Chandran 

et al. (2005) also indicated that a decline of GSH was observed in the digestive gland 

and kidney of ZnO NP (1mg/L) treated Achatina fulica.  Xiong et al. (2011) stated that 

ZnO NPs (4.92mg/L) caused disturbances in the oxidative defences via LPO in the gill, 

gut and liver tissues of zebra fish.  Hao and Chen (2012) stated that (50mg/L) ZnO NPs 

caused a decrease in enzyme activities and also a decrease in GSH content in carp 
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(Cyprinus carpio) indicating oxidative stress.  ZnO has also been shown to cause 

oxidative stress both in vitro and in vivo in of human models.  In vitro human cell line 

studies (e.g. BEAS 2-B and A549 cells) indicate that the induction of oxidative stress is 

the most important or likely mechanism underlying ZnO toxicity (Vandebriel & De 

Jong, 2012).  Fukui et al. (2012) reported that ZnO NPs caused an oxidative stress 

response in a rat lung (intratracheal instillation) and in culture (A549 cells) and Sharma 

et al. (2012) reported that ZnO caused LPO which lead to oxidative stress in mouse 

liver in vivo.  ZnO NPs have also been shown to cause oxidative stress in vitro, for 

example in human epithelial (BEAS-2B) cells (Huang et al., 2010) and in human colon 

carcinoma cells (De Beradis et al., 2010) by increased ROS production. 

 

4.1.4 Oxidative stress and L. variegatus 

L. variegatus have been used extensively to assess bioaccumulation and toxicity, 

however less is known about biotransformation of toxic substances, the defences used to 

detoxify those substances and how this oligochaete is protected from oxidative damage 

(Wiegand et al., 2007).  Very few studies have been published to date in this area.  

Wiegand et al. (2007) investigated the oxidative stress induced by paraquat (with and 

without dissolved organic matter (DOM)) using soluble glutathione S transferase 

(sGST), catalase (CAT) and peroxidase (POD) markers.  They stated that oxidative 

stress occurred as indicated by increased levels of sGST (with and without DOM), 

reduced CAT (with DOM), increased CAT (without DOM), but no increase in POD.  

Cochón et al. (2007) also investigated the toxicity of paraquat by looking at LPO, CAT 

and superoxide dismutase (SOD).  They reported that there was no lipid peroxidation, a 

decrease in CAT (however this was transient and only occurred after 4 hours) and there 

was no change in SOD.  Contardo-Jara and Wiegand (2008) investigated the toxicity of 

anthropogenically contaminated sediments (pesticides and metals) and atrazine using 

sGST and CAT markers.  They reported that an increase was observed after 4 days in 

sGST and an increase in CAT only after 1 day.  Kristoff et al. (2008) used GSH, SOD, 

CAT and sGST to investigate the oxidative stress potential of azinophos-methyl.  They 

reported that GSH was increased, SOD and CAT were decreased and there was no 

change in sGST.  Finally, Contardo-Jara et al. (2009) reported on the oxidative stress 

induced in the worms by exposure to “Round Up” (herbicide).  They reported that 
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oxidative stress was induced as both sGST and SOD were increased.  The findings from 

these studies are summarised in Table 4.1 below.  Only one study investigated GSH as a 

marker of oxidative stress and all used multiple markers suggesting that multiple 

markers may give more information that using GSH alone. 

 

Table 4.1: Summary table of results for studies which use L. variegatus to investigate 

oxidative stress (   = increase,    = decrease, - = no change, empty = marker not 

investigated) 

Author Contaminant/

Marker 

sGST CAT POD LPO SOD GSH 

Wiegand et 

al., 2007 

Paraquat  

(with DOM) 

  -    

Wiegand et 

al., 2007 

Paraquat  

(– DOM) 

  -    

Cochón et 

al., 2007 

Paraquat    - -  

Contardo-

Jara  et al., 

2008 

Contaminated 

Sediment + 

Atrazine 

      

Kristoff et 

al., 2008 

Azinophos-

methyl 

 

- 

     

Contardo-

Jara et al., 

2009 

Round Up 

(Herbicide) 

      

 

 

4.1.5 Aims of this study 

Antioxidant defences are found widely in aquatic species (Valavanidis et al., 2006; 

Lushchak, 2011).  Measurement of the antioxidants can be used as biomarkers for 

adverse health effects of environmental pollutants (Lemaire et al., 1993; Livingstone, 

2001).  Aquatic organisms can provide models for the investigation of ROS induced 

damage, cellular response, repair mechanisms and how oxidative stress can lead to 
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disease (Di Giulio et al., 1989; Livingstone et al., 1993).  The development of sublethal 

bioassays in L. variegatus could provide diagnostic and prognostic early warning tests 

for monitoring the environmental health of a particular site.  The aim of this study was 

to investigate the effects of ZnO NPs and bulk particles on the level of GSH in the cells 

of L. variegatus in water only acute toxicity tests, over a range of concentrations, with 

and without Suwannee River humic acid and at various times points.  The null 

hypotheses investigated in this study were that ZnO NPs and bulk particles would have 

no significant effect on the oxidative stress reaction of L. variegatus.  

 

4.2 Methods 

Two protocols were used in this study in order to ascertain which was the best method 

for detecting and quantifying GSH in a sample of worm tissue.  The first protocol 

employed was adapted from Senft et al. (2000) which used o-Phthalaldehyde (OPT), a 

fluorescent probe, to indicate the levels of GSH in a sample.  OPT is a flurogenic agent 

which can react with the organic molecule containing primary amino group in the 

presence of a thiol in an alkaline medium to give a fluorescent product (Roth, 1971; 

Taylor and Tappel, 1973) that can be detected and specifically quantified.  The second 

protocol used to measure GSH in a sample was a “GSH-Glo
TM

 Glutathione Assay” kit 

purchased from Promega (U.K.) which was a luminescence assay based on the 

conversion of a luciferin derivative into luciferin and hence light in the presence of GSH 

(catalysed by GST) to detect and quantify GSH in a sample. 

The investigation of the potential for ZnO NPs and bulk particles to induce 

oxidative stress in L. variegatus was conducted in a number of steps:  

1. A pilot study to conclude how many worms were needed per treatment to get an 

accurate reading on the spectrophotometer with a protocol adapted from Senft et 

al. (2000),  (Section 4.2.1);  

2. A further pilot with a kit purchased from Promega (Section 4.2.2) in order to 

ascertain whether this protocol would reduce the time and amount of tissue 

needed to complete the study; 

3. A full study based on the results obtained from the Promega kit used in the pilot 

study (Section 4.2.3). 



 

101 

 

4.2.1 Study 1: Pilot study using adapted OPT protocol 

This protocol was adapted from Senft et al. (2000).  The reagents necessary for this 

study were prepared fresh on the morning of the study.  Redox Quenching Buffer 

(RQB) was prepared by measuring 490ml of deionised water into a glass bottle.  

Following this, 10ml of 1M HCl, 0.4g EDTA and 0.88g of ascorbic acid were added to 

the water in a fume cupboard and allowed to dissolve.  The solution was stored at 4˚C.  

A solution of 5% TCA in RQB was prepared by adding 5g of TCA to 100ml RQB 

buffer.  The solution was stored at 4˚C.  Buffers were prepared of 1M potassium 

phosphate pH 7.0 and 0.1M potassium phosphate pH 6.9.  For the pH 7.0 buffer 6.8g of 

KH2PO4 was dissolved in 30ml of distilled water and the pH was adjusted to 7.0 with 

10N NaOH.  The volume of the solution was made up to 50ml and stored at 4˚C.  The 

pH 6.8 buffer was made by dissolving 6.8g of KH2PO4 in 200ml of distilled water and 

the pH was adjusted using 10N NaOH.  The volume was then completed to 500ml with 

distilled water and stored at 4˚C.  A 7.5mM NEM in RQB was prepared by dissolving 

4.7mg NEM in 5ml of RQB buffer and subsequently stored on ice.  A 5mg/ml OPT in 

methanol was prepared by dissolving 10mg OPT (under a fume hood) in 2ml of 

methanol.  This was then stored on ice and protected from light in a foil covered bijou 

tube.  A fresh preparation of 10mM sodium dithionite in RQB was prepared (for the 

total GSH plate readings) by dissolving 17.4mg of dithionite in 1ml RQB under a fume 

cupboard. 

Standards were made up from a stock solution of GSH at 0.05M which was 

prepared by dissolving 15mg of reduced GSH in 1ml of 5% TCA in RQB and was 

stored on ice.  From this stock a 1 in 100 dilution was made i.e. 990µl 5% TCA in RQB 

and 10µl 0.05M GSH, to give a 0.5mM GSH solution.  From this diluted solution 6 

further solutions were made of 3.125µM GSH (500 µl 5% TCA in RQB and 500 µl 6.25 

µM GSH), 6.25µM GSH (500 µl 5% TCA in GSH and 500 µl 12.5 µM GSH), 12.5µM 

GSH (500 µl 5% TCA in RQB and 500 µl 25 µM GSH), 25µM GSH (500 µl 5% TCA 

in RQB and 500 µl 50 µM GSH), 50µM GSH (900 µl 5% TCA in RQB and 100 µl 

0.5mM GSH)  and 100µM GSH (800µl 5% TCA in RQB and 200µl 0.5mM GSH).  A 

control solution (0µM GSH) was prepared using 1ml 5% TCA in RQB.  Negative 

controls were also prepared.  A 25mM solution of GSSG was prepared by dissolving 

15mg GSSG in 1ml of 5% TCA in RQB.  This was then diluted 1 in 100 to give a 
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solution of 250µM GSSG.  This was further diluted by mixing 400µl of the 250µM 

solution and 600µl of 5% TCA in RQB. 

L. variegatus were taken directly from the culture tanks for the pilot study i.e. 

they were not physiologically synchronised.  Worms were dried as much as possible on 

unbleached paper towels and weighed.  Unexposed worms in batches of 5, 10, 20 and 

30 worms were homogenised using a hand held homogenising device in separate 

eppendorf vials in 250µl of lysis buffer.  The eppendorfs were then centrifuged at 4˚C 

and 15,000 g for 5 minutes and the supernatant was used for the assay.   

For reduced GSH readings, a black, flat bottomed 96 well plate was rinsed clean 

under distilled water prior to adding any reagents.  Firstly, 19µl of 5% TCA in RQB 

was added per well, followed by 10µl of standard or sample.  Following this 4µl of 

RQB was added per well or 7.5mM NEM was added in the well chosen as a back 

ground control.  Next 48µl of 1M KH2PO4 pH7 buffer was added to each well and the 

plate was incubated for 5 minutes at room temperature.  After incubation 200µl of 0.1M 

KH2PO4 pH6.9 was added to each well, followed by 29µl per well of 5mg/ml OPT in 

methanol.  The plate was again incubated at room temperature for 30 minutes in the 

dark.  After 30 minutes of incubation the plate was read using a Molecular Devices 

Spectra Max M5 fluorescent plate reader with parameters of excitation at 365nm and 

emission at 430nm, with a slit width of 5nm for each. 

For total GSH readings, a black, flat bottomed 96 well plate was rinsed clean 

using distilled water prior to adding any reagents.  Firstly, 19µl of 5% TCA in RQB was 

added per well, followed by 10µl of standard or sample.  Following this 48µl 1M KPi 

pH 7 was added per well and the plate was allowed to incubate for 5 minutes at room 

temperature.  In the fume cupboard, 7µl 10mM dithionite was added per well after 5 

minutes and the plate was then allowed to incubate for 1 hour at room temperature.  

After this second incubation 200µl 0.1M KPi pH 6.9 was added per well, followed by 

29µl 5mg/ml OPT in methanol per well.  The plate was incubated for a further 30 

minutes in the dark at room temperature.  After incubation the plate was read as 

described previously. 

Upon completion of a standard curve and establishing the GSH readings from 

each batch of worms it was decided that the pilot study should be run again with 

numerous batches of 5 and 10 worms in order to establish whether the batches would 

present with high variability. 
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4.2.2 Study 2: Pilot study with new Promega kit 

A further pilot study was conducted using the “GSH-Glo Glutathione Assay” kit from 

Promega, U.K.  The kit was stored at -20˚C away from light when not in use.  Two 

hours prior to the beginning of the assay the kit was removed from the freezer and 

allowed to thaw at room temperature.  Worms were removed from culture 12 days prior 

to testing and were physiologically synchronised as described in Chapter 2, Section 

2.2.2.  Worms were exposed to a number of concentrations of H2O2 (0 - 150µM; n = 3), 

with 5 worms per concentration.  After a 96 hour exposure worms were checked for 

mortality.  Any concentration that had a dead worm in it was disregarded for this study.  

Live worms were transferred from the vials into disposable petri dishes in order to be 

picked up using a metal pick.  Worms were transferred via this metal pick (to minimise 

the amount of liquid taken up with them) into plastic vials containing 1ml of PBS + 

2mM EDTA and weighed.  After weighing, the worms and liquid were transferred into 

a round bottom tube using a plastic pastette.  They were homogenised using a hand held 

homogeniser until no visible remains were left in the tube.  The homogeniser blade was 

well washed in between each concentration by rinsing in tap water, alcohol and distilled 

water.  Following homogenisation the solutions were transferred into 15ml falcon tubes 

using a pipette.  The tubes were centrifuged for 10 minutes at 800rpm (136 g) and 4˚C.  

After this they were stored on ice.  During centrifugation the reagents for the test were 

made up from the defrosted kit.  The GSH-Glo Reagent 2x was made by mixing 33.3µl 

Luciferin NT, 33.3µl Glutathione-S-Transferase and 1.67ml GSH-Glo Reaction Buffer.  

The standards were made in sterile water using a GSH stock (5mM), ranging from 0 - 

5µM GSH.  When all reagents, worm solutions and standards had been made a white 96 

well plate was loaded in duplicate with 10µl of standard and 50µl of sample was put 

into the appropriate wells.  Following this 50µl of GSH Glo Reagent 2x was added to 

each well and the plate was incubated at room temperature for 30 minutes.  After the 

first incubation, 100µl of reconstituted Luciferin Detection Reagent was added to each 

well and the plate was mixed briefly by hand.  The plate was incubated for a second 

time at room temperature for 15 minutes in the dark.  Following this the plate was read 

using a Molecular Devices Spectra Max M5 fluorescent plate reader with parameters of 

excitation at 365nm and emission at 430nm, with a slit width of 5nm for each.   
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In order to produce a standard curve for the data the average luminescence was 

calculated for each concentration.  This average was then corrected by subtracting the 

control luminescence to remove the background level.  Following this a scatter plot of 

the standards was produced in Excel which was then used to determine the graph 

equation and R
2
 value for the data.  The calculation for determining the amount of GSH 

in each sample was performed using the plot equation.  The luminescence was divided 

by the y factor of the equation from the standard curve.  After this the figure was 

converted from µM/L to nM/ml and divided by the wet weight of the tissue.  This figure 

was expressed as nmoles/mg wet weight (WW) of tissue.  Based on these pilot studies 

the full study protocol was developed. 

 

4.2.3 Study 3: Full study with new Promega kit 

Following the pilot studies it was decided that the kit was sufficient for use with a 

minimum of 5 worms per concentration.  Worms were removed from culture 12 days 

prior to testing and were physiologically synchronised as described in Chapter 2, 

Section 2.2.2.  Following this 12 day period worms were exposed in 20ml to 0, 2.5 and 

10mg/L ZnO NPs and bulk particles ( 5mg/L HA) as described in chapter 3 (n = 3).  

At 0, 4, 8, 24, 48, 72 and 96 hours 5 worms were removed from each concentration.  

The preparation of worms, reagents and standards were prepared as described in Section 

4.2.2.  Following this the plate was loaded as described previously in Section 4.2.2. 
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4.3 Results 

4.3.1 Experimental design 

Table 4.2 below shows the experimental design for all experiments using the Promega 

kit in this chapter.  The p value was accepted at 0.05, unless a Bonferroni Correction 

was applied (as detailed in each section). 

Table 4.2: The experimental design of studies within this chapter. 

 

Experiment Test Factor Factor 
Interaction 

Factor 

H2O2 ANOVA Concentration - - 

  
(2 + 1 Control) 

  
NP vs. Scheirer-Ray-Hare Concentration HA Concentration 

NPHA 
 

(2 + 1 Control) 
 

HA 

NP vs. Scheirer-Ray-Hare Concentration Time Concentration 

NPHA 
 

(2 + 1 Control) 
 

Time 

NP vs. Scheirer-Ray-Hare HA Time HA 

NPHA 
 

2 
 

Time 

Bulk vs. Scheirer-Ray-Hare Concentration HA Concentration 

Bulk HA 
 

(2 + 1 Control) 
 

HA 

Bulk vs. Scheirer-Ray-Hare Concentration Time Concentration 

Bulk HA 
 

(2 + 1 Control) 
 

Time 

Bulk vs. Scheirer-Ray-Hare HA Time HA 

Bulk HA 
 

2 
 

Time 

NP vs. Scheirer-Ray-Hare Concentration Particle Concentration 

Bulk 
 

(2 + 1 Control) 
 

Particle 

NP vs. Scheirer-Ray-Hare Time Particle Time 

Bulk 
   

Particle 

NPHA vs. Scheirer-Ray-Hare Concentration Particle Concentration 

BulkHA 
 

(2 + 1 Control) 
 

Particle 

NPHA vs. Scheirer-Ray-Hare Time Particle Time 

BulkHA 
   

Particle 
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4.3.2 Studies 1: Pilot study using adapted protocol 

A number of worm batches of various sizes were used when trying to ascertain what 

amount of tissue would be required in order to get a high enough reading of GSH to see 

a depletion, should there be any, when exposed to the ZnO NPs and bulk particles.  A 

standard curve was produced using known quantities of GSH from 0 - 100µM (Figure 

4.1).  A high level of variability was seen across the reduced GSH levels in worm 

batches (Table 4.3) when using the adapted protocol.  A high level of variability was 

also seen across the total GSH data set (Table 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Standard curve of 0 - 100µM GSH. 

 

Table 4.3: Average nmoles of reduced GSH/mg (WW) tissue for a number of worms (5 

worms, n = 8, 10 worms, n = 8, 15 worms, n = 1, 20 worms, n = 2, 30 worms, n = 1).  

 
nmoles GSH/mg (WW) tissue 

 

5 worms 10 worms 15 worms 20 worms 30 worms 

Mean 0.00180 0.00048 0.00014 0.00453 0.00018 

St. Deviation 0.00261 0.00051 - 0.00618 - 
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Table 4.4: Average nmoles of total GSH/mg (WW) tissue for a number of worms (5 

worms, n = 8, 10 worms, n = 8, 15 worms, n = 1, 20 worms, n = 2, 30 worms, n = 1).  

 
nmoles GSH/mg (WW) tissue 

 

5 worms 10 worms 15 worms 20 worms 30 worms 

Mean 0.00073 0.00042 0.00015 0.00093 0.00021 

St. Deviation 0.00141 0.00079  - 0.00101  - 
 

 

The variability of the levels of GSH in worms using the adapted protocol was too high 

to continue with this protocol.   

 

4.3.3 Study 2: Pilot study with new Promega kit 

Based on the data gathered using the adapted protocol a kit was purchased from 

Promega, UK.  H2O2 was used to induce a response in the levels of GSH within the 

worm tissue after 24 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.: Percent of GSH per mg of tissue in worms exposed to 0, 64µM and 128µM 

H2O2 for 24 hours (Data represents mean ± SE; n = 3). 
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Data were normalised to the control to show % GSH per mg of tissue with respect to the 

control worms.  Data were tested for normality using a Kolmogorov-Smirnov test.  The 

data were found to be normally distributed (Z = 1.004, P > 0.05) so a one way ANOVA 

was performed to test for any significant differences in percent GSH per mg tissue 

across the different H202 concentrations (Table 4.5). 

 

Table 4.5: Results from statistical analyses (ANOVA) conducted on percent GSH per 

mg tissue across the different H2O2 concentrations  

Source d.f. SS MS F p value 

Percent GSH per mg 

tissue 

2 501.090 250.545 0.908 0.452 

Residual 6 1654.910 275.818   

Total 8 2155.999 269.500   

 

No significant depletion in GSH was observed in worms exposed to H2O2 for 24 hours 

(Figure 4.2). 

 

4.3.4 Study 3: Full study with new Promega kit 

Figure 4.3 shows the GSH levels in worms exposed to ZnO NPs over 96 hours, while 

Figure 4.4 shows the percentage GSH levels per milligram of tissue in worms exposed 

to ZnO NPs with 5mg/L HA, over the same time period.  Data were normalised to the 

control to show % GSH per mg of tissue with respect to the control worms.  Data were 

tested for normality using a Kolmogorov-Smirnov Test and were found to be not 

normally distributed (Z = 3.223; P < 0.001).  Arcsine transformation was attempted 

however it was not possible to bring the data to normality.  Three Scheirer-Ray-Hare 

tests were performed as there is no non-parametric version of a 3 way ANOVA, to 

assess the influence of concentration, time and HA presence (Tables 4.6, 4.7 and 4.8).  

Bonferroni corrections were applied to account for the use of multiple tests.  

Table 4.6: Statistical analysis results obtained from Scheirer-Ray-Hare test for 

concentration of ZnO NP with and without addition of HA. 

Factor SS SS/MStotal d.f. F p value 

Concentration 5483.556 5.589 2 6.170 0.061 

HA 5662.259 5.772 1 2.987 0.016 

Conc * HA 207.630 0.212 2 0.113 0.900 

 



 

109 

 

Table 4.7: Statistical analysis results obtained from Scheirer-Ray-Hare test for 

concentration of ZnO NP at different time points. 

Factor SS SS/MStotal d.f. F p value 

Concentration 5483.556 5.590 2 1.590 0.061 

Time 7182.111 7.321 5 3.035 0.198 

Conc * Time 11002.000 11.215 10 1.218 0.341 

Table 4.8: Statistical analysis results obtained from Scheirer-Ray-Hare test assessing 

differences in time following exposures to ZnO NPs with and without HA. 

Factor SS SS/Mstotal d.f. F p value 

HA 5662.259 5.771 1 6.427 0.016 

Time 7182.296 7.321 5 1.630 0.198 

HA * 

Time 
7543.296 7.689 5 

1.712 
0.174 

 

 

The Bonferroni correction indicated that the p value should be less than 0.0045.  With 

this correction no factor was seen to be significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: The percentage GSH per milligram of tissue in worms exposed to ZnO NPs 

over 96 hours (n = 3; data represents median with interquartile range). 
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Figure 4.4: The percentage GSH per milligram of tissue in worms exposed to ZnO NPs 

with 5mg/L HA over 96 hours (n = 3; data represents median with interquartile range). 

 

Figure 4.5 shows the GSH levels in worms exposed to ZnO bulk particles over 96 

hours, while Figure 4.6 shows the percentage GSH levels per milligram of tissue in 

worms exposed to ZnO bulk particles with 5mg/L HA.  Data was normalised to the 

control to show % GSH per mg of tissue with respect to the control worms.  Data were 

tested for normality using a Kolmogorov-Smirnov Test and was found to be non-

parametric (Z = 2.640, P < 0.001).  Arcsine transformation was attempted however it 

was not possible to bring the data to normality.  Three Scheirer-Ray-Hare tests were 

performed (Tables 4.9, 4.10 and 4.11).   

 

Table 4.9: Statistical analysis results obtained from Scheirer-Ray-Hare test for 

concentration of ZnO bulk particles with and without addition of HA. 

Factor SS SS/MStotal d.f. F p value 

Concentration 720.722 0.735 2 0.369 0.693 

HA 56.333 0.057 1 0.058 0.811 

Conc * HA 4447.722 4.534 2 2.274 0.104 
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Table 4.10: Statistical analysis results obtained from Scheirer-Ray-Hare test for 

concentration of ZnO bulk particles at different time points. 

Factor SS SS/Mstotal d.f. F p value 

Concentration 720.722 0.735 2 0.377 0.693 

Time 9819.778 10.010 5 2.054 0.070 

Conc * Time 8370.167 8.532 10 0.875 0.577 

 

Table 4.11: Statistical analysis results obtained from Scheirer-Ray-Hare test assessing 

differences in time following exposures to ZnO bulk particles with and without HA. 

Factor SS SS/Mstotal d.f. F p value 

Time 9819.778 10.010 5 2.223 0.075 

HA 56.333 0.057 1 0.064 0.811 

Time * HA 10287.556 10.487 5 2.239 0.063 
 

 

From the 3 tests comparing concentration vs. HA, concentration vs. time and HA vs. 

time, it was found that there was no significant differences in GSH content of worms 

across ZnO NP and bulk particle exposure concentration, exposure length and the 

addition or omission of 5mg/L HA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: The percentage GSH per milligram of tissue in worms exposed to ZnO bulk 

particles over 96 hours (n = 3; data represents median with interquartile range). 
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Figure 4.6: The percentage GSH per milligram of tissue in worms exposed to ZnO bulk 

particles with 5mg/L HA over 96 hours (n = 3; data represents median with interquartile 

range). 

 

The NP and bulk particle data were investigated to assess if there was any significant 

difference in the content of GSH.  Data were normalised to the control for each test.  

Data were tested for normality using a Kolmogorov-Smirnov Test and was found to be 

not normally distributed (Z = 3.188, P < 0.001).  Two Scheirer-Ray-Hare tests were 

performed (Tables 4.12 and 4.13).  Bonferroni corrections were applied to account for 

the use of multiple tests.  This correction indicated that the p value should be less than 

0.0045.  With this correction no factor was seen to be significant. 

 

Table 4.12: Statistical analysis results obtained from Scheirer-Ray-Hare test for 

concentration of ZnO and particle type (NP and bulk). 

Factor SS SS/MStotal d.f. F p value 

Concentration 189.061 0.192 2 0.100 0.908 

Particle 3733.643 3.806 1 3.967 0.051 

Conc*Particle 3626.335 3.697 2 1.927 0.158 
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Table 4.13: Statistical analysis results obtained from Scheirer-Ray-Hare test for time 

and particle type (NP and bulk). 

Factor SS SS/MStotal d.f. F p value 

Time 6450.556 6.576 5 5.587 0.254 

Particle 5152.926 5.253 1 1.399 0.022 

Time*Particle 4816.630 4.910 5 1.044 0.427 

 

The NP with HA and bulk particle with HA data was investigated to see if there was 

any significant difference in the depletion of GSH.  Data has been normalised to the 

control for each test.  Data was tested for normality using a Kolmogorov-Smirnov Test 

and was found to be non-parametric (Z = 2.944; P < 0.001).   

 

Table 4.14: Statistical analysis results obtained from Scheirer-Ray-Hare test for 

concentration of ZnO with the addition of HA and particle type (NP and bulk). 

Factor SS SS/Mstotal d.f. F p value 

Particle 204.402 0.208 1 0.226 0.648 

Concentration 597.500 0.609 2 0.330 0.738 

Conc*Particle 11958.760 12.190 2 6.600 0.002 

 

 

Table 4.15: Statistical analysis results obtained from Scheirer-Ray-Hare test for time 

and particle type (NP and bulk) with the addition of HA. 

Factor SS SS/MStotal d.f. F p value 

Particle 0.926 0.001 1 0.001 0.976 

Time 8293.111 8.454 5 1.967 0.133 

Time*Particle 15720.296 16.025 5 3.728 0.007 

 

 

Two Scheirer-Ray-Hare tests were performed (Tables 4.14 and 4.15).  Bonferroni 

corrections were applied to account for the use of multiple tests.  This correction stated 

that the p value should be less than 0.0045.  With this correction the interaction factor 

between the particle type and concentration was seen to be significantly different (F = 

6.6; d.f. = 2; P < 0.0045) (Table 4.14), indicating that in this instance the effects of the 

two factors (particle type (with HA) and the effect of concentration) were not additive, 

i.e. the groups observations assigned to one factor do not respond in the same way as 

those assigned to other factor (Dytham, 2011).  The two particle types responded 
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significantly differently in relation to the depletion of GSH in the cells depending on 

what concentration of particles the worms were exposed to. 

 

4.4 Discussion: 

4.4.1 Protocols 

Two protocols were used in this study to ascertain which was the best method to use to 

investigate the effect of ZnO NPs and bulk particles on the GSH content of L. 

variegatus cells.  The results suggest that the kit method was the best approach since the 

method was faster, the stability of the signal obtained was greater in the kit and the 

amount of tissue required for the kit method was far less than the adapted protocol.  The 

advantages of using the kit protocol over the adapted protocol include the speed at 

which the kit worked (the adapted protocol took up to a full day to carry out whereas the 

kit took a few hours), the signal stability of the kit (the half-life of the signal in the kit 

was greater than 2 hours), the quantity of sample required (only 5 worms were required 

for the kit protocol whereas the GSH levels in the adapted protocol were highly variable 

across all worm sample sizes of 5 to 30 worms) and the lack of interference between 

fluorescent excitation and emission wavelengths of the samples and reagents (the kit 

was based on luminescence).  The only disadvantage of using this kit was the high cost 

involved when compared to relatively low running cost of the adapted protocol. 

 

4.4.2 Pilot Study 

Hydrogen peroxide was used as a positive control in this study as it has been shown to 

cause oxidative stress as it is an ROS (Veal et al., 2007), however it can also be an 

important factor in cell signalling.  The response of multicellular organisms to H2O2 

differs depending on the organism.  The increased/decreased expression of antioxidants 

in response to H2O2 is not universal (An and Blackwell, 2003; Desaint et al., 2004) and 

this suggests that in some cells it may be more important that antioxidant levels are set 

appropriately for H2O2 for cell signalling (Veal et al., 2007) rather than responding to 

oxidative stress.  H2O2 can therefore have both positive (signal) and negative (damage) 

effects and it is important to consider the organism or cell type under investigation.  As 

the oxidative defences of L. variegatus are not well understood (Wiegand et al., 2007) 
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and this kit has not been used with worm tissues before it was decided to continue with 

the study to examine whether ZnO NPs and bulk caused oxidative stress, even though 

there was no significant decrease in GSH levels in worms exposed to H2O2. 

 

4.4.3 Oxidative stress study 

The uptake, distribution, metabolism and elimination of toxic substances are key 

elements in determining the response of aquatic organisms to a substance (Verrengia 

Guerrero et al., 2002).  In this study it was observed that ZnO NPs and bulk particles ( 

HA) were not seen to cause any significant oxidative stress in L. variegatus after 96 

hours of exposure, using this methodological approach.  A number of reasons may be 

put forward in order to potentially explain why an expected oxidative stress reaction 

was not observed.  Lushchak (2011) suggested that pre-exposure to low intensity 

oxidative stress, no matter how that stress was induced, may enhance an organism’s 

tolerance to a subsequent higher intensity oxidative stress.  The pre-exposure in this 

case may have been that the worms may have incurred a low level stress within their 

culture tanks (e.g. reduction in oxygen supply/food or disturbance due to movement of 

the tank/light source) or during physiological synchronisation.  It is also possible that 

the ZnO exposure concentrations were too low to produce enough ROS to induce 

lasting oxidative stress and the worms were able to compensate and readjust the amount 

of GSH after depletion.  Thirdly, it has been stated that in studies using aquatic 

organisms changes in antioxidant mechanisms are transient and variable for different 

species and chemicals (Livingstone, 2001; Barata et al., 2005; Cochón et al., 2007).  A 

significant increase/decrease and subsequent compensation in GSH levels may have 

occurred before the first investigative time point of 8 hours.  Kumar et al. (2011) 

reported that oxidative stress occurred in E. coli after a 60 minute exposure to ZnO NPs 

and Huang et al. (2010) reported that oxidative stress occurred in human lung epithelial 

(BEAS-2B) cells after 6 hours.  An early decrease in GSH levels could result in a short 

lived increase in GSH synthesis.  This increase in GSH may have allowed the worm to 

adapt to the stress by detoxifying the toxicant and removing the ROS generated by it 

(Kristoff et al., 2008).  Finally, it has been suggested that a number of biomarkers for 

oxidative stress should be used when investigating oxidative stress in aquatic organisms 

(Lushchak, 2011) and so just because there was no significant change in GSH levels it 
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cannot be fully concluded that no oxidative stress occurred.  Knowledge of the 

regulation of antioxidants systems in aquatic organisms is limited in relation to 

environmental pollutants (Livingstone, 2001) and due to the conservative nature of the 

statistics used it would be beneficial to investigate the oxidative stress defences of L. 

variegatus further using GSH and other markers for oxidative stress, with a wider range 

of ZnO NP and bulk particle concentrations.  The results of this study are not in line 

with ZnO toxicology studies (as described in Section 4.1.3) as oxidative stress upon 

exposure to ZnO has been measured in several human cell lines (e.g. De Beradis et al., 

2010; Huang et al., 2010; Fukui et al., 2012; Sharma et al., 2012) and environmental 

toxicity studies (e.g. Lin et al., 2009; Pujalte et al., 2011; Hao et al., 2012).  However, 

in Hao et al. (2012) it was observed that after exposure to ZnO NPs the enzymatic and 

non-enzymatic antioxidant defences of carp (Cyprinas carpio) acted in different ways in 

different organs.  The intestines were found to be relatively insensitive to the NPs when 

compared to the brain and liver.  They suggested that this was proof that in order to 

fully evaluate oxidative stress biomarkers it is necessary to assess a number of markers 

in the organism.  It can also be seen from Section 4.1.4 that the oxidative defence 

mechanisms in L. variegatus can differ depending on which marker is investigated.   

 

4.5 Summary of this study 

The GSH content of L. variegatus cells after exposure to ZnO NPs and bulk particles 

for 96 hours was investigated in this study.  ZnO NPs and bulk particles (0 – 10mg/L 

with and without 5mg/L HA) were not found to have a significant effect on the level of 

GSH in the cells of the worms indicating that oxidative stress was not induced 

according to this marker.  The aims of the study were met and it was shown that this 

protocol was successful in assessing the GSH content of L. variegatus cells after 

exposure to NPs and is a potential endpoint for assessing toxicity in L. variegatus, 

alongside other markers of oxidative stress, e.g. SOD, CAT, POD, etc.  The Promega 

protocol was also considered successful as it reduced the amount of tissue and time 

required to conduct the study compared to adapted protocol initially used. 
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Chapter 5 Chronic Toxicity Testing: Investigation of the effects of ZnO 

nanoparticles and bulk particles on the behaviour of Lumbriculus 

variegatus. 

 

5.1 Introduction: 

Sediments are food sources and habitats for numerous organisms, and so, play a key 

role in aquatic ecosystems (Galluba et al., 2012).  Sediment dwelling organisms 

themselves are food sources for many species and so a contamination of sediment can 

lead to effects in non-benthic organisms and even humans (Hansen et al., 2004; Erikson 

et al., 2010).  The contamination of fresh water sediments is considered a major 

environmental concern for aquatic ecosystems (USEPA, 2002).   

 

5.1.1 Sediment toxicology: 

It has been recognised that sediments act as a sink for many contaminants and sediment 

feeders can accumulate high contaminant levels (Baun et al., 2008).  Sediments can also 

act as sources of contaminants, as sediment bound contaminants can be released to the 

water column during periods of biological (Reible et al., 1996) and physical 

perturbation (Rubinos et al., 2010; Wu et al., 2011).  Physical perturbation can include 

fast flowing waters, storm surges and anthropogenic influences (such as dredging), and 

bio-perturbation of sediment bound contaminants can occur, for example, via 

oligochaetes feeding on sediment particles and egesting/excreting them onto the 

sediment surface which can lead to a release of contaminants into overlying waters 

(Reible et al., 1996).  In high densities benthic organisms can considerably rework and 

modify the structure of sediments (Krezoski and Robbins, 1985).  Perturbation can lead 

to the contaminant being released continuously long after the initial entry of the 

contaminant into the environment (Galluba et al., 2012).   

Sediment toxicity research began in earnest in the 1970s using lethality as an 

endpoint in amphipods and other crustaceans (Kalinowski and Zaleska-Radziwill, 

2011).  Standards began to appear during the 1990s which made use of further 

endpoints (e.g. reproduction, growth, biomass, bioaccumulation) and used a wider range 

of species (Kalinowski & Zaleska-Radziwill, 2011).  An ideal sediment toxicity test 



 

118 

 

would: i) be ecologically relevant, ii) have the ability to assess chronic endpoints, iii) 

incorporate a wide range of routes of exposure (i.e. ingestion of particles, pore water, 

overlying water) and iv) be applicable to a wide range of sediment characteristics 

(Phipps et al., 1993).  Sediment toxicity testing can be conducted using artificial or 

natural sediments, however natural sediments can exhibit numerous factors that can 

vary by location and often by season (Walsh et al., 1992), which can be problematic 

when used in toxicity studies.  For example, natural sediment particles vary in surface 

area over orders of magnitude and in chemical composition, which can affect the nature 

and number of binding sites for metal and organic contaminants.  The size of the natural 

sediment particles often define what species inhabit the sediment and the structure of 

the benthic community (Wenning et al., 2005).  Finally, the sampling, transport and 

storage of natural sediments can change the composition of the sediment as well as the 

communities of organisms that may be living there (Reynolds et al., 1993; ASTM, 

2002; Suedel and Rodgers, 1994).  For this reason artificial sediments were used in this 

study as adapted from the OECD guidelines for the testing of chemicals 225 (2007).  

According to these guidelines an artificial sediment is preferred over a natural one as an 

artificial sediment minimises variability in the test conditions, the introduction of 

contaminants and the introduction of indigenous flora and fauna. 

 

5.1.2 Use of Lumbriculus variegatus in sediment toxicity studies 

According to Chapman et al. (1998) benthic organisms are the best indicators of 

sediment toxicity due to their contact with the sediment and overlying water.  These 

organisms can be exposed to toxic substances in a number of ways including direct 

contact with the substance, contact via the pore water, ingesting contaminated food and 

contact via overlying water.  The importance of the routes of exposure is dependent on 

the feeding and burrowing behaviour of the organism (Wenning et al., 2005).  Burton 

(1992) listed a number of criteria for the selection of test organism for sediment toxicity 

testing including the behaviour of the organism in the sediment, ecological relevance, 

geographical distribution, sensitivity to contaminants, availability and tolerance to 

different sediment types.  L. variegatus have been identified by the USEPA and OECD 

as a recommended freshwater organism for assessing the bioaccumulation of 

contaminants in sediments (USEPA, 2000; OECD, 2007).  They often account for a 

large biomass in freshwater habitats, are a food source for secondary consumers 
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(Galluba et al., 2012), have a feeding strategy that brings them in direct contact with 

contaminants (Leppänen & Kukkonen, 1998) and can have a strong influence on the 

bioavailability of contaminants to other organisms (Egeler et al., 1997).  These 

attributes make them a relevant species for the testing of contaminants.  L. variegatus 

has been used to test the toxicity of a number of substances in artificial sediments (e.g. 

anti-parasitic drugs (Ding et al. 2001), metals (Hirsch, 1998; Gerhardt, 2007), 

organochlorines (Egler et al., 1997; Nikkilä et al., 2003; Mäenpää et al., 2008), 

polycyclic aromatic hydrocarbons (PAHs) (Leppänen & Kukkonen, 1998; Landrum et 

al., 2002) and steroids (Liebig et al., 2005), amongst others) and also in natural 

contaminated sediments (Sardo and Soares, 2010; Galluba et al., 2012).  More recently 

L. variegatus has been used to investigate the toxicity of NPs.  Petersen et al. (2008; 

2010) investigated the bioaccumulation of carbon nanotubes (CNTs) in the worms and 

found that the CNTs were not absorbed into the tissues but were ingested by the worms.  

They indicated that more research was necessary, potentially using TEM imaging, to 

investigate this further.  Parkarinen et al. (2011) invested the effects of nC60 fullerenes 

(carbon NPs) on L. variegatus.  They found that feeding activity and depuration 

efficiency was decreased after exposure, however the effect was minimal.  The authors 

suggested that although the NPs were not very toxic to L. variegatus, the worms 

ingested the NPs and egested them on to the sediment potentially increasing their 

bioavailability to other organisms.  Hartmann et al. (2012) investigated the potential of 

TiO2 NPs as carriers for uptake of cadmium in L. variegatus.  They found that TiO2 was 

found adhered onto the surface of the worm and also in the gut but exact locations were 

difficult to determine.  They also found that TiO2 NPs did not increase the toxicity of 

cadmium in the worms. 

 

5.1.3 Metals in sediments 

The bioavailability of metal and metal oxides and their potential toxicity are not only 

affected by their physicochemical properties but also by sediment associated factors 

including organic content, cation exchange capacity, pH, temperature, grain size 

(Förstner, 1990) and possibly acid sulphide content (Di Toro et al., 1990).  Metals may 

partition in sediments in a number of ways including soluble free ions, organic and 



 

120 

 

inorganic complexes and precipitates of metal and inorganic complexes (Förstner, 1990; 

Di Toro et al., 1990). 

In the literature many questions currently remain unanswered concerning the 

fate and behaviour of metal oxide NPs in sediments because in most instances the NPs 

are associated with the sediment matrix (Buffet et al., 2012).  ZnO NPs are one of the 

most commonly used NPs in industry and inevitably some will be released to the 

environment.  Studies have shown that ZnO NPs are prone to solubilise (NPs may have 

a greater rate of ion release due to their large surface area), increasing their 

bioavailability (Buffet et al., 2012).  Bioavailability of contaminants is key in sediment 

toxicity testing.  Only contaminants that are available to the organism can contribute to 

any toxic effect observed (Galluba et al., 2012).  A study by Biddinger & Gloss (1984) 

indicated that organisms associated with sediments have higher zinc concentrations than 

organisms living in the water column. Zinc is more concentrated in sediments than in 

the water column and its content in sediments is closely correlated with depth, organic 

content and clay content of the sediment (ATSDR, 2005).  Baun et al. (2008) stated that 

chronic, low exposure invertebrate NP toxicity tests are necessary as few studies have 

been published to date.  The particles can come in contact with the worms via two 

pathways: i) NPs in the pore water can potentially enter the body via the integument or 

respiratory surfaces, or ii) sediment bound NPs can potentially enter the intestinal tract 

via sediment ingestion (Galluba et al., 2012).  As the demand for ecological testing of 

contaminants has increased a further demand for the standardisation of protocols has 

emerged to ensure that studies are comparable (Van Geest et al., 2010).   

 

5.1.4 Aims of the study 

The main aim of this study was to investigate the effects of ZnO NPs and bulk particles 

on the mortality, reproduction and body reversal behaviour of L. variegatus in chronic 

(28 days) artificial sediment toxicity tests.  The null hypothesis put forward for this 

study was that ZnO NPs and bulk particles would have no effect on the mortality, 

reproduction and body reversal behaviour of L. variegatus after a chronic exposure in 

artificial sediment toxicity tests.  A further aim was to assess the impact of organic 

matter on the toxicity of ZnO NPs and bulk particles.  The null hypothesis considered 

for this part of the study was that organic matter would have no impact on the toxicity 
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of ZnO NPs and bulk particles after chronic exposure to L. variegatus.  The endpoints 

assessed in this study were the same as described in chapter 3.  They included 

behavioural responses, which are a non-destructive (sub-lethal) method for assessing 

toxicity in L. variegatus (Warner, 1967; Lagadic et al., 1994).  A final aim of the study 

was to investigate the use of paper substrate as a replacement for artificial sediment.  

The final null hypothesis considered was that a paper substrate would not be a sufficient 

replacement for artificial sediment.    

 

5.2 Materials and Methods 

This study was conducted in a number of steps in order to produce a protocol where 

worms survived until the end of the study.  Firstly, studies were conducted for 28 days 

at Edinburgh Napier University, The Technical University of Denmark (DTU) and at 

Heriot Watt University (HWU) using a sediment protocol adapted from the OECD 

guidelines on the testing of chemicals 225 (2007).   Following this, a study was 

conducted in HWU using the OECD 225 (2007) protocol.  This protocol was followed 

exactly and was not adapted.  Finally, a paper substrate study was conducted at HWU 

over a 28 day period. 

 

5.2.1 Study Preparation 

The medium used in these studies was as described in Chapter 3, Section 3.2.1.  Worms 

were maintained as described in Chapter 3, Section 3.2.2.  Equipment was maintained 

as described in Chapter 3, Section 3.2.3.  Worms were physiologically synchronised 

prior to each experiment as described in Chapter 2, Section 2.2.2. 

 

5.2.2 Study 1: Adapted sediment study 

These studies were carried out at Edinburgh Napier University (n = 3), DTU (n = 3) and 

HWU (n = 3).  The sediment used in this study was prepared according to an adaptation 

of the OECD guidelines on the testing of chemicals (OECD, 2007).  The constituents of 

the sediment included cellulose (Sigma Alrich, UK), sand (Sigma Aldrich, UK), 

kaolinite (Sigma Alrich, UK) and ground nettle leaf (Napiers, UK) in the amounts 

shown in table 5.1. 



 

122 

 

Table 5.1: Constituents of adapted OECD sediment (225 Guidelines, 2007). 

Constituent Amount 

Cellulose 4.5% 

Sand 75.0% 

Kaolinite 20.0% 

Nettle leaf 0.5% 

 

The constituents of the sediment were weighed out using a Sartorius LE244S 

(Napier/HW)/CP2245 (DTU) electric scales into a large plastic tub, according to Table 

5.1.  Prior to being weighed the nettle leaf was ground in a pestle and mortar and passed 

through 300µm mesh material.  The sediment constituents were hand mixed gently for 

15 minutes in the plastic tub.  The nanoparticles and bulk ZnO were weighed out using 

the electric scales onto anti static trays in a laminar flow hood (DTU)/glove box 

(Napier; HW).  Once weighed 0.005g ZnO particles were transferred to volumetric 

flasks containing 250ml EPA HW media and were sonicated in a sonication bath 

(Ultrawave Q series, 400W) for 30 minutes at 20˚C.  The beakers were then placed on 

magnetic stirrers to ensure the NPs/bulk particle were dispersed as much as possible 

throughout the solution, before creating solutions of ZnO at 0, 500, 1000, 2000 and  

4000mg/Kg (dry weight) sediment  5mg/L Suwannee River humic acid (both ZnO NPs 

and bulk particles). 

Prepared sediment (200g) was weighed on the scale and 80ml of prepared 

nanoparticle suspension was added and stirred thoroughly through the sediment.  The 

treated sediment was divided up into three 70g replicates and poured into three 250ml 

glass beakers.  Each beaker was topped up with 150ml of EPA HW medium and the 

sediment was allowed to settle overnight.  The following day the medium parameters 

were checked (Table 5.2).   
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Table 5.2: Aqueous medium parameters for testing during the assay. 

Parameter Level Checked 

Temperature 20°C ± 2°C 1 replicate once per week 

Dissolved oxygen > 30% saturation 1 replicate once per week 

pH 6.0 – 9.0 1 replicate once per week 

 

The dissolved oxygen was measured with a Hach LDO HQ10 O2 dissolved oxygen 

(DO) meter.  The temperature was also measured using the DO meter.  The probe was 

inserted into the medium and gently stirred for 30 seconds until the percent oxygen and 

temperature stabilised.  The pH was measured using a pHM210 standard pH meter 

(MeterLab Radiometer Analytical).  The probe was gently stirred in the medium until 

the pH stabilised.  After the parameters had been determined ten physiologically 

synchronised worms were added to each beaker.  The beakers were placed at random in 

an incubator at 20 ± 2°C at Napier and HWU, or in a temperature controlled room at 20 

± 2°C at DTU, for 28 days and aeration was provided via air pumps which were used to 

bubble the beakers continuously.  The parameters mentioned in section 5.2.2 were 

checked once per week.  After 28 days the worms were removed from the beakers and 

mortality, reproduction and behavioural responses were assessed as described in chapter 

3, section 3.2.5. 

 

5.2.3 Study 2: OECD sediment study 

This study was carried out at Heriot Watt University (n =3).  NP and bulk suspensions 

were prepared as described in section 5.2.3.  Suspensions of 0, 500, 1000, 2000 and 

4000mg/Kg (dry weight) sediment  5mg/L Suwannee River humic acid were prepared.  

The sediment was prepared exactly as described in OECD guidelines on the testing of 

chemicals 225 (OECD, 2007) (Table 5.3).  
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Table 5.3: Constituents of OECD sediment (225 Guidelines, 2007). 

Constituent % DW of sediment 

Sphagnum peat (air dried) 2 ± 0.5 

Quartz sand 76 

Kaolinite clay 22 ± 1 

Nettle powder  0.4 - 0.5 

Calcium Carbonate 0.05 - 1 

Deionised water 30-50 
 

Peat (Dow’s Garden Supplies) was weighed and ground into a fine powder using a 

pestle and mortar.  Visible plant remains were removed and the remaining peat was 

passed through a 500µM sieve giving a particle size of less than 0.5mm.  A peat 

suspension was then made using a portion of the 30-50% deionised water (i.e. 690ml) 

that was to make up the final sediment and the pH was amended to 5.5  0.5 using 

calcium carbonate.  The sediment was gently mixed over 48 hours using a magnetic 

stirrer and the pH was measured again.  The pH was amended to 6.0  0.5 if necessary 

with CaCO3.  All other dry constituents were added along with the remaining deionised 

water.  A homogenous sediment was obtained using a motorised mixer (Apollo APM 10 

Mixer) for approximately 2.5 hours.  After mixing, 300g of prepared sediment was 

treated with 120ml of prepared NP or bulk suspensions.  Each particle concentration 

suspension was added to the sediment and mixed thoroughly.  The spiked sediment was 

divided into 100g portions, added to 250ml beakers and 200ml of EPA HW medium 

(without particles) was added to each beaker.  Beakers were then allowed to settle 

overnight.  The following day the parameters were measured as described in section 

5.2.2.  After the parameters had been determined ten physiologically synchronised 

worms were added to each beaker.  The beakers were placed at random in an incubator 

at 20 ± 2°C for 28 days and aeration was provided via air pumps which were used to 

bubble the beakers continuously.   The parameters mentioned in section 5.2.2 were 

checked once per week.  After 28 days the worms were removed from the beakers by 

gently heating the sediment in order to encourage the worms to come to the surface.  

Once at the surface the worms were gently removed using a plastic pastette.  Mortality 

(determined as described in Chapter 3, Section 3.2.5), reproduction (determined by the 

number of worms remaining after testing - more than ten individuals was determined to 

constitute reproduction) and behavioural responses were assessed (as described in 

Chapter 3, Section 3.2.5). 
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5.2.4 Study 3: Paper sediment study 

This study was carried out at Heriot Watt University (n = 3).  NP and bulk solutions 

were prepared from 0 to 100mg/L  5mg/L humic acid as described in section 5.2.3.  

These concentrations were chosen based on the water only studies conducted as 

described in chapter 3, section 3.2.5.  It was not possible to use the same exposure 

concentrations as the artificial sediments studies as these were too high.  Positive 

controls were also set up for this experiment using 0.2 and 0.4µM CuSO4 and 25 and 

100mg/L ZnSO4.  O’Gara et al. (2004) showed that CuSO4 was toxic to L. variegatus 

over various time points in a seven day period.  It has also been shown that ZnSO4 is 

toxic to a variety of oligochaetes (Callahan et al., 1994; Reinecke et al., 1996).  The 

doses chosen for this study were based on the sublethal doses observed in O’Gara et al. 

(2004) and Callahan et al. (1994).  (Positive controls with 5mg/L HA were not 

considered due to cost, time and space issues).  Unbleached paper towels were used as 

substrate instead of an artificial sediment.  Unbleached paper towels were washed twice 

in deionised water and autoclaved at 121˚C for 15 minutes before being cut into strips.  

Two paper towels (approximately 5g) were added into each beaker.  NP or bulk 

suspensions (200ml) were added per beaker along with 1mg of pre-powdered nettle leaf.  

Parameters were checked as described in section 5.2.2.  After the parameters had been 

determined ten physiologically synchronised worms were added to each beaker.  The 

beakers were placed at random in an incubator at 20 ± 2°C for 28 days and aeration was 

provided via filtered air pumps which were used to bubble the beakers continuously.  

The parameters mentioned in section 5.2.2 were checked once per week.  After 28 days 

the worms were removed from the beakers and mortality, reproduction and behavioural 

responses were assessed as described in chapter 3, section 3.2.5. 

 

5.2.5 Statistical analyses 

Statistical analyses were performed on the data using PASW 17.0 software.  Data were 

checked for normality using a Kolmogorov-Smirnov test and any data transformations 

were performed if necessary and possible.  Following this Scheirer-Ray-Hare or 

Kruskal Wallis tests were performed, given that data were found not to comply with 

parametric tests requirements (as described in Chapter 3, Section 3.2.9).  Due to the use 
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of multiple tests a Bonferroni correction was applied.  These statistics are highly 

conservative. 

 

5.3 Results: 

5.3.1 Study 1: Adapted sediment study 

During testing using the adapted sediment at DTU, Edinburgh Napier University and 

HWU it was not possible to complete a 28 week study as sediments turned anoxic and 

worms did not survive.  This study was repeated at Edinburgh Napier, DTU and HWU 

to assess if factors other than the sediment itself (e.g. water quality, contamination, 

incorrect mixing of sediment ingredients, differing batches of worms etc.) were 

affecting the protocol.  It was not possible to complete the study in any of the three 

attempts.  Figure 5.1 shows a beaker of sediment with worms at day 0 of testing.  A part 

of one worm is visible burrowed into the sediment as expected, indicating that the 

sediment is initially suitable for the worms.  Figures 5.2a and 5.2b show examples of 

sediments at day 28 of testing where worms are sitting on top of the sediment (Figure 

5.2a) or are not visible (Figure 5.2b).  Worms sitting on top of the sediment indicate 

perturbed conditions (OECD, 2007).  The worms were not visible in Figure 5.2a as they 

were found to have died and decomposed after 28 days.  The colour of the sediment can 

also be seen to have deteriorated after 28 days indicating that the sediments had become 

largely anoxic.   

The O2, pH and temperature were measured throughout all three studies as 

described in section 5.2.2 in each concentration of one replicate.  All parameters were 

found to be within recommended OECD (2007) range (O2 > 66% saturation, pH 

between 6 and 9, temperature 20 ± 1ºC) in each experiment throughout the 28 day 

exposure period. 
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Figure 5.1: Image of 500mg/Kg DW ZnO NP spiked adapted sediment with worms at 

day 0 of testing.  A worm can be seen burrowing into the sediment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Images of NP spiked adapted sediments at day 28 of testing (a = 500mg/Kg 

DW ZnO NPs, b = 1000mg/Kg DW ZnO NPs).  Worms can be seen sitting on top of the 

sediment in image 5.2b indicating that the sediment is unsuitable for their survival. 
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5.3.2 Study 2: OECD sediment study 

This study was conducted at Heriot Watt University (n = 3), using concentrations of 0, 

500, 1000, 2000 and 4000mg/Kg DW ZnO NPs and bulk particles with and without 

5mg/L HA.  Mortality in the control was found to be very high (EPA HW medium = 

40%, EPA HW with HA = 57%) and of the control worms remaining the behavioural 

response was severely inhibited (EPA HW media = 15% behavioural response, EPA 

HW with HA = 14% behavioural response).  Based on the controls this protocol was not 

continued. 

 

5.3.3 Study 3: Paper sediment study 

Table 5.4 below shows the experimental design for the paper sediment studies 

undertaken within this chapter.  The p value was accepted at 0.05, unless a Bonferroni 

Correction was applied (as detailed in each section). 

Table 5.4: The experimental design for the paper sediment studies. 

Experiment Test Factor Factor 

Interaction 

Factor 

CuSO4 Kruskal Wallis Concentration - - 

    (2 + 1 Control)     

ZnSO4 Kruskal Wallis Concentration - - 

    (2 + 1 Control)     

NP vs.  Scheirer-Ray-Hare Concentration HA Concentration 

NPHA   (4 + 1 Control)   HA 

Bulk vs.  Scheirer-Ray-Hare Concentration HA Concentration 

Bulk HA   (4 + 1 Control)   HA 

NP vs.  Scheirer-Ray-Hare Concentration Particle Concentration 

Bulk   (2 + 1 Control)   Particle 

NPHA vs. Scheirer-Ray-Hare Concentration Particle Concentration 

BulkHA   (2 + 1 Control)   Particle 

 

This study was conducted at HWU (n = 3).  Figure 5.3 below shows an example of the 

paper sediment. 
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Figure 5.3: Image of the paper sediment. 

 

Figure 5.4 shows the behavioural response data of worms exposed to NPs and NPs with 

HA at concentrations of 0, 12.5, 25, 50 and 100mg/L ZnO NPs and bulk particles with 

and without 5mg/L HA.  Data were normalised to the test mean and outliers were 

removed using the modified Thompson Tau technique.  Data were found to be not 

normally distributed using a Kolmogorov-Smirnov test (Z = 2.101; P < 0.001).  Arcsine 

transformation was attempted however it was not possible to bring the data to 

normality.  The effect of nanoparticle concentration and the addition of 5mg/L humic 

acid (HA) were investigated using a Scheirer-Ray-Hare test.  The concentration of 

nanoparticles was found to have a significant negative effect on the behaviour of the 

worms as the concentration increased (F = 72.992, d.f. = 4, P < 0.001).  The addition of 

5mg/L HA and the interaction factor between concentration and the addition of HA 

were not found to be significant (table 5.5). 
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Table 5.5: Statistics obtained from the Scheirer-Ray-Hare Test comparing the effect of 

particle concentration and the addition of HA on the behavioural response of the worms. 

Factor F SS SS/Mstotal d.f. p value 

Concentration 72.992 394222.827 39.402 4 <0.001 

HA  0.187 1012.062 0.101 1 0.7500 

HA*Concentration 1.508 8141.887 0.814 4 0.9400 

 

 

Mann Whitney U tests were performed to investigate where the significances occurred.  

Bonferroni corrections were applied to account for the use of multiple tests.  Control 

worms were found to have an expected behavioural response which was significantly 

different from all other concentrations (P < 0.001).  With increasing concentration came 

a significantly negative behavioural response up to 50mg/L (P < 0.001).  Worms 

exposed to 50mg/L and 100mg/L ZnO NPs were not seen to have a significantly 

different behavioural response from each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Percentage behavioural response of worms exposed to various 

concentrations of ZnO NPs and ZnO NPs with 5mg/L HA (data represent median with 

interquartile range; n = 3; a shared letter indicates no significant difference).       
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The behavioural response data of worms exposed to bulk particles with and without 

5mg/L HA were statistically analysed in the same way as the behavioural response of 

worms exposed to ZnO NPs with and without 5mg/L HA.  Data were found to be not 

normally distributed (Z = 3.011; P < 0.001).  Arcsine transformation was attempted 

however it was not possible to bring the data to normality.  The concentration of bulk 

particles was found to have a significant negative effect on the behaviour of the worms 

as the concentration increased (F = 15.866, d.f. = 4, P < 0.01).  The addition of 5mg/L 

HA and the interaction factor between concentration and the addition of HA were not 

found to be significant (Table 5.6). 

 

 

Table 5.6: Statistics obtained from the Scheirer-Ray-Hare Test comparing the effects of 

the concentration of bulk and the addition of HA on the behavioural response of the 

worms. 

Factor F SS SS/Mstotal d.f. p value 

Concentration 15.866 71708.054 12.488 4 0.010 

HA  1.428 6452.537 1.124 1 0.290 

HA*Concentration 3.673 16601.537 2.891 4 0.580 

 

 

Mann Whitney U tests were performed to investigate the significance observed in the 

result from the Scheirer-Ray-Hare test.  Bonferroni corrections were applied to account 

for the use of multiple tests.  Control worms had a significantly positive behavioural 

response when compared to all other concentrations (P < 0.001).  With increasing 

concentration came a significantly worse behavioural response up to 100mg/L (P < 

0.001).  Worms exposed to 25mg/L and 50mg/L ZnO bulk particles were not seen to 

have a significantly different behavioural response from each other (Figure 5.5).  
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Figure 5.5: Percentage behavioural response of worms exposed to various 

concentrations of ZnO bulk particles and ZnO bulk particles with 5mg/L HA (data 

represent median with interquartile range; n = 3; comparison made on graph are 

between each and between each concentration and its corresponding HA concentration - 

a shared letter indicates no significant difference).       

 

The NP and bulk data were compared to each other to investigate whether there were 

any significant differences in the behaviour of the worms exposed to either particle type 

(Figure 5.6).  Data were analysed in the same manner as previously described using 

normalisation to the control, outlier removal, normality testing, transformation and the 

Scheirer-Ray-Hare test.  Data were found not to be normally distributed (Z = 2.638; P < 

0.001).  Arcsine transformation was attempted however it was not possible to bring the 

data to normality.  The concentration of particles was found to have a significant 

negative effect on the behaviour of the worms as the concentration increased (F = 

62.215, d.f. = 4, P < 0.001).  The particle type was also found to be significant (F = 

42.298, d.f. = 4, P < 0.001) (Table 5.7).  Post hoc testing was performed using Mann 

Whitney U tests to investigate the significance observed in the Scheirer-Ray-Hare 

result.  Bonferroni corrections were applied to account for the use of multiple tests.  

When comparing the particle type, the control worms were not found to have a 

significantly different behavioural response from each other.  Worms exposed to 

c c c c 

b b a a 
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100mg/L ZnO NPs and bulk particles were also not found to be significantly different 

from each other, however, the 12.5mg/L, 25mg/L and 50mg/L NP exposures induced a 

significantly greater negative behavioural response when compared to 12.5mg/L, 

25mg/L and 50mg/L bulk exposures (P < 0.001). 

 

 

Table 5.7: Statistics obtained from the Scheirer-Ray-Hare Test comparing the effect of 

particle concentration (NP and bulk) and the addition of HA on the behavioural 

response of the worms. 

Factor F SS SS/Mstotal d.f. p value 

Concentration 62.215 249798.379 29.924 4 <0.0001 

Particle 42.298 169829.128 20.345 1 <0.0001 

Concentration * 

Particle 
9.088 36487.541 4.371 4 0.360 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Percentage behavioural response of worms exposed to various 

concentrations of ZnO NPs and ZnO bulk particles (data represent median with 

interquartile range; n = 3; comparisons made for NP vs Bulk at each concentration - a 

shared letter indicates no significant difference).       
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Finally, the NP and bulk with 5mg/L HA data were compared to each other to 

investigate whether there were any significant differences in the behaviour of the worms 

exposed to either particle type with 5mg/L HA (Figure 5.7).  Data were analysed as 

described previously in the NP vs bulk comparison.  Data were found not to be 

normally distributed (Z = 2.421; P < 0.001).  Arcsine transformation was attempted 

however it was not possible to bring the data to normality.  The concentration of 

particles was found to have a significant negative effect on the behaviour of the worms 

as the concentration increased (F = 38.713, d.f. = 4, P < 0.001).  The particle type was 

also found to be significant (F = 66.684, d.f. = 4, P < 0.001) (Table 5.8).  Since a 

significant effect was observed post hoc testing was performed using Mann Whitney U 

tests and Bonferroni corrections, as described previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Percentage behavioural response of worms exposed to various 

concentrations of ZnO NPs with 5mg/L HA and ZnO bulk particles with 5mg/L HA 

(data represent median with interquartile range; n = 3; comparisons made for NP with 

HA vs Bulk with HA at each concentration - a shared letter indicates no significant 

difference).       
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Table 5.8: Statistics obtained from the Scheirer-Ray-Hare Test comparing the effect of 

particle concentration (NP with HA and bulk with HA) and particle type on the 

behavioural response of the worms. 

Factor F SS SS/Mstotal d.f. p value 

Concentration 38.713 145660.249 20.430 4 0.0004 

Particle 66.684 250901.340 35.191 1 <0.0001 

Concentration * 

Particle 
6.284 23643.725 3.316 4 0.506 

 

The controls were found to be significantly different from each other, with the bulk HA 

control inducing a significantly greater negative behavioural response (P < 0.005) when 

compared to the EPA HW medium only control.  Worms exposed to 12.5mg/L with HA 

and 25mg/L with HA were not found to be significantly different from each other, 

however worms exposed to 50mg/L with HA and 100mg/L with HA NP were found to 

induce a significant negative behavioural response (P < 0.001) when compared to the 

same concentrations of bulk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Percentage behavioural response of worms exposed to various 

concentrations of CuSO4 for 28 days (data represent median with interquartile range; n 

= 3; a shared letter indicates no significant difference).       
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Figure 5.8 shows the behavioural response data of worms exposed to CuSO4.  Data 

were normalised to the test mean and outliers were removed using the modified 

Thompson Tau technique.  Data were found to be not normally distributed using a 

Kolmogorov-Smirnov test (Z = 1.871; P < 0.01).  Arcsine transformation was attempted 

however it was not possible to bring the data to normality.  A Kruskal Wallis test was 

performed in order to assess if there was any significant difference in the behaviour of 

the worms across the concentrations.  The test indicated that there was a significant 

difference between the concentrations (P < 0.001).  Mann Whitney Tests were 

performed to see where these significances lay.  A Bonferroni correction was applied to 

account for the use of multiple tests.  The results indicated a dose dependent negative 

response with worms exposed to 0.4µM CuSO4 having a significantly more negative 

response than the control and 0.2µM worms (P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Percentage behavioural response of worms exposed to various 

concentrations of ZnSO4 after a 28 day exposure (data represent median with 

interquartile range; n = 3).       
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Figure 5.9 shows the behavioural response data of worms exposed to ZnSO4.  Data were 

normalised and outliers were removed as described in previous sections.  Data were 

found to be non-parametric (Z = 1.658; P < 0.01).  Arcsine transformation was 

attempted however it was not possible to bring the data to normality.  A Kruskal Wallis 

test was performed in order to assess if there was any significant difference in the 

behaviour of the worms across the concentrations.  The test indicated that there was a 

significant difference between the concentrations (P < 0.001).  Mann Whitney Tests 

were performed to see where these significances lay.  A Bonferroni correction was 

applied to account for the use of multiple tests.  The results indicated a dose dependent 

negative response with worms exposed to 100mg/ L ZnSO4 having a significantly more 

negative response than worms exposed to 25mg/L and the control (P < 0.001). 

 

 

5.4 Discussion 

5.4.1 Artificial sediment studies 

Obtaining the optimum conditions for sediment toxicity testing is a difficult and 

complex process (Arrate et al., 2004).  Despite the amount of work conducted on the 

toxicity of NPs in both freshwater and sea water there has been relatively little work 

done on the toxicity of NPs in sediments (Pang et al., 2012).  An important challenge 

that has potentially limited the investigations of NPs in sediments is the lack of a 

method to quantify, characterise and describe their fate in environmentally relevant 

media (Petersen et al., 2008) and it has been stated that there is a great need for 

characterisation techniques that are capable of quantifying and characterising NPs in 

environmental media (Baun et al., 2008).  The use of an adapted sediment was not 

successful during these studies.  This sediment was devised based on the OECD 

recommended artificial sediment (2007).  The adaptations were included to avoid any 

potential contamination or variation that may have been introduced by the addition of 

peat into the sediment.  Metals tend to naturally concentrate in sediments and peat 

(Owen et al., 1992) and should there have been a background level of metal in the peat 

it may affect the results obtained in a toxicity test.  Variability may be introduced 

depending on the original source of the peat.  Worms did not survive the full 28 days of 

testing and those that did in the controls did not behave as expected, indicating stressful 
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conditions.  The lack of peat may have resulted in a lack of essential factors for survival 

of the worms in the artificial sediment, e.g. factors such as lack of sufficient amounts of 

organic matter, sediment composition and grain size.  Gerhardt (2007) stated that L. 

variegatus grew better in fine and medium sediment compared to coarse and whole 

sediments.  There may also not have been sufficient food in the sediment (it was 

difficult to ensure that the nettle leaf remained in the sediment and not in the overlying 

water).  The OECD sediment study was also not successful.  A potential explanation of 

why this artificial sediment failed may have been that ammonia was produced within 

the sediment.  The natural decomposition of the organic matter in the sediment can lead 

to high levels of ammonia in the pore water and overlying water during the first few 

days after preparation which can be a confounding factor in artificial sediment toxicity 

testing and may cause test failures due to poor survival rates in the controls (Arrate et 

al., 2004).  Schubauer – Berigan et al. (1995) showed that ammonia at 24mg/L caused 

60% mortality in L. variegatus and at 34.6mg/L no survival was observed after a 10 day 

exposure, at pH 8, while a study by Whiteman et al. (1996) reported that L. variegatus 

avoided the sediment because the pore water had higher levels of ammonia that the 

overlying waters.  Arrate et al. (2004) suggested that artificial sediments should be 

allowed to stand for at least two weeks (with a pH maintained at 8 to avoid toxicity 

caused by unionised ammonia) after preparation to allow for ammonia reduction in the 

water column and pore water.  The overlying water should then be removed and the 

sediments should be treated with the contaminant of interest and used for testing.  The 

OECD (2007) protocol does suggest that a conditioning period of seven days, at pH 

below 7, however it does not state that it is essential.  The present study had one day of 

conditioning and the sediment to water ratio was kept at 1:4 (respectively) which was 

stated in the protocol to avoid the build up of ammonia.  In order to improve on the 

present study, should it be conducted again, a longer conditioning period between seven 

and fourteen days should be considered, along with testing for ammonia.  It would also 

be recommended to use the OECD (2007) medium as opposed to EPA HW medium.  

Testing recently conducted using OECD sediment and OECD medium, as well as a 

slight reduced organic (peat) content (by Simon Little, a PhD student within the 

nanosafety research group) has proven to be successful, with worms surviving and 

reproducing well in the controls after 28 days. 
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5.4.2 Paper sediment study 

This study was carried out in order to investigate whether a paper substrate could be 

used as a replacement for artificial or natural sediments when testing contaminants in L. 

variegatus.  These conditions are normally used in worm cultures and therefore it is 

clear that they are suitable for worm survival and reproduction. The positive controls 

used in this study indicated that the protocol was valid as a dose dependent negative 

effect was observed in the behaviour of worms exposed to CuSO4 and ZnSO4 after 28 

days, with very little mortality.  This relates to the acute positive control studies 

(Chapter 3, Section 3.3.3) where a dose dependent negative effect was also observed in 

the behaviour of worms exposed to CuSO4 and ZnSO4 after 96 hours.  It was found that 

ZnO NPs had a dose dependent negative effect on behaviour up to 50mg/L, ZnO bulk 

particles had a dose dependent negative effect on behaviour up to 100mg/L and the 

addition of 5mg/L humic acid had no effect on the toxicity of either particle type.  When 

comparing NP toxicity to bulk toxicity, it was found that the NPs induced a greater 

negative effect on behaviour than the bulk particles.  As discussed in the acute toxicity 

studies (Chapter 3, Section 3.4.3), the larger surface area and greater solubility of the 

ZnO NPs, compared to the ZnO bulk particles, may have a played a role in the 

differences in observed toxicity.  However, unlike in the acute studies, the bulk particles 

were seen to induce a negative effect on behaviour and the HA did not affect the 

toxicity of either ZnO particle type.  Within the acute toxicity studies it was found that 

HA mitigated the toxic effects of ZnO NPs and bulk particles over 96 hours and it was 

expected that this occurred due to the increased dispersion and stability of the particles 

in the water column.  A number of studies have stated that natural organic matter 

(NOM) can increase the dispersion of NPs in aqueous media (silver NPs, Gao et al., 

2012; carbon nanotubes, Chappell et al., 2009, carbon nanotubes, Lin and Xing, 2009), 

however Gao et al. (2012) also stated that at higher levels of NOM (i.e. >10mg/L) 

agglomeration and aggregation of silver NPs can increase.  Due to the addition of nettle 

leaf in this study it is possible that the NOM content of this study was increased 

anyway.  If agglomeration and sedimentation of the particles were increased, the worms 

(which stayed at the bottom of the test vessel within the paper “sediment”) would have 

come in contact with the agglomerates which would not have been the case in the acute 

studies.  The time factor may have also played a role in the different toxicity observed 

in the acute studies (96 hours) and the chronic studies (28 days).  Finally, the 
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introduction of food to this test may also have had an impact on the toxicity of the 

particles ( HA).  The particles may have adsorbed onto the nettle leaf leading to 

agglomeration and sedimentation of particles.    

These studies were conducted in order to ascertain whether this method could be 

put forward as an alternative to the sediment studies.  While these studies provide 

preliminary data on the chronic toxicity of ZnO NPs and bulk particles they do not 

necessarily accurately represent an ecologically relevant situation.  However, this 

method may be a quicker (in terms of preparation) and cheaper alternative to the 

sediment toxicity test, where the test media can be sampled over time to examine the 

changes in NP physicochemical characteristics during a chronic study.  This is not 

something that is done in sediment NP toxicity tests as there is currently no technique to 

characterise the particles in sediments.   

 

5.5 Summary of this study 

This study investigated the effects of ZnO NPs and bulk particles (with and without 

5mg/L HA) on the mortality, reproduction and body reversal behaviour of L. variegatus 

in chronic artificial sediment toxicity tests and artificial paper sediment toxicity tests.  

Artificial sediment studies were not brought to completion as worms did not survive the 

28 day exposure however in the paper sediment study was successful and both ZnO NPs 

and bulk particles (0 – 100mg/L with and without 5mg/L HA) were found to have a 

significant negative effect on the behaviour of the worms.  The addition of HA had no 

effect on the toxicity of the particles which is a contrast from the acute behavioural 

study.  NPs were found to have a greater negative effect when compared to bulk particle 

toxicity.  The larger surface area and greater solubility of the ZnO NPs, compared to the 

ZnO bulk particles, may have a played a role in the differences in observed toxicity.  

The paper sediment protocol was developed as a replacement assay for the artificial 

sediment test.  This protocol was successful in provided preliminary data on the chronic 

effects of ZnO NPs and bulk particles and is a useful assay for determining chronic 

toxic effects in L. variegatus. 
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Chapter 6 Depuration Study: Investigation of the uptake and 

depuration of ZnO nanoparticles and bulk particles in Lumbriculus 

variegatus. 

 

6.1 Introduction 

Many NPs currently used in industry contain metals and metal oxides and so the 

toxicity and bioaccumulation of metals in aquatic species may become an important 

environmental issue.  Although the bioavailability of metals from NPs may be lower 

than those present in the environment in soluble form, the physicochemical properties of 

the NPs may be significant in terms of bioavailability and toxicity of metals 

(Bystrzejewska-Piotrowska et al., 2009).   

 

6.1.1 Bioaccumulation of contaminants in aquatic species 

Many environmental contaminants have the potential to accumulate through the aquatic 

food chain which can expose higher trophic levels to the contaminant, including humans 

(Dawson et al., 2003; Krysanov et al., 2010).  Contaminants may be taken up by an 

organism in a number of ways (Zhu et al., 2006; Templeton et al., 2006; Elias et al., 

2007).  Firstly, the material may adsorb onto the exterior of the organism (Handy & 

Eddy, 2004).  Secondly, the material may be taken up across the cell membrane, 

however the mechanisms for this in aquatic organisms are not yet fully understood 

(Handy et al., 2008).  These mechanisms may include the dissolution of the substance 

and aqueous uptake of ions, diffusion of hydrophobic substances across the cell 

membrane or by endocytosis of the substances into the cell (Handy et al., 2008).  

Variability in the bioaccumulation of contaminants can occur in various species and 

may be due to a number of factors such as differences in route of exposure (Leppänen & 

Kukkonen, 2004), uptake rate (Millward et al., 2001), digestion time (Wang and Chow, 

2002), desorption efficiency (Smoot et al., 2003), absorption efficiency (Wang and 

Fisher, 1999), metabolism (Gaskell et al., 2007) and excretion (Verrengia Guerrero et 

al., 2002).  In addition some benthic organisms selectively feed on certain particle sizes 

and also some actively avoid contaminated locations (Millward et al., 2001; Kukkonen 

& Landrum, 1994).   
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6.1.2 The use of Lumbriculus variegatus in depuration studies 

Oligochaetes represent almost 60% of the test species in aquatic bioaccumulation 

studies, with L. variegatus being the most popular choice (Van Geest et al., 2010).  The 

OECD 225 guideline (2007) and USEPA (2002) have identified L. variegatus as a 

recommended test organism to assess the bioaccumulation of contaminants.  As 

mentioned in chapter 5, section 5.1.2, L. variegatus has been used to test the 

bioaccumulation and toxicity of a number of substances, e.g. cadmium and nickel 

(Ankley et al., 1994), silver (Hirsch, 1998), lead (Miño et al., 2006), organochlorines 

(Egeler et al., 1997; Nikkilä et al., 2003; Mäenpää et al., 2008), PAHs (Leppänen & 

Kukkonen, 1998) and steroids (Liebig et al., 2005).  L. variegatus has also been used to 

investigate the bioaccumulation and toxicity of some nanomaterials, such as carbon 

nanotubes (Petersen et al. 2008; 2010), nC60 fullerenes (Parkarinen et al., 2011) and 

TiO2 NPs, as potential carriers of cadmium (Hartmann et al., 2012).  All of these studies 

found that the NPs were taken up by the worm via ingestion, with some depuration of 

the NPs taking place over time.  

 

6.1.3 Zinc oxide nanoparticle bioaccumulation studies 

A number of authors have shown that ZnO NPs are prone to solubilise, increasing their 

bioavailability (Buffet et al., 2012).  A critical factor which may affect the 

bioavailability of metal oxide NPs is the release of metal ions (Wong et al., 2010) and a 

further factor is the amount and type of organic matter that the NP encounters in the 

environment (Hyung et al., 2007).  Recently, a number of papers have reported the 

bioaccumulation of ZnO NPs in a variety of species.  ZnO NPs have been shown to be 

taken up by a number of plant species, such as, Glycine max (Soy bean; Lopez-Moreno 

et al., 2010; Priester et al., 2012), Tritium aestirum (Wheat; Du et al., 2011), Juliflora 

velutina (Desert plant; Hernandez-Viezcas et al., 2011) and Fagopyrum esculentum 

(Buckwheat; Lee et al., 2012).  ZnO NPs have also been shown to bioaccumulate in 

animal species, such as Danio rerio (zebra fish; Yu et al., 2011) and Lymnea stagnalis 

(freshwater snail; Croteau et al., 2011).   

From the above studies it has been shown that NPs can enter the body of an 

aquatic organism, however their migration through the food chain has not yet been 
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evaluated (Krysanov et al., 2010).  This study does not investigate food chain effects of 

NP uptake/depuration however it has been suggested that if contaminants are 

accumulated within the food chain of aquatic species it can cause physiological 

impairment at higher trophic levels, even in human consumers (Freitas et al., 2012) and 

so the understanding of the uptake, accumulation and depuration of NPs is of great 

importance. 

 

6.1.4 Aims 

The main aim of this study was to investigate the uptake, accumulation and depuration 

of ZnO NPs and bulk particles in L. variegatus over a 48 hour period of uptake and a 48 

hour period of depuration.  The null hypotheses investigated were that L. variegatus 

would not uptake, accumulate or depurate ZnO NPs and bulk particles after a 48 hour 

uptake and 48 hour depuration period.  A further aim was to assess the impact of 

organic matter on the uptake, accumulation and depuration of ZnO NPs and bulk 

particles in L. variegatus.  The null hypothesis investigated in this part of the study was 

that organic matter would have no effect on the uptake, accumulation and depuration of 

ZnO NPs and bulk particles in L. variegatus.   

 

6.2 Materials and methods 

These studies were carried out at Heriot Watt University. 

 

6.2.1 Study Preparation 

The medium used in these studies was as described in Chapter 3, Section 3.2.1; worms 

were maintained as described in Chapter 3, Section 3.2.2; equipment was maintained as 

described in Chapter 3, Section 3.2.3; and worms were physiologically synchronised 

prior to each experiment as described in Chapter 2, Section 2.2.2. 
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6.2.2 Study 1: Initial protocol 

All glass used was acid washed prior to the experiment according to chapter 3, section 

3.2.3.  Worms were physiologically synchronised twelve days before testing.  Stock 

solutions (0.5mg/ml) of ZnO NPs and bulk particles were prepared in EPA HW medium 

and sonicated for 30 minutes.  After sonication dilutions of 2.5 and 10mg/L ZnO were 

prepared in EPA HW medium and EPA HW medium with 5mg/L HA.  After the twelve 

days synchronisation, three worms were blotted dried, wet weighed to get an average 

wet weight, followed by 24 hours in an oven at 60˚C and reweighing to get an average 

dry weight.  Following this, one worm was added into a glass vial containing 20ml of 

exposure concentration.  At 0 hours, three vials, from each concentration including the 

control, were selected at random and worms were removed and transferred into a glass 

vial containing 1ml deionised (DI) water and 500µl 70% HNO3.  At 1 hour, 3 vials were 

chosen at random and worms were individually transferred with a pastette onto a glass 

petri dish cover.  A metal pick was used to pick up the worm (to ensure no liquid was 

transferred) and place it into another glass vial containing 5ml 10µM EDTA for five 

minutes.  After this the worm was transferred with a pastette onto a clean glass petri 

dish cover and a clean metal pick was used to transfer it to a clean vial containing 1ml 

DI water and 500µl HNO3.  All three worms were combined for further analysis.  

Samples were combined due to cost constraints and time constraints on the equipment.  

A 5ml sample of the EDTA solution was kept for analysis and 5ml of the exposure 

solution was also kept for analysis. The exposure vials were rinsed in the EDTA 

solution for 5 minutes and this was also kept for analysis.  This procedure was repeated 

at 4, 8, 24 and 48 hours.  After 48 hours all remaining worms were transferred into 

clean EPA HW medium and allowed to depurate over 0, 1, 4, 8, 24 and 48 hours.  The 

worms and exposure suspensions were treated the same way as they were previously for 

the uptake portion of the study. 

 Once all of the samples had been collected the samples were digested in 70% 

HNO3.  Worm samples were preserved in HNO3 and so were vortexed to ensure the 

worm tissues were dissolved and no longer visible.  All other samples were digested in 

2ml HNO3 for 24 hours.  After the 24 hour period the worm samples were made up to 

5ml, all other samples were made up to 20ml using distilled water and were placed into 

a water bath at 60˚C for 24 hours.  All samples were then filtered through a GF/C filter.  
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Worm samples were made up to 5ml and all other samples were made up to 20ml with 

distilled water (if necessary).  Samples were then measured by inductively coupled 

plasma atomic absorption spectrophotometry (ICP-AAS).  If necessary the samples 

were diluted to ensure they could be read by the ICP-AAS.  Standards were prepared for 

the ICP-AAS at 0, 0.156, 0.312, 0.625, 1.25, 2.5, 5 and 10ppm Zn. 

 

6.2.4 Study 2: Improving initial protocol as described in section 6.2.3 

As a result of the data obtained from section 6.2.3 it was decided that the protocol 

described in section 6.2.3 needed to be improved.  A stock solution (0.5mg/ml) of ZnO 

NPs in EPA HW medium was made up and sonicated in a sonication bath (Ultrawave Q 

series, 400W) for 30 minutes.  Following sonication, a 10mg/L dilution of ZnO NPs in 

EPA HW medium was made from the stock and 10ml per vial ZnO NP of this 

suspension was added to thirty disposable plastic vials.  Plastic disposable vials were 

used to avoid contamination from inadequate rinsing of used glass vials.  To digest each 

sample 1ml 70% HNO3 was added to each vial for 24 hours at room temperature, 

followed by 24 hours at 60˚C in a water bath.  The vials were divided into five groups 

with six vials per group (see Table 6.1).  Each set of six vials were filtered through a 

GF/C filter but the filter holder was rinsed in a different solution for each one, 

according to table 6.1 below.  Following the rinse of the filter 10ml of DI water was 

passed through a new GF/C filter into a new plastic vial.  This solution was run through 

the ICP-AAS.  If necessary the samples were diluted.  The standards were prepared as 

described previously in section 6.2.3. 

 

Table 6.1: The rinses used on the GF/C filter holder 

Group 1
st
 Rinse 2

nd
 Rinse 

1 DI water DI water 

2 0.1M HNO3 DI water 

3 0.1M EDTA DI water 

4 0.1M HNO3 + 0.1M EDTA DI water 

5 No rinse No rinse 
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6.2.4 Study 3: Improved protocol 

Based on the results obtained from Section 6.2.4 a new protocol was developed.  The 

study was run as described in Section 6.2.3 however a number of changes were made.  

Plastic disposable vials were used for the entire study as opposed to acid washed glass 

vials, to reduce potential contamination from inadequately rinsed glass vials.  All 

worms were wet weighed prior to testing as dry weighing of these worms was not 

possible due to the size of the study and the potential for the worms to desiccate.  It was 

decided to reduce the size of the study because of time and cost constraints.  The size of 

the study was reduced to a comparison of controls against 10mg/L ZnO NP and bulk 

particle solutions and by only running the worm samples on the AAS and not the 

exposure solution, glassware rinses and EDTA worm rinses.  The final change was the 

rinsing of the filter holder.  Based on the results obtained in section 6.2.4 it was decided 

that the filter holder should be rinsed in 0.1M HNO3 followed by a rinse in DI water. 

 

6.3 Results 

6.3.1 Study 1: Initial protocol 

This study was not successful as the data were found to be highly variable which 

suggested that there was a high level of contamination in the study.  As a result of this, 

the protocol was investigated and improved upon. 

 

6.3.2 Study 2: Improving initial protocol 

Data were tested for normality using a Kolmogorov Smirnov test and found to be 

normally distributed (Z = 0.604, P > 0.05).  A one way ANOVA was performed to 

assess if there were any significant differences in the amount of zinc remaining in the 

DI water filtrate after the filter holder had been rinsed in various solutions.  The one 

way ANOVA result (Table 5.1) suggested there was a significant difference between at 

least 2 types of rinse (F = 4.293, d.f. = 4, P < 0.05).  Tukey tests were performed in 

order to see where these differences lay.  It was found that the only significant 

difference was found to be between the nitric acid rinse and no rinse at all (Figure 6.1).  

The nitric acid rinse removed significantly more Zn from the filter holder and so the 
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protocol for the worm study was adjusted to include a nitric acid rinse and DI water 

rinse of the filter holder. 

 

Table 6.2: The output for the ANOVA investigating the effects of rinsing the GF/C 

filter holder in five different rinses. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 0.000089 4 .000232 4.293 0.011 

Within Groups 0.000104 20 .000005   

Total 0.000194 24    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Amount of Zn in each filtered sample after a variety of filter holder rinses 

(data represents means ± SE; a different letter indicates a significant difference i.e. a is 

significantly different from b). 

 

a 

b 



 

148 

 

6.3.3 Study 3: Improved protocol 

Data were tested for normality using a Kolmogorov Smirnov test and were found to be 

parametric (Z = 0.742, P > 0.05).  One way ANOVA tests were performed on the 

uptake and release data to assess if there were any significant differences in the amount 

of zinc contained in worms exposed to EPA HW medium alone, 10mg/L ZnO NP in 

EPA HW medium suspensions and 10mg/L bulk ZnO particles in EPA HW medium 

suspensions.  For the uptake study there was no significant difference found between 

the control, NP and bulk worms (F = 0.948, d.f. = 2, P > 0.05) (Table 6.3). 

 

Table 6.3: ANOVA output investigating the uptake of ZnO NPs and bulk particles after 

a 48 exposure. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 0.039 2 0.020 0.948 0.403 

Within Groups 0.432 21 0.021   

Total 0.471 23    

 

For the release study the ANOVA result suggested that there was a significant 

difference between at least two exposures (F = 10.851, d.f. = 2, P < 0.001) (Table 3).  

Tukey tests were performed to find out where these significances lay.  Worms exposed 

to ZnO NPs over 48 hours and allowed to depurate for 48 hours were found to have 

significantly more Zn in them than worms exposed to EPA HW medium alone (P < 

0.01) and worms exposed to bulk ZnO particles (P < 0.001) (Figure 6.2). 

 

Table 6.4: ANOVA output investigating the depuration of ZnO NPs and bulk particles 

after a 48 hour exposure. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 0.283 2 0.141 10.851 0.001 

Within Groups 0.260 20 0.013   

Total 0.543 22    
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However, the data obtained in this study were highly variable as each data point was an 

individual worm and different worms were used for the uptake part of the experiment 

and the release part of the experiment, due to the nature of the study.  Ten replicates of 

each concentration were run but a few worms died during testing (as has been seen in 

other studies), so between 6 and 9 data points were used for statistical analyses.  A 

power test was used to determine how many worms would be necessary to use in order 

to iron out the variability.  This power test indicated that large numbers of worms would 

be needed in order to address this point (Table 6.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Amount of Zn per kg of worm tissue after 48 hours of uptake and 48 hours 

of depuration (mean ± S.E; a different letter indicates a significant difference i.e. a is 

significantly different from b). 
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b 

b 
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Table 6.5: The number of worms (calculated using a power test) needed to reduce the 

variability of the study. 

Uptake Release 

Control vs. NP 48 worms Control vs. NP 7 worms 

Control vs. Bulk 235 worms Control vs. Bulk 13221 worms 

NP vs. Bulk 13 worms NP vs. Bulk 7 worms 

 

Since so many worms would be needed, and the potential for contamination in this 

study, it may not be a suitable protocol for use with zinc as zinc is present widely in the 

environment. 

 

 

6.4 Discussion  

6.4.1 Initial protocol 

This protocol was not successful as there was a high level of variability in the results 

obtained from the ICP-AAS, most likely as a result of contamination.  This 

contamination may have been introduced into the study in a number of routes.  Firstly, 

there may have been a background level of zinc in the worm themselves from their food 

and culture.  Secondly, it was not possible to use disposable filter paper holders due to 

the size of the study and the cost involved.  For these reasons it was concluded that this 

protocol was not suitable for assessing the uptake, bioaccumulation and depuration of 

ZnO NPs or bulk particles and so an investigation was performed into improving the 

protocol for future studies. 

 

6.4.2 Improving initial protocol 

In order to reduce the contamination seen in the first study a number of changes were 

made to the original protocol.  As it was too expensive to run the study using disposable 

filter holders an investigation into a variety of rinses was performed in order to ascertain 

whether: i) rinsing the holder could cause significantly less contamination than no rinse 
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at all, and ii) which rinse was best.  No rinse was successful in completely removing all 

contamination, however the nitric acid rinse followed by a DI water rinse was found to 

have significantly less contamination than no rinse at all.  It was decided that the study 

would proceed with the following improvements: i) all equipment (where possible, e.g. 

vials, petri dishes, picks, new gloves for each step) used were disposable, ii) the study 

size was reduced (due to the cost of using disposable equipment) and iii) the filter 

holder was rinsed in 0.1M nitric acid and DI water following each sample. 

 

6.4.3 Improved protocol 

Handy et al. (2008) suggested that it may be possible to measure metal NP 

concentrations in the tissue of organisms by a method which uses inductively coupled 

plasma mass spectrophotometry (ICP-MS), or a similar technique (e.g. ICP-AAS), and 

which includes an acid digestion step.  This approach was said to be good for materials 

that are not naturally present in the organisms (e.g. gold) but possibly not as effective in 

picking up the NP metal effect from background levels already in the organism (Handy 

et al., 2008).  The present study was found to have a high level of variability and it was 

decided that while this protocol may be appropriate for metals that are not naturally 

present in relatively large quantities in the environment, it was not suitable for 

investigating the uptake, bioaccumulation and depuration of ZnO NPs and bulk 

particles.  Dawson et al. (2003) investigated the accumulation of bulk Zn in L. 

variegatus and found that the background levels of Zn in the worm may have affected 

the result and that variability in the measurements was very high, using ICP-AAS.  In 

order to improve the protocol it would be advisable to use all disposable equipment (e.g. 

vials, petri dishes, picks, filter holders, gloves etc.) where possible, to ensure that the 

medium used is prepared with minimal/no contamination and also to allow the worms to 

fully purge their guts after physiological synchronisation and before testing.  These 

steps, however, would significantly increase the cost of the study and also the time 

required to conduct it. 
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6.5 Summary of this study 

The uptake, accumulation and depuration of ZnO NPs and bulk particles (with and 

without 5mg/L HA) in L. variegatus over a 48 hour period of uptake and a 48 hour 

period of depuration were investigated in this study.  The protocol used was not 

successful as a result of contamination of zinc and would require significant reduction 

in contamination in order for this protocol to be considered successful.  This protocol 

may be used if time, money and space are not an issue however this is rarely the case.  

Other avenues of investigation that may provide a better understanding of the uptake 

and depuration of ZnO in L. variegatus could include the use of dyes such as Newport 

Green PDX
TM

 Acetoxymethyl Ether, FluorZin
TM

-3, AM, cell permeant and RhodZin
TM

-

3, AM, cell permeant.   
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Chapter 7 Histological studies: The investigation of the effects of ZnO 

nanoparticles and ZnO bulk particles on the anatomical structure of 

Lumbriculus variegatus. 

 
7.1 Introduction 

Histology is the investigation of the microscopic structure of cells, tissues and organs 

(Van Lommel, 2003) and can provide useful information on the effects of contaminants 

in aquatic species. 

 

7.1.1 The use of histology in toxicological studies concerning aquatic organisms 

A number of studies have employed histological techniques to investigate the effects of 

numerous aquatic pollutants.  Several studies have investigated the histological impact 

of heavy metals in aquatic species.  Chen et al. (2012) found that copper induced gill 

and liver injury in yellow catfish (Peltepbagrus fulvidraco) using histological 

techniques.  Further studies investigated the effect of heavy metals on Asian green 

mussels (Perna viridis) (Vasanthi et al., 2012) and on the golden apple snail (Pomacea 

canaliculata) (Dummee et al., 2012).  Histological damage was seen in the gills, 

digestive organs and in the case of the mussel, in the adductor muscle.  Zinc has been 

investigated histologically using numerous species such as yellow tail labara (Astyanas 

aff. bimaculatus), white shrimp (Litopenaeus vannamei), gobies (Synechogobius hasta) 

and tilapia (Oreochromis mossambicus).  Zn was found to cause profound gill changes 

in yellow tailed lambari (dos Santos et al., 2012), alterations in the hepatopancreas of 

white shrimp (Wu et al., 2008),  impaired histological structure of the gills and spleen in 

gobies (Zheng et al., 2011) and significant histological changes in the liver of tilapia 

(Van Dyk et al., 2007).  Other contaminants such as UV-filter 2-ethyl-hexyl-4-

trimethoxycinnamate (EHMC), N-acetyl-hexozaminidese (HEX), acid phosphatase 

(AcP), β-glucuranidase (β-GUS), perfluorooctane sulfonate (PFOS) and bisphenol A 

(BPA) have also been investigated using histological techniques.  Christen et al. (2011) 

investigated the effects of EHMC in fathead minnows (Pimphales promelas) and found 

that the testes and ovaries of the fish showed significant histological changes.  
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Raftopoulo and Dimitriadis (2012) investigated the effects of HEX, AcP and β-GUS 

and found that all caused structural changes in the epithelium of large mussels (Mytlius 

galloprovincialis).  Finally, Keiter et al. (2012) described changes in the histological 

structure of liver tissue in zebra fish exposed to PFOS and BPA. 

 

7.1.2 The use of histology in nanoparticle aquatic toxicology studies 

The toxic effects of a number of NPs have been investigated using histological 

techniques.  TiO2 NPs have been shown to cause histological damage in carp (Cyprinus 

carpio), zebra fish (Danio rerio) and rainbow trout (Oncorhynchus mykiss).  Hao et al. 

(2009) reported that TiO2 NPs caused gill and liver damage in carp, Ramsden et al. 

(2013) reported that TiO2 NPs caused no histological damage in zebra fish (however 

reproduction was affected) and Boyle et al. (2013) reported that TiO2 NPs caused 

morphological changes in brain blood vessels of rainbow trout.  Diamond NPs have 

been shown to accumulate within the digestive tract and adhere to the exoskeleton of 

Daphnia magna using histological techniques (Mendonça et al., 2011).  The authors 

suggested that this could lead to potential food absorption issues for the water flea.  Cu 

NPs were shown to cause histological damage in the intestine, liver, brain, gill and 

muscle of rainbow trout (Al-Bairuty et al., 2013).  Ag NPs have been shown to cause 

damage to the gills of Atlantic salmon (Salmo salar) using histology (Farmen et al., 

2012) and finally, Fe NPs have been shown to cause structural damage to the gills and 

intestinal tissues of medaka (Oryzias latipes) (Li et al., 2009). 

 

7.1.3 Lumbriculus variegatus and histology 

Very few papers have been published to date which have used histology to investigate 

the anatomy of L. variegatus.  Lesiuk and Drewes (2001) used histology to investigate 

the regeneration of body segments in L. variegatus after transection and ablation.  They 

fixed the worms in a glutaraldehyde and cacodylate solution and stained the sections 

with toluidine blue.  Martinez et al. (2006) investigated the effects of boric acid on the 

anatomy of L. variegatus using histological techniques by fixing the worms in 

formaldehyde and staining the tissues with toluidine blue.  More recently, Sardo et al. 

(2011) investigated the effects of lead on the anatomy of L. variegatus after a 10 day 

exposure.  They fixed the tissues in Bouin’s solution and stained them in haematoxylin 
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and eosin (H and E) stain.  After 10 days they noted that no change was visible in the 

histological sections.  The present study was designed to investigate the anatomy of L. 

variegatus after exposure to ZnO NP and bulk particles. 

 

7.1.4 Fixation and staining of tissues 

One of the most important aspects of histology is the immediate preservation of the 

structure of the tissue (Méndez-Vilas & Díaz, 2010).  An ideal fixative would preserve 

the original structure of the tissue and should allow the tissue to be as close as possible 

to its natural state (Boeck, 1989, in Meyer and Hornickel, 2010).  During this study 

three fixatives were investigated: formaldehyde, Bouin’s solution and Davidson’s 

solution.  The use of formaldehyde was introduced by Friedrich Blum in 1893 (Meyer 

and Hornickel, 2010).  He demonstrated that formaldehyde affects the solubility of 

proteins by the formation of methylene compounds with amino, amide and hydroxyl 

groups.  The penetration of these chemicals is rapid but occurs at different rates (Boeck, 

1989, in Meyer and Hornickel, 2010; Buesa, 2008).  This fixation method also alters the 

pH of the tissue.  Both penetration and pH of the tissue can affect the structure of the 

tissue and increase or decrease the number of binding sites for staining (Hayat, 1993).  

Bouin’s solution was introduced by Pol André Bouin in 1897 and it contains 

formaldehyde, piric acid and acetic acid (Meyer and Hornickel, 2010).  This fixative 

penetrates more rapidly and evenly and is less damaging to protein structures than 

formaldehyde alone (Lillie and Fulmar, 1976; Pearse, 1985; James and Tas, 1984), 

however the addition of piric acid causes the solution to be hazardous.  Davidson’s 

solution was named after William McKay Davidson but was first published by Moore et 

al. in 1953.  Davidson’s solution is similar to Bouin’s solution however the piric acid is 

replaced with alcohol.  This replacement allows for rapid penetration of the fixative 

however the tissues can shrink as a result due to dehydration of the tissue (Latandresse 

et al., 2002).  After fixing and sectioning, the tissues must be stained in order to view 

the structure of the tissue.  Fixation methods can affect the physicochemical state of 

tissues and so staining methods may have different results depending on the fixation 

technique used (Hayat, 1993).  In this study a H and E stain was applied to the sections.  

H and E stain is the most frequently used staining method in anatomical pathology 

worldwide (Cook, 1997).  Hematoxylin was first introduced as a stain by Böhmer in 
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1865 and eosin was introduced by Fischer in 1875.  The method of combining these 

stains was developed by Wissowzky in 1876 (Gill, 2009).  Hematoxylin stains acid 

structures, such as the nucleus, blue, while eosin stains basic structures, such as the 

cytoplasm, pink or red (Young et al., 2006). 

 

7.1.5 Aims 

The aim of this study was to investigate the uptake by and effects of ZnO NPs and bulk 

particles on the histological structure of L. variegatus.  The null hypothesis investigated 

was that ZnO NPs and bulk particles would not be taken up by and would not have any 

effect on the histological structure of L. variegatus.  In this context a further aim was to 

assess which fixative was the most suitable for use when preserving L. variegatus.   

 

7.2 Materials and methods: 

Exposure studies were carried out at Heriot Watt University (HWU) and histological 

studies were carried out at Edinburgh Napier University and HWU.  Worms were 

exposed to 0, 1.25, 2.5, 5 and 10mg/L ZnO NPs and bulk particles for 96 hours as 

described in chapter 3, section 3.2.6.  For the Bouin’s solution study worms were also 

exposed  to positive controls of 0.2µM and 0.4µM CuSO4, 2.5mg/L and 10mg/L ZnSO4, 

20mg/L carbon black (CB) NPs, 10mg/L, 50mg/L, 75mg/L and 100mg/L TiO2 NPs 

(20nm) and 50mg/L and 100mg/L TiO2 (250nm) bulk particles.  Multiple particle types 

were investigated in order to act as a comparison to the worm sections exposed to ZnO 

NPs and bulk particles.  These concentrations were chosen as another PhD student, 

Simon Little, ran these tests in order to assess behavioural toxicity as a result of 

exposure to these particles.  Worms from Mr. Little’s studies were then used for my 

histological studies. 

 

7.2.1 Bouin’s solution studies 

Following exposure the worms were preserved in Bouin’s solution for at least 5 hours 

before being transferred into 70% ethanol for longer term storage and transfer from 

HWUU to Edinburgh Napier University.  The twelve pots of a Leica processor were 
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filled in the following order; 70%, 80%, 90% industrial methylated spirit (IMS) alcohol, 

three pots of absolute ethanol, three pots of 100% xylene and two pots of surgipath 

tissue embedding wax pellets, formula “R”.  Worms were removed from the 70% 

ethanol and placed into biopsy bags which were then stapled shut.  The stapled bag was 

placed into a pencil labelled cassette and snapped shut.  Sealed cassettes were immersed 

in 70% ethanol to avoid the worm tissues drying out while other cassettes were 

prepared.  When ready for processing all cassettes were placed inside a metal basket 

attached to pot number one.  The tissue programme was set for 90 minutes per pot and 

allowed to run overnight. 

A number of hours prior to removing the cassettes from the processor a Leica 

EG1160 paraffin embedding centre was switched on to allow the wax to melt.  Formula 

“R” wax pellets (Surgipath), heated to 60 - 70˚C, were used.  Once the worms were 

processed the cassettes were removed from the processor and transferred to the heated 

cassette bath of the embedding centre.  Biopsy bags were removed from each cassette 

and placed onto the hot plate (60 - 70˚C) of the embedding centre in order to melt off 

any excess wax.  Scissors were used to cut open the bags and worms were carefully 

removed onto the hot plate.  Worms were sectioned into approximately 5mm lengths 

using a scalpel.  Heated metal moulds were removed from the mould heating bath of the 

embedding station and filled with a small amount of molten wax.  This wax was cooled 

slightly using the cold plate of the embedding station and worms were positioned into 

the wax, as required, immediately.  The number cassette which corresponds to the tissue 

was then snapped into place on the mould and more molten wax was added.  The mould 

was tapped gently to ensure no bubbles remained within the wax.  The mould was 

placed onto the cold plate (-5˚C) for approximately 30 minutes to allow the wax to set.  

Once it had cooled the wax block (attached to the cassette) was levered out of the metal 

mould ready to be cut on the microtome. 

A Leica RM2125RT microtome, set to cut at 5µm, was used to section the worm 

tissues.  The wax block was attached to the clamp of the microtome.  A disposable 

blade was inserted into the blade holder and clamped shut.  The wax block was trimmed 

until the worm tissue was exposed on the surface prior to sectioning.  After trimming, 

the block was placed face down on the cold plate for at least 5 minutes.  The cooled 

block was then reattached to the microtome cassette holder and cut into thin ribbons of 

wax.  Ribbons were removed from the microtome using a forceps and carefully placed 
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into a water bath (45 – 50 ˚C).  An “X-tra Adhesive” glass slide, placed underneath the 

wax section, was used to pick up the section from the water.  The slide with wax was 

allowed to air dry for at least 6 hours. 

Once dry, slides were placed inside a metal rack and immersed in xylene for 5 

minutes to remove the wax.  The xylene was replaced with alcohol immersing the slide 

for 3 minutes in 100%, 95%, 80% and 70% IMS alcohol.  Following this, slides were 

immersed in distilled water for 5 minutes.  To stain the slides they were immersed in 

hematoxylin for 1 minute and rinsed in slow running tap water for 10 seconds, followed 

by immersion in distilled water for 1 minute.  Slides were then immersed in eosin for 30 

seconds, followed by 3 minutes in 95% IMS alcohol and 5 minutes in 100% IMS 

alcohol.  Finally, the slides were immersed in xylene for 5 minutes.  The stained tissue 

was identified on the slide and a drop of pertex mountant was placed on top to adhere a 

cover slip. 

 

7.2.2 Formaldehyde studies 

After exposure worms were fixed in formaldehyde (10% formaldehyde in saline) for 24 

hours before being transferred directly into the processor at HWU.  The twelve pots of 

the processor were filled in the following order; two pots of 70% ethanol, two pots of 

80% ethanol, two pots of 90% ethanol, three pots of 100% ethanol, three pots of 

histoclear II and two pots of Surgipath tissue embedding wax pellets, formula “R”.  

Worms were removed from the 10% formaldehyde solution and placed into biopsy bags 

which were then stapled shut.  The stapled bag was placed into a pencil labelled cassette 

and snapped shut.  Sealed cassettes were immersed in 70% ethanol to avoid the worm 

tissues drying out while other cassettes were prepared.  When ready for processing all 

cassettes were placed inside a metal basket attached to pot number one.  The tissue 

programme was set for 60 minutes per alcohol and histoclear II pot and 90 minutes per 

wax pot and was allowed to run overnight.   

Following processing, the tissues were removed, cut and blocked in the same 

process as described in section 7.2.2.  Once on glass slides the sections were rehydrated 

in histoclear II twice for 3 minutes, Histoclear 1:1 with 100% ethanol for 3 minutes, 

twice in 100% ethanol for 3 minutes, and finally three minutes in each of 95%, 70% and 

50% ethanol (respectively).  Slides were stained by immersing them in hematoxylin for 
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1 minute, followed by a ten second immersion in distilled water.  The stain was allowed 

to develop under a slow running tap for 5 minutes.  The slides were then immersed in 

distilled water for a further minute.  Following this, slides were immersed in eosin for 

30 seconds, followed by 3 minutes in 95% IMS alcohol and 5 minutes in 100% IMS 

alcohol.  The slides were then immersed in histoclear II for 5 minutes.  The stain tissue 

was identified and a drop of pertex mountant was used to mount a cover slip. 

 

7.2.3 Davidson’s solution studies 

After exposure worms were fixed in Davidson’s solution (20 parts 38% formalin, 10 

parts glycerol, 10 parts glacial acetic acid, 30 parts absolute ethanol and 30 parts 

distilled water) for 24 hours before being transferred directly into the processor at 

HWU.  The processing, embedding, staining and sectioning of these worm tissues were 

conducted as described in Section 7.2.2. 

 

7.2.4 Imaging slides 

Slides were imaged using an inverted microscope at HWU, using a Canon SLR EOS 

600 camera.  Photos were downloaded from the camera using Windows Photo Viewer 

and Image J was used to scale the images. 

 

7.2.5 Criteria for assessing morphological change within the worm 

The criteria used to assess whether any damage occurred in the worm compared to the 

control can be found in table 7.1. 
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Table 7.1: Criteria for assessing morphological changes after exposure to ZnO NPs or 

ZnO bulk particles. 

Structure: Damage? 

Body muscle Has the muscled thinned/thickened compared to the control? 

Gut muscle Has the muscled thinned/thickened compared to the control? 

Shape of the gut Has the gut shape changed compared to the control? 

Epithelial cells  Have the epithelial cells thinned/thickened compared to the control? 

Gut epithelial 

cells 

Have the gut epithelial cells thinned/thickened compared to the 

control? 

 

 

7.3 Results: 

7.3.1 Condition of the worms after fixation 

In each of the three fixatives the worms were found to have very different textures, i.e. 

their colouring was different, their size was different and their malleability was 

different.  Worms removed from Bouin’s solution were found to be stiff and brittle and 

were coloured yellow (Figure 7.1a).  Worms removed from formaldehyde were also 

coloured yellow, were softer and more malleable but they curled onto themselves 

making them difficult before embedding (Figure 7.1b).  Finally, worms removed from 

Davidson’s solution were found to be very soft, shrunken, almost jelly like and were 

often transparent (Figure 7.1c).  It was difficult to section the worms fixed in 

Davidson’s solution as it was not possible to see the tissues within the wax. 
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Figure 7.1: Worms after fixation in Bouin’s solution (a), formaldehyde (b) and 

Davidson’s solution (c). 

 

7.3.2 Bouin’s solution studies 

Of the images taken during this study 70% were suitable for further analysis.  The 

remaining 30% were not useful due to artefacts caused by the sectioning process (i.e. 

the tissue samples were dragged when sliced on the microtome).  Figure 7.2 (images a 

and b) shows the structure of a control worm.  It was not possible to observe any ZnO 

NP or bulk particles within the worms (Figures 7.3 and 7.4 respectively).  It was also 

not possible to determine whether there was any damage caused by the bulk or NP ZnO 

to the structure of the worm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2:  Histological image of control worms after 96 hours in EPA HW medium (a) 

and EPA HW medium with 5mg/L HA (b).  

a 
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Figure 7.3: Histological image after 96 hours of a worm exposed to 1.25mg/L ZnO NP 

with 5mg/L HA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Histological image of a worm exposed to 5mg/L bulk ZnO particles (a) and 

5mg/L bulk ZnO particles with 5mg/L HA (b) after 96 hours. 
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It was also not possible to see any damage caused by ZnSO4 and CuSO4 after a 96 hour 

exposure (Figures 7.5 and 7.6, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 7.5: Histological image of a worm exposed to 2.5mg/L ZnSO4 (a) and 2.5mg/L 

ZnSO4 with 5mg/L HA (b) after 96 hours. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6: Histological image of a worm exposed to 0.2 µM CuSO4 (a) and 0.2 µM 

CuSO4 with 5mg/L HA (b) after 96 hours. 
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In the worms exposed to CB NPs it is possible to see small black specks within the gut 

of the worm (Figure 7.7a) which are not evident in any other exposure.  It was not 

possible to see any TiO2 particles within the gut of worms exposed to TiO2 NPs and 

bulk particles (Figure 7.7b).  It was not possible to see any damage in worms exposed to 

CB or TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7: Histological image of a worm exposed to 20mg/L carbon black (CB) NPs 

(a) after 96 hours.  The green circles show what appears to be CB NPs inside the gut of 

the worm. 
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Figure 7.7b: Histological image of a worm exposed to and 50mg/L TiO2 bulk particles 

(b) after 96 hours.   

 

 

7.3.3 Formaldehyde studies and Davidson’s solution studies 

Within the formaldehyde study only 28% of the images taken were useful.  Much of the 

worm tissues were skewed during sectioning.  This may have resulted from the fixative 

or the sectioning technique.  Examples of the skewing of tissues can be seen in figure 8.  

Within the Davidson’s solution study 90% of the images were useful however 

sectioning was far more difficult and time consuming with this fixative than with either 

Bouin’s solution or formaldehyde.  An example of a worm fixed in Davidson’s solution 

can be seen in Figure 7.9. 

 

 

 

 

 

b 



 

166 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8: Histological images of worms preserved in formaldehyde.  It is clear from 

these images that the tissues were damaged during sectioning and were not useful. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: Histological image of worms fixed in Davidson’s solution. 

 

 

 



 

167 

 

7.3.4 Comparison of fixatives 

Based on the appearance and manoeuvrability of the worms after processing and the 

number of images that were suitable for use it was decided that best fixative for use 

with L. variegatus was Bouin’s solution. 

 

7.4 Discussion: 

 

7.4.1 Comparison of fixatives 

As mentioned in Section 7.1.2, the most important step in the histological process is 

fixing the tissue immediately after the end of a study.  These fixatives were chosen as 

they were being used within the laboratory already and evidence had been found that the 

worms had been preserved in at least one (Bouin’s) of them previously.  The advantages 

of using Bouin’s solution were that the tissues were coloured and easy to see in wax and 

they were easy to cut and manipulate during embedding, however the disadvantages 

included the tissues being brittle and also that a closed processor must be used due to 

the hazardous processing chemicals used.  The other fixatives also had issues involved, 

such as with Davidson’s solution the worms were soft and difficult to see in wax and 

with the formaldehyde the worms curled onto themselves making them hard to cut and 

manipulate during embedding, however the advantage of both Davidson’s and Bouin’s 

solutions was that they could be processed in an open machine.  Based on the results 

from this study it was found that Bouin’s solution was the most appropriate fixative 

when the time taken to process, embed, section and image the tissues were all taken into 

account. 

 

7.4.2 Histology and Lumbriculus variegatus 

A change in morphology of the anatomical structure of an organism after exposure to 

NPs can result in the impairment of functional capacity, recovery capacity or an 

increased susceptibility to harmful environmental conditions (Fadeel et al., 2012).  

During this study no histological or morphological changes were identified in the 

anatomical structures of worms exposed to ZnO NPs, ZnO bulk particles, CuSO4, 

ZnSO4, TiO2 NPs, TiO2 bulk particles and CB NPs, using the described methodology.  
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As mentioned in the introduction, Sardo et al. (2011) stated that no change was visible 

in the structures of L. variegatus after a 10 day exposure to lead.  It is possible that a 96 

hour exposure is not a sufficient exposure time to induce visible changes in the worms.  

It was, however, possible to visualise black material in the gut of CB NP treated worms.  

L. variegatus have been shown to ingest particles (Chapter 2, Section 2.3.2) and so it is 

possible that these are agglomerated CB NPs, however this would need to be confirmed.  

It may be that the ZnO NPs were not visualised either because they had dissolved 

during exposure and/or as a result of their colour. 

 Future studies that involve investigating the effects of NPs on L. variegatus 

should include a longer exposure period (e.g. OECD 28 day sediment bioaccumulation 

study).  This additional time may allow for any changes to occur within the tissues 

should a toxic effect be observed.  It would also be interesting to use multiple stains in 

order to visualise a variety of components of the tissues.  Other structures that may be 

stained include muscle and collagen, nerve tissue, enzyme activity in the gut, mucins 

and lipids.  The van Gieson stain is used to stain connective tissue red, nuclei blue and 

cytoplasm yellow, silver stains are used to stain nerve tissue and other fine structures, 

acid and alkaline phosphatase stains are used to stain for enzyme activity, Alcian Blue is 

used to stain mucins and Oil Red O is used to stain lipids (Young et al., 2006). 

 

7.5 Summary of this study 

Histological techniques were used in this study in order to assess any histological 

damage in L. variegatus as a result of acute exposure to ZnO NPs and bulk particles 

(with and without 5mg/L HA).  It was found that Bouin’s Solution was the best 

preservative to use with this tissue compared to Davidson’s Solution and Formaldehyde.  

The histological technique employed in this study successfully indicated that there was 

no morphological damage incurred in the tissues of L. variegatus after a 96 hour 

exposure to ZnO NPs and bulk particles (with and without 5mg/L HA).  This study 

indicates that histology is a useful and valid technique in assessing the toxic effects of 

ZnO NPs and bulk particles in L. variegatus.   
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Chapter 8 General Discussion 

8.1 Summary of the findings in this thesis 

This thesis was able to demonstrate that ZnO NPs can have toxic effects on 

Lumbriculus variegatus, however this toxicity is endpoint specific.  While ZnO NPs 

induced both acute and chronic effects on the behaviour of L. variegatus they did not 

induce an acute oxidative response in the worms according to the GSH assay.  The 

findings of this thesis have been summarised in Table 8.1 below.  

Table 8.1: Summary of the findings of this thesis (x = “no”, √ = “yes”). 

Chapter Endpoint 

Study  Particle  

Endpoint 

Inhibition Toxic 

Protocol 

suitable for 

length Type HA observed? concentration 

testing with 

L. 

variegatus 

& ZnO? 

3 Behaviour 96 hours NP x √ 1.25-10mg/L √ 

   
96 hours NP √ x - √ 

  

Exposure 

in water 
96 hours Bulk x x - √ 

   
96 hours Bulk √ √ 5mg/L √ 

5 Behaviour 28 days NP x √ 12.5-50mg/L √ 

   
28 days NP √ √ 12.5-50mg/L √ 

  

Exposure 
in paper 

“sediment” 

28 days Bulk x √ 12.5-100mg/L √ 

   
28 days Bulk √ √ 12.5-100mg/L √ 

4 
Oxidative 

Stress 

0-96 

hours 
NP x x - √ 

   

0-96 

hours 
NP √ x - √ 

  

Exposure 

in water 

0-96 

hours 
Bulk x x - √ 

   

0-96 

hours 
Bulk √ x - √ 

6 
Uptake 

0-48 

hours 
NP x - - X 

   

0-48 
hours 

NP √ - - X 

  

Exposure 

in water 

0-48 

hours 
Bulk x - - X 

   

0-48 

hours 
Bulk √ - - X 

7 Histology - NP x x - √ 

   
- NP √ x - √ 

  

Exposure 

in water 
- Bulk x x - √ 

    - Bulk √ x - √ 
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After a 96 hour exposure ZnO NPs induced a negative behavioural response between 

1.25 and 10mg/L, in contrast bulk ZnO particle did not.  The addition of HA to the ZnO 

NPs prevented the impact of the particles on the behaviour of the worms, while the 

addition of HA to the bulk particles enhanced the effect on behaviour at 5mg/L (Table 

8.1).  An impairment of the escape behaviour in these worms would significantly impact 

their survival in the wild.  Locomotor behaviours are integrally linked with the worm’s 

ability to forage, sexually reproduce, avoid predators, disperse quickly and react to 

general environmental cues (Drewes, 1997).  The difference between the NP and bulk 

result may be attributed to the difference in surface area between the two particle types.  

The BET study found that the surface area of the NPs was significantly greater than that 

of the ZnO bulk particles and the greater the surface area of a particle, the greater the 

reactivity of that particle and in turn the greater the potential for that particle to have an 

increased toxicity (e.g. Li et al., 2006; Pal et al., 2007; Navarro et al., 2008).  The 

solubility of ZnO may have also played a role.  The solubility of the NPs was found to 

be significantly greater than that of the bulk particles during the dialysis experiments.  

This would mean that the worms were exposed to more Zn ions in the NP exposures 

compared to the bulk particle exposures, giving rise to potential ionic toxicity.  

However, they may also have been exposed to insoluble NP/aggregates as the solubility 

equilibrium was reached at 0.9  0.15 (SE) mg/L and the exposure concentrations in this 

experiment ranged from 1.25 to 10mg/L ZnO.  This is something that is supported by a 

number of other studies (Heinlann et al., 2008; Xia et al., 2008; Blinova et al., 2010; 

Wong et al., 2010).  The dissolution of NPs may result in an additional layer of 

complexity when examining their potential toxicity (Xia et al., 2008).  The species 

being used for testing is also an important consideration as the feeding behaviour of L. 

variegatus may have also played a role in the observed difference in toxicity between 

NP and bulk particles.  The agglomerates that the worms may have come in contact 

with in the bulk study may potentially have been too large for them to ingest.  Within 

the DLS study the hydrodynamic diameter of bulk ZnO particles were found to be 

significantly larger than ZnO NPs.  The addition of humic acid mitigated the negative 

effect of the ZnO NPs.  TEM images taken of ZnO NPs dispersed with 5mg/L HA 

indicated that the particles agglomerated and were also surrounded by what appeared to 

be an organic matrix.  This matrix may have been what increased the stability of the 

dispersion (indicated by DLS data) and kept the agglomerates in suspension throughout 
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the exposure.  Other studies have noted that humic acids increase the stability of NP 

suspensions (Chen and Elimelech, 2007; Handy et al., 2008; Zhang et al., 2009).  As the 

worms sat at the base of the vial during exposure there was less potential for them to 

have come into contact with the particles compared to NP exposures alone.  The 

solubility (as determined in the dialysis experiment) of ZnO NPs in EPA HW medium 

and EPA HW with HA medium was not found to be significantly different so the worms 

in the HA exposures had the potential to come into contact with the same amount of Zn 

ions but potentially had less contact with ZnO NPs and agglomerates.  At 5mg/L ZnO 

bulk with 5mg/L HA there was a significant negative effect on the behaviour of the 

worms.  When examining the DLS data, HA does not appear to affect the hydrodynamic 

diameter of the bulk particles however their stability was increased with the addition of 

5mg/L HA.  It would be expected that since HA should have increased dispersion and 

kept the bulk particles in suspension, the worms would have come into less contact with 

the particles.  However, it is possible that large agglomerates may have formed and 

deposited onto the area where the worm was placed.  The TEM images produced at 

FENAC did appear to show agglomerates that looked different in EPA HW medium and 

EPA HW medium with HA. 

Both ZnO NPs (12.5 – 50mg/L  5mg/L HA) and bulk particles (12.5 – 

100mg/L  5mg/L HA) were found to have a significant negative effect on the 

behaviour of the worms after a 28 day paper “sediment” exposure (Table 8.1).  When 

comparing NP toxicity to bulk toxicity, it was found that the NPs induced a greater 

negative effect on behaviour than the bulk particles.  As discussed in the acute toxicity 

studies, the larger surface area (as determined by the BET study) and greater solubility 

(as determined by the dialysis study) of the ZnO NPs, compared to the ZnO bulk 

particles, may have a played a role in the differences in observed toxicity.  HA did not 

affect the toxicity of either ZnO particle type.  A number of studies have stated that 

natural organic matter (NOM) can increase the dispersion of NPs in aqueous media 

(silver NPs, Gao et al., 2012; carbon nanotubes, Chappell et al., 2009, carbon 

nanotubes, Lin and Xing, 2009), however Gao et al. (2012) also stated that at higher 

levels of NOM (i.e. >10mg/L) agglomeration and aggregation of silver NPs can 

increase.  The combination of the added HA and food matter may have increased the 

NOM content of the test vessels to >10mg/L.  If agglomeration and sedimentation of the 

particles were increased, the worms (which stayed at the bottom of the test vessel within 
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the paper “sediment”) would have come in contact with the agglomerates which would 

not have been the case in the acute studies.  The time factor may have also played a role 

in the different toxicity observed in the acute studies (96 hours) and the chronic studies 

(28 days).  Finally, the introduction of food to this test may also have had an impact on 

the toxicity of the particles ( HA).  The particles may have adsorbed onto the nettle 

leaf leading to agglomeration and sedimentation of particles.  As mentioned previously 

behavioural changes in an organism can have significant ecological implications 

(Gerhardt, 1995) not only for the species themselves but also other non-benthic species 

that use the worms as a food source.  It is likely that chronic exposure studies may give 

a clearer picture of the toxicity of ZnO and be more environmentally relevant than acute 

exposures (Hao et al., 2012).  Detection of early warning signals such as behavioural 

changes in species is ecologically relevant and cheaper than chemical detection of 

contaminants within the tissues of the animal (Gerhardt, 1999). 

Both ZnO NPs and bulk particles did not cause oxidative stress as measured by 

GSH depletion in L. variegatus after a 96 hour exposure to ZnO NPs and bulk particles 

(Table 8.1).  A number of reasons may be put forward in order to potentially explain 

why an expected oxidative stress reaction was not observed.  It has been suggested that 

pre-exposure to low intensity oxidative stress may enhance an organism’s tolerance to a 

subsequent higher intensity oxidative stress (Lushchak, 2011).  It is also possible that 

the ZnO exposure concentrations were too low to produce enough ROS to induce 

lasting oxidative stress and the worms were able to compensate and readjust the amount 

of GSH after depletion.  Thirdly, it has been stated that in studies using aquatic 

organisms it has been shown that changes in antioxidant mechanisms are transient and 

variable for different species and chemicals (Livingstone, 2001; Barata et al., 2005; 

Cochón et al., 2007) and finally, it has been suggested that a number of biomarkers for 

oxidative stress should be used when investigating oxidative stress in aquatic organisms 

(Lushchak, 2011).  Due to these reasons it cannot be fully concluded that no oxidative 

stress occurred just because there was no significant change in GSH levels.  The results 

of this study are not in line with ZnO toxicology studies as oxidative stress upon 

exposure to ZnO has been measured in several human cell lines (e.g. De Beradis et al., 

2010; Huang et al., 2010; Fukui et al., 2012; Sharma et al., 2012) and environmental 

toxicity studies (e.g. Lin et al., 2009; Pujalte et al., 2011; Hao et al., 2012).  However, 

in Hao et al. (2012) it was observed that after exposure to ZnO NPs the enzymatic and 
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non-enzymatic antioxidant defences of carp (Cyprinas carpio) acted in different ways in 

different organs.  They suggested that this was proof that in order to fully evaluate 

oxidative stress biomarkers it is necessary to assess a number of markers in the 

organism.  The evolution of testing oxidative stress markers is key in determining the 

toxic effects of xenobiotics in aquatic organisms.  Verrengia Guerrero et al. (2002) 

suggested however that it may be difficult to interpret responses and body burdens of 

animals exposed to xenobiotics,  due to low concentrations and instability of ROS and 

ROS induced products and the different responses of various organisms to oxidative 

stress, leading to difficult evaluation (Lushchak, 2011).  This is of particular importance 

in L. variegatus as they are a standard toxicity testing species and if they have 

detoxification pathways that are different or absent in other species then they may not 

have a great ecological relevance as previously believed.  In vivo inhibition or induction 

of oxidative biomarkers in aquatic organisms is a good ecotoxicological tool to assess 

the effects of NP exposure (McLouhglin et al., 2000) however a battery of markers, for 

example SOD, CAT, GST and GSH, should be employed to investigate oxidative stress 

in aquatic organisms.  

L. variegatus are capable of ingesting ZnO particles (as determined using 

STEM-EDX), however, the uptake and depuration protocol employed in this thesis was 

found to have a high level of variability and it was decided that while this protocol may 

be appropriate for metals that are not naturally present in relatively large quantities in 

the environment, it was not suitable for investigating the uptake, bioaccumulation and 

depuration of ZnO NPs and bulk particles (Table 8.1).  Dawson et al. (2003) 

investigated the accumulation of bulk Zn in L. variegatus and found that the 

background levels of Zn in the worm may have affected the result and that variability in 

the measurements was very high, using ICP-AAS.   

Finally, it was concluded from the histology study was that Bouin’s solution is 

an appropriate fixative for fixing L. variegatus in a closed processing system.  Histology 

was a useful technique in investigating the anatomical effects of ZnO NPs and bulk 

particles after a 96 hour exposure (Table 8.1).  A change in morphology of the 

anatomical structure of an organism after exposure to NPs can result in the impairment 

of functional capacity, recovery capacity or an increased susceptibility to harmful 

environmental conditions (Fadeel et al., 2012).  No changes in anatomy were found to 

have occurred.  It is possible that a 96 hour exposure is not a sufficient exposure time to 

induce visible changes in the worms.  It may be that the ZnO NPs were not themselves 



 

174 

 

visualised either because they had dissolved during exposure and/or as a result of their 

colour.  A longer exposure study would be interesting to investigate whether ZnO 

induced damage would be observed after chronic exposure.  This additional time may 

allow for any changes to occur within the tissues should a toxic effect be observed.  

Furthermore, treatment of the tissues with stains other than H and E may (e.g. van 

Gieson stain, silver stains, acid and alkaline phosphatase stains, Alcian Blue and Oil 

Red O) potentially provide a greater volume of information in identifying the various 

structures of the worm.  Finally, a positive control, such as boric acid (Martinez et al., 

2006), could be employed to show damage using histological techniques. 

 The project included an aim to characterise the ZnO NPs and bulk particles 

using a suite of techniques at both HWU and FENAC.  As mentioned in the previous 

text this characterisation aided in understanding some of the toxicology results obtained 

in this thesis.  The BET study determined that the surface area of the NPs was 

significantly greater than that of the bulk particles, suggesting a greater surface area for 

reactivity in the NPs.  This result correlates with the toxicity results observed in the 

behavioural studies where NPs were found to have a greater negative impact on 

behaviour than the bulk particles.  The dialysis experiment provided information on the 

dissolution of the ZnO particles and allowed for a greater understanding of whether the 

mechanism of toxicity in some of the studies was ionic or nano-specific.  The use of 

TEM and STEM-EDX aided in visualising the particles in the medium, medium with 

HA and within the worms.  These images provided information that allowed for a better 

understanding of the differences between worms exposed to NPs in medium alone and 

NPs in medium with HA.  XRD confirmed that the particles in use were ZnO.  Finally, 

the DLS and zeta potential study (along with the TEM images) provided information on 

the size distribution and stability of the NPs and bulk particles which helped in 

understanding the toxicity results obtained in studies by showing that the hydrodynamic 

diameters of the bulk particles were larger than those of the NPs and also that stability 

was increased with the addition of HA.  Based on the results of the characterisation 

studies and the information they provided for understanding of the toxicology results, it 

is clear that a suite of techniques are required in order to fully characterise particle 

exposures.  Understanding and interpretation of the results obtained from the various 

techniques is paramount.   

 



 

175 

 

8.2 Brief summary of current ZnO NP toxicity literature and where the findings of this 

thesis fit in with this literature 

Despite the widespread use of ZnO NPs in industry, the safety of these particles has not 

yet been fully evaluated.  The purpose of this thesis was to provide valid and novel 

information to contribute to the current literature available on the toxicity of ZnO NPs.  

Numerous human and environmental models have been examined in order to assess the 

toxicity of ZnO NPs.  In many studies solubility is widely accepted as one of the main 

factors driving toxicity of ZnO NPs however some studies have stated a nano-specific 

effect.  In human toxicology studies ZnO NPs or their soluble components were found 

to act by various mechanisms such as high cytotoxicity and apoptosis, inflammation, 

oxidative stress, fibrosis, up-regulation of enzymes important in the redox balance and 

metallothionein.  Calcium homeostasis, mitochondrial activity and membrane potential, 

as well as epithelial barrier function were also affected.  In vivo toxicology studies have 

indicated that ZnO NPs are toxic when inhaled but do not cross human skin (Vandebriel 

and De Jong, 2012) and also that ZnO NPs (radioactive) can be found to accumulate in 

several organs of mice (Chen et al., 2010; Li et al., 2011).  Several inhalation studies 

(e.g. Warheit et al., 2009 (NP effect); Wang et al., 2010 (NP effect); Jachak et al., 2011 

(NP effect)) and instillation studies (e.g. Sayes et al., 2007 (NP effect); Cho et al., 2010 

(ionic effect)) in rats and mice have shown that ZnO NPs cause inflammation, necrosis 

and systemic toxicity.  In vivo studies have shown no genotoxic effects of ZnO NPs.  In 

vitro studies have stated that ZnO NPs are toxic to several cell types, such as lung THP1 

monocytic cells (Prach et al., 2013 (NP and ionic effect), BEAS-2B cells (Sharma et al., 

2009 (NP effect); Huang et al., 2010 (NP effect); Wu et al., 2010 (NP effect)), colon 

carcinoma RKO cells (Moos et al., 2011 (ionic effect)), leukaemia cells (Kao et al., 

2012 (ionic effect)), cardiac microvascular endothelial cells (Xia et al., 2011(ionic 

effect)), C3A liver cells (Wang et al., 2011 (NP effect); Kermanizadeh et al., 2012 (NP 

and ionic effect)), glomerular measangial cells (Pujalté et al., 2011 (NP and ionic effect) 

and have also exhibited genotoxicity (Hackenberg et al., 2009 (NP effect); Sharma et 

al., 2009 (NP effect); Osman et al., 2010 (NP effect); Sharma et al., 2011 (NP effect)) 

in vitro.  However, some studies have stated that not only is the toxicity is down to a 

nanospecific effect it is also, at least in part, a result of dissolved Zn
2+

 from the 

dissolution of ZnO NPs (Vandebriel and De Jong et al., 2012). 
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In environmental toxicology studies the ZnO NPs were also found to cause 

toxicity via various mechanisms.  Environmental models, such as plants, algae, 

microorganisms, fish and aquatic invertebrates have been used to investigate the 

environmental toxicity of ZnO NPs.  In plants ZnO NPs were found to have toxic 

effects via morphological changes, biomass reduction, growth inhibition, germination 

inhibition and the up-regulation of enzymes (e.g. Lee et al., 2010 (NP effect); Du et al., 

2011 (ionic effect); Ghodake et al., 2011 (NP effect); Hernandez-Viezcas et al., 2011 

(ionic effect)).  Zinc ions were said to be both major and minor contributors to this 

toxicity.  ZnO appears generally to be phytotoxic however only at ecologically 

irrelevant concentrations.  Only one study has shown toxicity in algae however the 

authors attributed this toxicity to ionic Zn (Aruoja et al, 2008).  Bacterial studies 

described mechanisms of toxic effects as inhibition of growth and cell viability and 

mortality.  In microorganism studies (e.g. Heinlaan et al., 2008 (ionic effect); Blinova et 

al., 2010 (ionic and NP effect); Dimkpa et al., 2012 (ionic and NP effect) toxicity was 

found to be both NP specific and ionic.  The media type played a major role in these 

toxicity results.  Finally, invertebrate and vertebrate toxicity studies stated that ZnO 

toxicity mechanisms included morphological changes, reproductive inhibition 

(embryo/larvae survival and development), behavioural inhibition and changes, enzyme 

up-regulation, mortality and the bioaccumulation of particles, via both ionic and NP 

effects.  Fish studies showed significantly reduced embryo hatching and survival rates, 

abnormalities and decreased survival rates of hatched embryos at higher concentrations.  

ZnO NPs have also been shown to cause oxidative stress in vivo in carp (Hao et al., 

2012 (NP effect)), zebra fish (e.g. Zhu et al., 2008 (NP effect); Johnston et al, 2010 

(ionic and NP effect); Hu et al., 2011 (NP effect)) and in vitro in catfish hepatocytes 

(Wang et al, 2011 (NP effect)).  Aquatic invertebrates have shown toxic responses to 

ZnO NPs also.  L. luteola exhibited toxicity at low doses in terms of oxidative stress and 

DNA damage (Ali et al., 2012 (NP effect)) and L. stagnalis feeding behaviour was 

inhibited after exposure to ZnO NPs (Croteau et al., 2011 (ionic and NP effect).  

Crustaceans, such as D. magna (Heinlaan et al., 2008 (ionic effect); Wiench et al., 2009 

(ionic effect); Blinova et al, 2010 (ionic effect); Poynton et al, 2011 (NP effect)), T. 

platyurus (Blinova et al., 2010 (ionic and NP effect) and C. affinis (Tomilina et al., 

2010 (NP effect)) were also seen to be affected, in terms of mortality and reproduction 

by ZnO NP exposure.  Abnormalities and mortality were observed in L. pictus 

(Fairbairn et al., 2011 (ionic effect)) after exposure to ZnO NPs.  Finally, a number of 
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nematode studies have shown toxicity to C. elegans in terms of larval growth and 

reproduction and movement in adults (e.g. Ma et al., 2009 (ionic effect); Ma et al., 2011 

(NP effect)).    

 The findings of this thesis are comparable with current literature.  No studies 

have been published to date investigating the toxicity of ZnO NPs in L. variegatus and 

so all research conducted with L. variegatus in this thesis is novel and will contribute to 

the current knowledge base concerning the toxicity of ZnO NPs.  Acute and chronic 

behavioural studies showed that ZnO NPs were toxic to L. variegatus.  Dissolution was 

taken into account in these studies and the results show that the toxicity may have been 

in part due to zinc ions however they may also have been exposed to insoluble NPs or 

agglomerates.  The literature has stated that the factor of ionic toxicity when examining 

the effects of ZnO NPs is of great importance for future research and the findings of this 

thesis confirm that.  This thesis shows that ZnO NPs did not cause a depletion in GSH 

in the cells of the worms.  This was not to be expected as ZnO has been shown to cause 

oxidative stress in a number of human and environmental models (e.g. Ali et al., 2005; 

De Beradis et al., 2010; Huang et al, 2010; Xiong et al., 2011).  The results of the study 

would suggest that other markers of oxidative stress should be employed in order to 

fully assess the potential oxidative stress response of L. variegatus to ZnO NPs.    

 

8.3 Future work based on the findings of this thesis 

As much as this thesis has answered questions regarding the toxicity of ZnO NPs it has 

also provided additional questions.  As with any toxicological studies it would be 

interesting to investigate a number of endpoints further.  The behavioural endpoint 

employed in this thesis provided promising toxicological information and it would be 

interesting to examine further behavioural aspects of L. variegatus, such as burrowing 

behaviour, feeding rates and electro-physical techniques to test the conductivity of 

neural pathways.  It would also be useful to test the chronic effects of ZnO NPs spiked 

into artificial sediment as this would provide more environmentally relevant 

information than the paper sediment.  Furthermore, it has been suggested that chronic 

studies will provide more information of greater environmental relevance that acute 

studies.   
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The use of a sublethal bioassay to examine GSH content in the cells of L. 

variegatus was successful in this thesis however several markers of oxidative stress in L. 

variegatus could be further evaluated.  Of the few papers that have been published to 

date which have investigated oxidative stress in L. variegatus, all have looked at more 

than one marker, such as CAT, LPO, SOD and GST.  It would be interesting to examine 

these other markers in response to ZnO exposure and also to examine longer time points 

to see if there was any chronic oxidative stress observed in L. variegatus after exposure 

to ZnO NPs.  It would be interesting also to examine whether any DNA damage occurs 

in L. variegatus after exposure to ZnO NPs using a technique such as the comet assay.   

The uptake and depuration study in this thesis was not successful due to the 

protocol not being suitable for use with ZnO.  Other options for examining the uptake, 

depuration and bioaccumulation of ZnO in L. variegatus would be to investigate the use 

of dyes such as Newport Green PDX
TM

 Acetoxymethyl Ether, FluorZin
TM

-3, AM, cell 

permeant and RhodZin
TM

-3, AM, cell permeant.  These dyes, available for use in cell 

culture, fluoresce in the presence of Zn
2+

 and could potentially be further developed for 

use with whole organisms.  To visualise ZnO particles high resolution X-ray absorption 

techniques, which can be used to analyse the major element-composition in e.g., 

biological samples, may be useful.  Although the resolution of these techniques is not 

high enough to localise single nanoparticles, it would be possible to distinguish 

aggregates of ZnO particles from organically complexed or dissolved Zn, due to their 

higher concentration of Zn. 

 The histological studies within this thesis were successful in showing that ZnO 

NPs and bulk particles did not cause any damage to the tissues of L. variegatus as a 

result of acute exposure.  It would be interesting to pursue the investigation of longer 

exposure times and other stains to visualise various parts of the worm structure better.  

As discussed in Chapter 2, Section 2.4.2, ZnO particles were found within the gut of the 

worms (using STEM-EDX).  It would potentially be useful to use the stains mentioned 

above to attempt to visualise where the Zn
2+

 can be found within the worm.   
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8.4 Final remarks 

There are a number of issues that have not been addressed in the current literature with 

regards to the ecotoxicology of ZnO NPs.  Future research should focus on the 

characterisation of ZnO NPs, the relevant exposure concentrations and the exposure 

scenarios they are used in.  The toxicity of the NPs may be elicited by different modes 

of action and is very much dependent on the parameters of the medium they are in.  A 

thorough characterisation of these factors is essential in interpreting any toxicological 

results obtained as well as understanding any comparisons made between studies.  

Research should also focus on chronic exposure scenarios in order to gain more 

environmentally relevant information from studies.  Finally, research should encourage 

the development of tools to differentiate between Zn
2+

 toxicity and nanospecific ZnO 

NP toxicity. 
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Appendix A: Figures from DLS 96 hour study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The hydrodynamic diameter and zeta potential of ZnO nanoparticles at 0 

hours (mean ± SE; n = 3). 
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Figure 2: The hydrodynamic diameter and zeta potential of ZnO nanoparticles at 24 

hours (mean ± SE; n = 3). 
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Figure 3: The hydrodynamic diameter and zeta potential of ZnO nanoparticles at 48 

hours (mean ± SE; n = 3). 

 

 



 

183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The hydrodynamic diameter and zeta potential of ZnO nanoparticles at 72 

hours (mean ± SE; n = 3). 
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Figure 5: The hydrodynamic diameter and zeta potential of ZnO nanoparticles at 96 

hours (mean ± SE; n = 3). 
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Figure 6: The hydrodynamic diameter and zeta potential of ZnO bulk particles at 0 

hours (mean ± SE; n = 3). 
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Figure 7: The hydrodynamic diameter and zeta potential of ZnO bulk particles at 24 

hours (mean ± SE; n = 3). 
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Figure 8: The hydrodynamic diameter and zeta potential of ZnO bulk particles at 48 

hours (mean ± SE; n = 3). 
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Figure 9: The hydrodynamic diameter and zeta potential of ZnO bulk particles at 72 

hours (mean ± SE; n = 3). 
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Figure 10: The hydrodynamic diameter and zeta potential of ZnO bulk particles at 96 

hours (mean ± SE; n = 3). 

 

 



 

190 

 

References 

Abdel-Majeed, H., El-Laithy, H., Mahran, L., Fahmy, A., Mäder, K. And Mohamed, S., 

2012, Development of novel flexible sugar ester vesicles as carrier systems for the 

antioxidant enzyme catalase for wound healing applications, Process Biochemistry, 47, 

1155 – 1162. 

Adams, L.K., Lyon, D.Y. and Alvarez, P.J.J., 2006, Comparative ecotoxicity of 

nanoscale TiO2, SiO2 and ZnO water suspensions, Water Research, 40, 3527 – 3532. 

Agency for Toxic Substances and Disease Registry (ATSDR), 2005, Toxicological 

Profile for Zinc, U.S. Department of Health and Human Services, Public Health 

Service, Atlanta, GA, U.S.A.  

Ahamed, M., Posgai, R., Gorey, T., Nielsen, M., Hussain, S. And Rowe, J., 2010, Silver 

nanoparticles induced heat shock protein 70, oxidative stress and apoptosis in 

Drosophila melanogaster, Toxicology and Applied Pharmacology, 242, 263 – 269. 

Al-Bairuty, G., Shaw, B., Handy, R. and Henry, T., 2013, Histopathological effects of 

waterborne copper nanoparticles and copper sulphate on the organs of rainbow trout 

(Oncorhynchus mykiss), Aquatic Toxicology, 126, 104 – 115. 

Alekseev, V.A., Uspenskaya, N.E., 1974, Toxicological Characteristics of Acute Phenol 

Intoxication in Some Freshwater Worms, (In Russian, abstract in English), 

Gidrobiologicheskii Zhurnal, 10, 48-55. 

Ali, D., Alarfi, S., Kumar, S., Ahmed, M., Siddiqui, M., 2012, Oxidative stress and 

genotoxic effect of zinc oxide nanoparticles in the freshwater snail Lymnea luteola L., 

Aquatic Toxicology, 124-125, 83 - 90.   

An, J.H., and Blackwell, T.K., 2003, SKN-1 links C. elegans mesendodermal 

specification to a conserved oxidative stress response, Genes and Development, 17, 

1882–1893. 

Ankley, G., Leonard, E. and Mattson, V., 1994, Prediction of bioaccumulation of metals 

from contaminated sediments by the oligochaete Lumbriculus variegatus, Water 

Research, 28, 1071 – 1076. 



 

191 

 

Apel, K and Heribert, H., 2004, Reactive Oxygen Species: Metabolism, Oxidative 

Stress and Signal Transduction, Annual Review of Plant Biology, 55, 377 – 399. 

Appleby, A.G. and Brinkhurst, R.O.,1971, Defecation rate of three tubificid 

oligochaetes found in the sediment of Toronto harbour, Ontario, Journal of the 

Fisheries Research Board of Canada, 27, 1971-1982. 

Arrate, J., Rodriguez, P. and Martinez-Madrid, M., 2004, Tubifex tubifex chronic 

toxicity test using artificial sediment: methodological issues, Limnetica, 23, 25 – 36. 

Aruoja, V., Dubourguier, H.C., Kasemets, K. and Kahru, A., 2008, Toxicity of 

nanoparticles of CuO, ZnO and TiO2 to microalgae Pseudokirchneriella subcapitata, 

Science of the Total Environment, 407, 1461 – 1468. 

Aruoma, O., 1998, Free Radicals, Oxidative Stress, and Antioxidants in Human Health 

and Disease, Journal of the American Oil Chemists’ Society, 75, 199 – 211. 

Asada, K. and Takahashi, M., 1987, Production and scavenging of active oxygen in 

photosynthesis, In Photoinhibition, Eds. Kyle, D.J., Osbourne, C.B., Arntzen, C.J., 

Elsevier, Amsterdam, pp 227 – 287. 

American Society for Testing Materials (ASTM), 2002, Standard guide for 

determination of the bioaccumulation of sediment-associated contaminants by benthic 

invertebrates, In Annual Book of ASTM Standards, Vol. 11.05. E 1688-00a. West 

Conshohocken, PA: ASTM International, 1055-1108. 

Baalousha, M., 2009, Aggregation and disaggregation of iron oxide nanoparticles: 

Influence of particle concentration, pH and natural organic matter, The Science of the 

Total Environment, 407, 2093 – 2101. 

Bai, W., Zhang, Z., Tian, W., He, X., Ma, Y., Zhao, Y. and Chai, Z., 2010, Toxicity of 

zinc oxide nanoparticles to zebrafish embryo: a physicochemical study of toxicity 

mechanism, Journal of Nanoparticle Research,12, 1645 - 1654. 

Bailey, H. and Liu, D., 1980, Lumbriculus variegatus, a benthic oligochaete as a 

bioassay organism, Aquatic Toxicology, ASTM STP 707, Eaton, J., Parrish, P. and 

Hendricks, A., Eds., American Society for Toxicity Testing and Materials, p.p. 205 – 

215. 



 

192 

 

Barata, C., Varo, I., Navarro, J., Arun, S. and Porte, C., 2005, Antioxidant enzyme 

activities and lipid peroxidation in the freshwater cladoceran Daphnia magna exposed 

to redox cycling compounds, Comparative Biochemistry and Physiology, Part C, 140, 

175 – 186. 

Baun, A., Hartmann, N., Grieger, K. and Kusk, K., 2008, Ecotoxicity of engineered 

nanoparticles to aquatic invertebrates: a brief review and recommendations for future 

toxicity testing, Ecotoxicology, 17, 387 – 395. 

Beckett, W.S., Chaplupa, D.F., Pauly-Brown, A., Speers, D.M., Stewart, J.C., 

Frampton, M.W., Utell, M.J., Huang, L.S., Cox, C., Zareba, W. and Oberdöster, G., 

2005, Comparing inhaled ultrafine particles versus fine zinc oxide particles in healthy 

adults: a human inhalation study, American Journal of Respiratory Critical Care 

Medicine, 117, 1129 – 1135. 

Bely, A., 1999, Decoupling of fission and regenerative capabilities in an asexual 

Oligochaeta, Hydrobiologia, 406, 243 – 251. 

Berg, J.M., Romoser, A., Banerjee, N., Zebda, R and Sayes, C., 2009, The relationship 

between pH and zeta potential of ~30nm metal oxide nanoparticle suspensions relevant 

to in vitro toxicological evaluations, Nanotoxicology, 3, 276 – 283. 

Biddinger, G. and Gloss, S., 1984, The importance of trophic transfer in the 

bioaccumulation of chemical contaminants in aquatic ecosystems, Residue Reviews, 91, 

100 – 145. 

Blinova, I., Ivask, A., Heinlaan, M., Mortimer, H. and Kahru, A., 2010, Ecotoxicity of 

nanoparticles of CuO and ZnO in natural water, Environmental Pollution, 158, 41 – 47. 

Boeck, P., 1989, Romeis Mikroskopische Technik, 17
th

 Edition, Urban and 

Schwarzenberg, Muenchen, Wien, Baltimore, In Meyer, W. and Hornickel, I., 2010, 

Tissue fixation – the most underestimated methodical feature of immunohistochemistry, 

In Microscopy: Science, Technology, Applications and Education, Méndez-Vilas, A. 

and Díaz, J. (Eds.), Formatex, Spain. 

Bodar, C., Pronk, M. and Sijm, T., 2005, The European Union risk assessment on zinc 

and zinc compounds: The process and the facts, Integrated Environmental Assessment 

and Management, 1, 301 – 319. 



 

193 

 

Bootz, A., Vogel, V., Schubert, D. and Kreuter, J., 2004, Comparison of scanning 

electron microscopy, dynamic light scattering and analytical ultracentrifugation for the 

sizing of poly(butyl cyanoacrylate) nanoparticles, European Journal of Pharmaceutics 

and Biopharmaceutics, 57, 369–375. 

Borm, P., Klaessig, F. C., Landry, T. D., Moudgil, B., Pauluhn, J., Thomas, K., Trottier, 

R. and Wood, S., 2006, Research strategies for safety evaluation of nanomaterials, part 

V: role of dissolution in biological fate and effects of nanoscale particles, Toxicological 

Sciences, 90, 23-32. 

Boxall, A.B.A., Chaudhry, Q., Sinclair, C., Jones, A., Aitken, R., Jefferson, B. and 

Watts, C., 2007, Current and future predicted environmental exposure to engineered 

nanoparticles, Central Science Laboratory, Department of the Environment and Rural 

Affairs, London, U.K. 

Boyle, D., Al-bairuty, G., Ramsden, C., Sloman, K., Henry, T. And Handy, R., 2013, 

Subtle alterations in swimming speed distributions of rainbow trout exposed to titanium 

dioxide nanoparticles are associated with gill rather than brain injury, Aquatic 

Toxicology, 126, 116 – 127. 

Braga, P. and Ricci, D., 2004, Atomic Force Microscopy: Biomedical Methods and 

Applications, Humana Press, New Jersey, U.S.A.  

Brinkhurst, R.O., Chua, K.E. and Kaushik, N.K., 1972, Interspecific interactions and 

selective feeding by Tubificid oligochaetes, Limnology and Oceanography, 17, 122 – 

133. 

Brinkhurst, R.O., Jamieson, B.G.M., 1971, Aquatic oligochaeta of the world, Oliver and 

Boyd, Edinburgh, U.K. 

Brunauer, S., Emmett, P. and Teller, E., 1938, Adsorption of gases in multimolecular 

layers, journal of the American Chemical Society, 60, 309 – 319. 

Brunner, T.J., Wick, P, Manser, P., Spohn, P., Grass, R.N., Limbach, L.K., Bruinink, A. 

and Stark, W.J., 2006, In vitro cytotoxicity of oxide nanoparticles: Comparison to 

asbestos, silica and the effect of particle solubility, Environmental Science and 

Technology, 40, 4374 – 4381. 



 

194 

 

Brunson, E., Canfield, T., Dwyer, F., Ingersoll, C. and Kemble, N., 1998, Assessing the 

bioaccumulation of contaminants from sediments of the Upper Mississippi River using 

field collected oligochaetes and laboratory exposed Lumbriculus variegatus, Archives of 

Environmental Contamination, 35, 191 – 201. 

British Standards Institute (BSI), 2005, Vocabulary, Nanoparticles, PAS 71. 

British Standards Institute (BSI), 2007, Terminology for Nanomaterials, PAS 136. 

Buesa, R.J., 2008, Histology without formalin?, Annals of Diagnostic Pathology, 12, 

387 – 396. 

Buffet, P., Amiard-Triquet, C., Dybowska, A., Risso-de Faverney, C., Guibbolini, M., 

Valsami-Jones, E. and Mouneyrac, C., 2012, Fate of isotopically labelled zinc oxide 

nanoparticles in sediment and effects on two endobenthic species, the clam 

Scrobicularia plana and the ragworm Hediste diversicolor, Ecotoxicology and 

Environmental Safety, 84, 191 – 198. 

Burton, G., 1992, Sediment toxicity assessment, Lewis Publishers, USA. 

Butt, H., Cappella, B. and Kappl, M., 2005, Force measurements with the atomic force 

microscope: Technique, interpretation and applications, Surface Science Reports, 59, 1 

– 152. 

Bystrzejewska-Piotrowska, G., Golimowski, J. and Urban, P., 2009, Nanoparticles: 

Their potential toxicity, waste and environmental management, Waste Management, 29, 

2587 – 2595. 

Cai, J., Nelson, K.C., Wu, M., Sternberg, P. and Jones, D.P., 2000, Oxidative damage 

and protection of the RPE, Progress in Retinal and Eye Research, 19, 205 – 211. 

Callahan, C. Skirazi, M. and Neuhauser, E., 1994, Comparative toxicology of chemicals 

to earthworms, Environmental Toxicology and Chemistry, 13, 291 – 298. 

Calvin, S., Luo, S., Caragianis-Broadbridge, C., McGuinness, J., Anderson, E., Lehman, 

A., Wee, K., Morrisson, S. and Kurihara, L., 2005, Comparison of extended x-ray 

absorption fine structure and Scherrer analysis of x-ray diffraction as methods for 

determining mean sizes of polydisperse nanoparticles, Applied Physics Letters, 87, 3 

pages. 



 

195 

 

Campbell, P.G.C., 1995, Interactions between trace metals and aquatic organisms: a 

critique of the free-ion activity model, In: Metal Speciation and Bioavailability in 

Aquatic Systems, Tesser, A. and Turner, D.R. (Eds.), John Wiley and Sons, U.K. 

Cecere, D., Bruno, A., Minutolo, P. and D’Alessio, A., 2003, DLS measurements on 

nanoparticles produced in laminar premixed flames, Synthetic Metals, 139, 653 – 656. 

Chance, B., Sies, H. and Boveris, A., 1979, Hydroperoxide metabolism in mammalian 

organs, Physiology Review, 59, 527 – 605. 

Chandran, R., Sivakumar, A., Mohandass, S. and Aruchami, M., 2005, Effect of 

cadmium and zinc on antioxidant enzyme activity in the gastropod, Achatina fulica, 

Comparative Biochemistry and Physiology C: Comparative Physiology, 140, 422 – 426. 

Chapman K., Benton, M., Brinkhurst, R. and Scheuerman, P., 1999, Use of the aquatic 

oligochaetes Lumbriculus variegatus and Tubifex tubifex for assessing the toxicity of 

copper and cadmium in a spiked-artificial-sediment toxicity test, Environmental 

Toxicology, 14, 271 – 278. 

Chapman, P., Wung, F., Janssen, C., Persoone, G. and Allen, H., 1998 Ecotoxicology of 

metals in aquatic sediments: binding and release, bioavailability, risk assessment, and 

remediation, Canadian Journal of Fisheries and Aquatic Sciences, 55, 2221 – 2243. 

Chappell, M., George, A., Donstiva, K., Poreter, B., Price, C., Zhou, P., Morikowa, E., 

Kennedy, A. and Steevens, J., 2009, Surfactive stabilization of multi-walled carbon 

nanotube dispersions with dissolved humic substances, Environmental Pollution, 157, 

1081 – 1087. 

Chappell, M., Muller, L. George, A., Pettway, B., Price, C., Porter, B., Bednar, A., 

Seiter, J., Kennedy, A. and Steevens, J., 2011, Simultaneous dispersion–dissolution 

behaviour of concentrated silver nanoparticle suspensions in the presence of model 

organic solutes, Chemosphere, 84, 1108 – 1116. 

Chen, K. and Elimelech, M., 2007, Influence of humic acid on the aggregation kinetics 

of fullerene (C60) nanoparticles in monovalent and divalent electrolyte solutions, 

Journal of Colloid and Interface Science, 309, 126 – 134. 



 

196 

 

Chen, K.L and Elimelech, M., 2006, Aggregation and deposition kinetics of fullerene 

(C60) nanoparticles, Langmuir, 22, 994 – 1001. 

Chen, Q.-L., Luo, Z., Zheng, J.-L, Li, X.-D., Liu, C.-X., Zhao, Y.-H. and Gong, Y., 

2012, Protective effects of calcium on copper toxicity in Pelteobagrus fulvidraco: 

Copper accumulation, enzymatic activities, histology, Ecotoxicology and 

Environmental Safety, 76, 126 – 134. 

Chen, K.L., Mylon, SE and Elimelech, M., 2007, Enhanced aggregation of alginate-

coated iron oxide (Hematite) nanoparticles in the presence of calcium, strontium and 

barium cations, Langmuir, 23, 5920 – 5928. 

Chen, J.K., Shih, M., Pier, J., Liu, C., Chou, F., Lai, W., Chang, L., Win, P., Wang, M., 

Yang, M. and Yang, C., 2010, The use of radioactive zinc oxide nanoparticles in 

determination of their tissue concentrations following intravenous administration in 

mice, Analyst, 135, 1742 - 1746. 

Cho, W., Duffin, R., Howie, S., Scotton, C., Wallace, W., MacNee, W., Bradley, M., 

Megson, I. and Donaldson, K., 2011, Progressive severe lung injury by zinc oxide 

nanoparticles; the role of Zn2
+
 dissolution inside lysosomes, Particle and Fibre 

Toxicology, 8, 27. 

Choi, J., Kim, S., Ahn, J., Youn, P., Kang, J., Park, K., Yi., J. and Ryu, D., 2010, 

Induction of oxidative stress and apoptosis by silver nanoparticles in the liver of adult 

zebrafish, Aquatic Toxicology, 100, 151 – 159. 

Christen, V., Zucchi, S. and Fent, K., 2011, Effects of the UV-filter 2-ethyl-hexyl-4-

trimethoxycinnamate (EHMC) on expression of genes involved in hormonal pathways 

in fathead minnows (Pimephales promelas) and link to vitellogenin induction and 

histology, Aquatic Toxicology, 102, 167 – 176. 

Christensen, B., 1984, Asexual propagation and reproductive strategies in aquatic 

oligochaete, Hydrobiologia, 115, 91-95. 

Christian, P., Von der Kammer, F., Baalousha, M. and Hofmann, 2008,  Nanoparticles: 

Structure, properties, preparation and behaviour in environmental media, Ecotoxicology, 

17, 326 – 343. 



 

197 

 

Cochón, A., Della Penna, A., Kristoff, G., Piol, M., San Martín de Viale. L. and 

Guerrero, V., 2007, Differential effects of paraquat on oxidative stress parameters and 

polyamine levels in two freshwater invertebrates, Ecotoxicology and Environmental 

Safety, 68, 286 – 292. 

Collins, M.R., Amy, G.L., and Steenlink, C., 1986, Molecular Weight Distribution, 

Carboxylic Acidity and Humic Substances Content of Aquatic Organic Matter: 

Implications for Removal During Water Treatment, Environmental Science and 

Technology, 20, 1028–1032.. 

Contardo-Jara, V., Klingelmann, E. and Wiegand, C., 2009, Bioaccumulation of 

glyphosate and its formulation Roundup Ultra in Lumbriculus variegatus and its effects 

on biotransformation and antioxidant enzymes, Environmental Pollution,  157, 57 – 63. 

Contardo-Jara, V. and Wiegand, C., 2008, Biotransformation and antioxidant enzymes 

of Lumbriculus variegatus as biomarkers of contaminated sediment exposure, 

Chemosphere, 70, 1879 – 1888. 

Cook D.G., 1969, Observations on the life history and ecology of some Lumbriculidae 

(Annelida, Oligochaeta), Hydrobiologia, 34, 561 – 574. 

Cook, D.G., 1971, Family Lumbriculidae, In: Brinkhurst, R.O., Jamieson, B.G.M. 

(Eds.), Aquatic Oligochaeta of the World, Oliver and Boyd, Edinburgh. 

Cook, H. C., 1997, Origins of tinctorial methods in histology. Journal of Clinical 

Pathology, 50, 716-720. 

Cook, G. and Sherlock, S., 1965, Results of a controlled clinical trial of glutathione in 

cases of hepatic cirrhosis, Gut, 6, 472 - 476. 

Crouteau, M., Dybowska, A., Luoma, S.N. and Valsami-Jones, E., 2011, A novel 

approach reveals that zinc oxide nanoparticles are bioavailable and toxic after dietary 

exposure, Nanotoxicology, 5, 79 – 90. 

Dawson, T., Lott, K., Leonard, E. and Mount D., 2003, Time course of metal loss in 

Lumbriculus variegatus following sediment exposure, Environmental Toxicology and 

Chemistry, 22, 886 – 889. 



 

198 

 

De Berardis, B., Civitelli, G., Condello, M., Liste, P., Pozzi, R., Arancia, G. and 

Meschini, S., 2010, Exposure to ZnO nanoparticles induces oxidative stress and 

cytotoxicity in human colon carcinoma cells, Toxicology and Applied Pharmacology, 

246, 116 – 127. 

de la Fuente, J., González, de Chávarri, E., Sánchez, M., Vieira, C., Lauzurica, S., Díaz, 

M. and Pérez, C., 2012, The effects of journey duration and space allowance on the 

behavioural and biochemical measurements of stress responses in suckling lambs during 

transport to an abattoir, Applied Animal Behaviour, 142, 30 – 41. 

Desaint, S., Luriau, S., Aude, J.C., Rousselet, G., and Toledano, M.B., 2004, 

Mammalian antioxidant defenses are not inducible by H2O2, The Journal of Biological 

Chemistry, 279, 31157–31163. 

Di Giulio, R.T., Washburn, P.C., Wenning, R.J., Winston, G.W. and Jewell, C.S., 1989, 

Biochemical responses in aquatic animals: a review of determinants of oxidative stress. 

Environmental Toxicology and Chemistry, 8, 1103–1123 

Dimkpa, C., McLean, J., Britt, D. and Anderson, A., 2012, CuO and ZnO nanoparticles 

differently affect the secretion of fluorescent siderophores in the beneficial root 

colonizer, Pseudomonas chlororaphis O6, Nanotoxicology, 6, 635 - 642. 

Ding, J, Drewes, C and Hsu, W., 2001, Behavioural effects of invermectin in a 

freshwater oligochaete, Lumbriculus variegatus, Environmental Toxicology and 

Chemistry, 20, 1584 – 1590. 

Di Toro, D. M., Mahony, J. D., Hansen, D. J., Scott, K. J., Hicks, M. B., Mayr, S. M. 

and Redmond, M. S., 1990, Toxicity of cadmium in sediments: The role of acid volatile 

sulphide, Environmental Toxicology and Chemistry, 9, 1487 - 1502. 

Domingos, R.F., Tufenkji, N. And Wilkinson, K.I., 2009, Aggregation of titanium 

dioxide nanoparticles: role of fulvic acid, Environmental Science and Technology, 43, 

1282 – 1286. 

dos Santos, D., da Matta, S., de Oliveira, J. and dos Santos, J., 2012, Histological 

alterations in gills of Astyanax aff. Bimaculatus caused by acute exposition to zinc, 

Experimental and Toxicologic Pathology, 64, 861 – 866. 



 

199 

 

Drewes, C., 1984, Escape reflexes in earthworms and other annelids, In Eaton, R., (Ed.), 

Neural mechanisms of startle behaviour, 43 – 91.  Plenum, New York, U.S.A. 

Drewes, C., 1999, Helical swimming and body reversal behaviours in Lumbriculus 

variegatus (Annelida: Clitellata; Lumbriculidae), Hydrobiologia, 406, 263 – 269. 

Drewes, C., 1997, Sublethal effects of environmental toxicants on oligochaete escape 

reflexes, American Zoologist, 37, 346 – 353. 

Drewes, C. and Brinkhurst, R.O., 1990, Giant fibres and rapid reflexes in newly hatched 

aquatic oligochaetes, Lumbriculus variegatus (Family Lumbriculida), Invertebrate 

Reproduction and Development, 17, 91 -95. 

Drewes, C. and Fourtner, C., 1989, Hindsight and rapid escape in a freshwater 

oligochaete, Biological Bulletin, 177, 363 – 371. 

Drewes, C. and Fourtner, C., 1991, Reorganisation of escape reflexes during asexual 

fission in an aquatic oligochaete, Dero digitata, Journal of Experimental Zoology, 260, 

170 – 180. 

Du, W., Sun, Y., Ji, R., Zhu, J., Wu, J. and Guo, H., 2011, TiO2 and ZnO nanoparticles 

negatively affect wheat growth and soil enzyme activities in agricultural soil, Journal of 

Environmental Monitoring, 13, 822 – 828. 

Dummee, V., Kruatrachue, M., Trinachartvanit, W., Tanhan, P., Pokethitiyook, P. and 

Damrongphol, P., 2012, Bioaccumulation of heavy metals in water, sediments, aquatic 

plant and histopathological effects on the golden apple snail in Beung Boraphet 

reservoir, Thailand, Ecotoxicology and Environmental Safety,  86, 204 – 212. 

Dytham, C., 2011, Choosing and using statistics: A biologist’s guide, 3
rd

 Edition, 

Wiley-Blackwell, UK. 

Egeler, P., Meller, R., Knacker, T., Franke, C., Studinger, G. and Nadel, R., 1997, 

Bioaccumulation of lindane and hexochlorobenzene by tubificid sludge worms 

(Oligochaeta) under standard laboratory conditions, Chemosphere, 35, 835 – 852. 

Elias, A., Carreri-Sanchez, J., Terrones, H., Endo, M., Pedro, J. and Terrones, M., 2007, 

Viability studies of pure carbon- and nitrogen- doped nanotubes with Entamoeba 

histolytica: From amoebicidal to biocompatible structures, Small, 3, 1723 – 1729. 



 

200 

 

ENRHES, 2010, Engineered Nanoparticles: Review of Health and Environmental 

Safety, E.U. 

Erickson, R.J., Mount, D.R., Highland, T.L., Hockett, J.R., Leonard, E.N., Mattson, 

V.R., Dawson, T.D. and Lott, K.G., 2010, Effects of copper, cadmium, lead, and arsenic 

in a live diet on juvenile fish growth, Canadian  Journal of Fisheries and Aquatic 

Science, 67, 1816–1826. 

European Commission, 2011, Commission recommendation of 18
th

 October 2011 on 

the definition of nanomaterials, 2011/696/EU. 

Fadeel, B., Pietroiusti, A. and Shredova, A., 2012, Adverse effects of engineered 

nanomaterials: Exposure, toxicology and impact on human health, Elsevier, UK. 

Fairbairn, E., Keller, A., Mädler, L., Zhou, D., Pokhrel, S. and Cherr, G., 2011, Metal 

oxide nanomaterials in seawater: linking physicochemical characteristics with 

biological response in sea urchin development, Journal of Hazardous Material, 192, 

1565- 1571. 

Farmen, E., Mikkelsen, H.N., Evensen, Ø., Einset, J., Heier, L.S., Rosseland, B.O., 

Salbu, B., Tollefsen, K.E. and Oughton, D.H., 2012, Acute and sub-lethal effects in 

juvenile Atlantic salmon exposed to low µg/L concentrations of Ag nanoparticles, 

Aquatic Toxicology, 108, 78 – 84. 

Fisher, S., Chordas III, S. and Landrum, P., 1999, Lethal and sublethal body residues for 

PCB intoxication in the oligochaete, Lumbriculus variegatus, Aquatic Toxicology, 45, 

115 – 126. 

Förstner, U., 1990, Inorganic Sediment Chemistry and Elemental Speciation, In 

Sediments: Chemistry and Toxicity of In-Place Pollutants. CRC Press, Inc., Florida. 

USA. 

Franklin, N.M., Rogers, N.J., Apte, S.C., Bately, G.E., Gadd, G.E. and Casey, P.S., 

2007, Comparative toxicity of nanoparticulate ZnO, bulk ZnO and ZnCl2 to a 

freshwater microalga (Pseudokirchneriella subcapitata): the importance of particle 

solubility, Environmental Science and Technology, 41, 8484 – 8490. 



 

201 

 

Freckman, D.Q., Blackburn, T.H., Brussard, L., Hutchings, P., Palmer, M.A., 

Snelgrove, P.V.R., 1997, Linking biodiversity and ecosystem functioning of soils and 

sediments, Ambio, 26, 529 – 533. 

Freitas, R., Costa, E., Velez, C., Santos, J., Lima, A., Oliviera, C., Rodrigues, A., 

Quintino, V. and Figueira, E., 2012, Looking for suitable biomarkers in benthic 

macroinvertebrates inhabiting coastal areas with low metal contamination: Comparison 

between the bivalve Cerastoderma edule and the Polychaete Diopatra neapolitana, 

Ecotoxicology and Environmental Safety, 75, 109 – 118. 

Fukui, H., Horie, M., Endoh, S., Kato, H., Fujita, K., Nishio, K., Komaba, L., Maru, J., 

Miyauhi, A., Nakamura, A., Kinugasa, S., Yoshida, Y., Hagihara, Y. and Iwahashi, H.,  

2012, Association of zinc ion release and oxidative stress induced by intratracheal 

instillation of ZnO nanoparticles to rat lung, Chemico-Biological Interactions, 198, 29 – 

37. 

Galluba, S., Oetken, M. and Oehlmann, J., 2012, Comprehensive sediment toxicity 

assessment of Hessian surface waters using Lumbriculus variegatus and Chironomus 

riparius, Journal of Environmental Science and Health, Part A: Toxic/Hazardous 

Substances and Environmental Engineering, 47, 507-521. 

Gao, J., Powers, K., Wang, Y., Zhou, H., Roberts, S.M., Moudqil, B.M., Koopman, B. 

and Barber, D.S., 2012, Influence of Suwannee River humic acid on particle properties 

and toxicity of silver nanoparticles, Chemosphere, 89, 96 – 101. 

Gaskell, P., Brooks, A. and Maltby, L., 2007, Variation in the Bioaccumulation of a 

Sediment-Sorbed Hydrophobic Compound by Benthic Macroinvertebrates: Patterns and 

Mechanisms, Environmental Science and Technology, 41, 1783 – 1789. 

Gerhardt, A., 1999, Recent trends in online biomonitoring for water quality control. 

In Biomonitoring of polluted water, Reviews on actual topics. Environmental Research 

Forum, Switzerland. 

Gerhardt, A., 2007, Importance of Exposure Route for Behavioural Responses in 

Lumbriculus variegatus Müller (Oligochaeta: Lumbriculida) in Short-Term Exposures 

to Pb, Environmental Science and Pollution Research, 14, 430–434. 



 

202 

 

Gerhardt, A. and Janssens de Bisthoven, L., 1995, Behavioural, developmental and 

morphological responses of Chironomus gr.thummi larvae (Diptera, Nematocera) to 

aquatic pollution, Journal of Aquatic Ecosystem Health, 4, 205 – 214. 

Ghodake, G., Seo, Y. and Lee, D., 2011, Hazardous phytotoxic nature of cobalt and zinc 

oxide nanoparticles assessed using Allium cepa, Journal of Hazardous Material, 186, 

952 - 955. 

Giese, A. and Pearse, J., 1975, Reproduction of marine invertebrates, annelids and 

echurians, 3, Academic Press, New York. 

Gill, G.W., 2009, Gill hematoxylins – first person account, Biotechnic & 

Histochemistry. 84, 1-12. 

Glass, D., 2007, Experimental design for biologists, Cold Spring Harbor Laboratory 

Press, New York, U.S.A. 

Gojova, A. Guo, B., Kota, R.S., Rutledge, J.C., Kennedy, I.M. and Barakat, A.I., 2007, 

Induction of inflammation in vascular endothelial cells by metal oxides nanoparticles: 

effect of particle composition, Environmental Health Perspectives, 115, 403 – 409. 

Gomes, T., Pinheiro, J., Cancio, I., Pereira, C., Cardoso, C. and Bebianno, M., 2011, 

Effects of copper nanoparticles exposure in the mussel Mytilus galloprovincialis, 

Environmental Science and Technology, 45, 9356 – 9362. 

Gottschalk, F., Scholz, R. and Nowack, B., 2010, Probabilistic material flow modeling 

for assessing the environmental exposure to compounds: Methodology and an 

application to engineered nano-TiO2 particles, Environmental Modelling and Software, 

25, 320 – 332. 

Govindasamy, R. and Rahuman, A., 2012, Histopathological studies and oxidative 

stress of synthesized silver nanoparticles in Mozambique tilapia (Oreochromis 

mossambicus), Journal of Environmental Sciences, 24, 1091 – 1098. 

Guy R. D. and Chakrabarti, C.L., 1976, Studies of metal-organic interactions in model 

systems pertaining to natural waters, Canadian Journal of Chemistry, 54, 2600-2611. 

Hackenberg S, Zimmermann, Z., Scherzed, A., Friehs, G., Froelich, K., Ginzkey, C., 

Koehler, C., Burghartz, M., Hagen, R. and Kleinsasser, N., 2011, Repetitive exposure to 



 

203 

 

zinc oxide nanoparticles induces DNA damage in human nasal mucosa mini organ 

cultures, Environmental and Molecular Mutagenisis, 52, 582–589. 

Halliwell, B., 2006, Reactive species and antioxidants: Redox biology is a fundamental 

theme of aerobic life, Plant Physiology, 141, 312 – 322. 

Halliwell, B., and Gutteridge, J.M.C., 1989, Free radicals in biology and medicine, 2
nd

 

Edition, Claredon Press, Oxford, U.K. 

Halliwell, B. and Gutteridge, J.M.C., 2007, Free Radicals in Biology and Medicine, 

Oxford Science Publications, UK. 

Handy, R. and Eddy, F., 2004, Transport of solutes across biological membranes in 

eukaryotes: an environmental perspective, In van Leeuwen, H. and Köster, W. (eds.), 

Physicochemical kinetics and transport of chemical – biological interphases, IUPAC 

Series, John Wiley, Chichester, UK. 

Handy, R., Owen, R. and Valsami-Jones, E., 2008, The ecotoxicology of nanoparticles 

and nanomaterials: current status, knowledge gaps, challenges, and future needs, 

Ecotoxicology, 17, 315 – 325. 

Hansen, J., Lipton, J., Welsh, P., Cacalo, D. and MacConnell, 2004, Reduced growth of 

rainbow trout (Oncorhynchus mykiss) fed a live invertebrate diet pre-exposed to a 

metal-contaminated sediments, Environmental Toxicology and Chemistry, 23, 1902 – 

1911. 

Hao, L. and Chen, L., 2012, Oxidative stress responses in different organs of carp 

(Cyprinus carpio) with exposure to ZnO nanoparticles, Ecotoxicology and 

Environmental Safety, 80, 103 – 110. 

Hao, L., Wang, Z. and Baoshan, X., 2009, Effect of sub-acute exposure to TiO2 

nanoparticles on oxidative stress and histopathological changes in juvenile carp 

(Cyprinus carpio), journal of Environmental Sciences, 21, 1459 – 1466. 

Harding, G., Kosanetzky, J., Neitzel, U., 1987, X-ray diffraction computed tomography, 

Medical Physics, 14, 515-525. 



 

204 

 

Hartmann, N., Legros, S., Von der Kammer, F., Hofmann, T. and Baun, A., 2012, The 

potential of TiO2 nanoparticles as carriers for cadmium uptake in Lumbriculus 

variegatus and Daphnia magna, Aquatic Toxicology, 118 – 119, 1 – 8. 

Hassellöv, M., Readman, J.W., Ranville, J.F. and Tiede, K., 2008, Nanoparticle analysis 

and characterisation methodologies in environmental risk assessment of engineered 

nanoparticles, Ecotoxicology, 17, 344 - 361. 

Hayat, M., 1993, Stains and Cytochemical Methods, Plenum Press, New York, USA. 

Healy, B., 1987, The depth distribution of Oligochaeta in an Irish quaking marsh, 

Hydrobiologia, 155, 235 – 247. 

Heinlaan, M., Ivask, A., Blinova, I., Dubourguier, H.C. and Kahru, A., 2008, Toxicity 

of nanosized and bulk ZnO, CuO and TiO2 to bacteria Vibrio fischeri and crustaceans 

Daphnia magna  and Thamnocephalus Platyurus, Chemosphere, 71, 1308 – 1316. 

Hernandez-Viezcas, J., Castillo-Michel, H., Servin, A., Peralta-Videa, J. and Torresdey, 

J., 2011, Spectroscopic verification of zinc absorption and distribution in the desert 

plant Prosopis juliflora-velutina (velvet mesquite), Chemical Engineering Journal, 170, 

346 – 352. 

Hirsch, M., 1998, Bioaccumulation of silver from laboratory-spiked sediments in the 

oligochaete (Lumbriculus variegatus), Environmental Toxicology and Chemistry, 17, 

605- 609. 

Hollerith, C., Wernike, D., Bühler, M., Feilitzsch, F.V., Huber, M., Hühne, J., Hertrich, 

T., Jochum, J., Phelan, K., Stark, M., Simmnacher, B., Weiland, W. and Westphal, W., 

2004, Energy dispersive x-ray spectrometry with microcalorimeters, Nuclear 

Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, 

detectors and associated equipment, 520, 606 – 609. 

Holsapple, M., Farland, W., Landry, T., Monteiro-Riviere, N., Carter, J., Walker, N. and 

K. Thomas, 2005, Research strategies for safety evaluation of nanomaterials, part II: 

Toxicological and safety evaluation of nanomaterials, current challenges and data 

needs, Toxicological Sciences, 88, 12 – 17. 



 

205 

 

Hopkins, S.P., 1993, Ecological Implications of 95% protection for metals in soil, 

Oikos, 66, 137 – 141. 

Houdy, P., Lahmani, M. and Marano, F., 2011, Nanoethics and Nanotoxicology, 

Springer, Heidelberg, Germany. 

Hu, Y., Wang, C., Han, F., Shao, J. and Gao, J., 2011, Toxicity evaluation of 

biodegradable chitosan nanoparticles using a zebrafish embryo model, International 

Journal of Nanomedicine, 6, 3351-3359. 

Huang, C., Aronstam, R., Chen, D. and Huang, Y., 2010, Oxidative stress, calcium 

homeostasis, and altered gene expression in human lung epithelial cells exposed to ZnO 

nanoparticles, Toxicology In Vitro, 24, 45 – 55. 

Huang, Z.B., Zheng, X., Yan, D.H., Yin, G.F., Liao, X.M., Kang, Y.Q., Yao, Y.D., 

Huang, D. and Hao, B.Q., 2008, Toxicological effects of ZnO nanoparticles based on 

bacteria, Langmuir, 24, 4140 – 4144. 

Hunt, G. and Mehta, M., 2006, Nanotechnology: Risk, Ethics and Law, Earthscan 

Publishing, U.K. 

Hyung, H., Fortner, J.D., Hughes, J.B. and Kim, J.H., 2007, Natural organic matter 

stabilises carbon nanotubes in the aqueous phase, Environmental Science and 

Technology, 41, 179 – 184. 

Isossimow, W., 1926, Zur Anatomie des Nervensystems der Lumbriculiden, 

Zoologische Jahrbücher Anatomie und Ontogenie der Tiere, 48, 365-404 (English 

Summary in Stephenson, 1930). 

Jachak,. A., Lai, S., Hida, K., Suk, J., Markovic, N., Biswat, S., Breysse, P. and Hanes, 

J., 2012, Transport of metal oxide nanoparticles and single-walled carbon nanotubes in 

human mucus, Nanotoxicology, 6, 614 – 622. 

James, J. and Tas, J., 1984, Histochemical protein staining methods (Microscopy 

Handbooks 04), Oxford University Press, Oxford, UK. 

Johnston, B., Scown, T., Moger, J., Cumberland, S., Baalousha, M., Linge, K., Van 

Aerle, R., Jarvis, K., Lead, J. and Tyler, C., 2010, Bioavailability of nanoscale metal 



 

206 

 

oxides TiO2, CeO2 and ZnO to fish, Environmental Science and Technology, 44, 1144 – 

1151. 

Kalinowski, R. and Zaleska-Radziwill, 2011, Ecotoxicological assessment of freshwater 

sediment, Polish Journal of Environmental Studies, 20, 1181 – 1191. 

Kao, Y.Y., Chen, Y.C., Cheng, T.J., Chiung, Y.M., Liu, P.S., 2012,  Zinc oxide 

nanoparticles interfere with zinc ion homeostasis to cause cytotoxicity, Toxicological 

Sciences, 125, 462–472. 

Keiter, S., Baumann, L., Färber, H., Holbech, H., Skutlarek, D., Engwall, M. and 

Braunbeck, T., 2012, Long-term effects of a binary mixture of perfluorooctane sulfonate 

(PFOS) and bisphenol A (BPA) in zebra fish (Danio rerio), Aquatic Toxicology, 118-

119, 116 – 129. 

Keller, A., Wang, H., Zhou, D., Lenihan, H., Cherr, G., Cardinale, B, Miller, R and Ji, 

Z., 2010, Stability and aggregation of metal oxide nanoparticles in natural aqueous 

matrices, 44, 1962 – 1967. 

Kermanizadeh, A., Gaiser, B., Hutchison, G. and Stone, V., 2012, An in vitro liver 

model - assessing oxidative stress and genotoxicity following exposure of hepatocytes 

to a panel of engineered nanomaterials, Particle and Fibre Toxicology, 9, 15 – 28. 

Kidd, P., 1997, Glutathione: systemic protectant against oxidative and free radical 

damage, Alternative Medical Review, 1, 155 – 176. 

Kim, H., Kim, M., Lee, S., Oh, S. and Chung, K., 2011, Genotoxic effects of silver 

nanoparticles stimulated by oxidative stress in human normal bronchial epithelial 

(BEAS-2B) cells, Mutation Research, 726, 129 – 135. 

Klaine, S., Alvarez, P., Batley, G., Fernandes, T., Handy, R., Lyon, D., Mahendra, S., 

McLaughlin, M. and Lead, J., 2008, Nanomaterials in the environment: Behaviour, fate, 

bioavailability and effects, Environmental Toxicology and Chemistry, 27, 1825 – 1851. 

Klaine, S., Koelmans, A., Horne, N., Carley, S., Handy, R., Kapustka, L. Nowack, B. 

and von der Kammer, F., 2011, Paradigms to assess the environmental impact of 

manufactured nanomaterials, Environmental Toxicology and Chemistry, 31, 1 – 12. 



 

207 

 

Kosower, N.S. and Kosower, E.M., 1978, The glutathione status of cells, International 

Review of Cytology, 54, 109 – 157. 

Krezoski, J. and Robbins, J., 1985, Vertical distribution of feeding and particle-selective 

transport of 
137

Cs in lake sediments by lumbriculid oligochaetes, Journal of 

Geophysical Research, 90, 11999 – 12006. 

Krishnan, N. and Kodrík, D., 2012, Endocrine control of oxidative stress in insects, in 

Farooqui, T. and Farooqui, A., 2012, Oxidative stress in vertebrates and invertebrates: 

Molecular aspects of cell signalling, Wiley-Blackwell, USA. 

Kristoff, G., Verrengia Guerrero, N. and Cochón, A., 2008, Effects of azinphos-methyl 

exposure on enzymatic and non-enzymatic antioxidant defenses in Biomphalaria 

glabrata and Lumbriculus variegatus, Chemosphere, 72, 1333 – 1339. 

Krysanov, E., Pavlov, D., Demidova, T. and Dgebuadze, Y., 2010, Effect of 

Nanoparticles on Aquatic Organisms, Biology Bulletin, 37, 406 – 412. 

Kukkonen, J. and Landrum, P., 1994, Toxicokinetics and toxicity of sediment 

associated pyrene to Lumbriculus variegatus (Oligochaeta), Environmental Toxicology 

and Chemistry, 13, 1457 – 1468. 

Kumar, A., Pandey, A., Singh, S., Shanker, R. and Dhawan, A., 2011, Engineered ZnO 

and TiO2 nanoparticles induce oxidative stress and DNA damage leading to reduced 

viability of Escherichia coli, Free Radical Biology and Medicine, 511, 1872 – 1881. 

Kumari, M., Mukherjee, A. and Chadrasekaran, N., 2009, Genotoxicity of silver 

nanoparticle in Allium cepa, Science of the Total Environment, 407, 5243 – 5246. 

Latandresse, J., Warbrittion, A., Jonassen, H. and Creasy, D., 2002, Fixation of Testes 

and Eyes Using a Modified Davidson’s Fluid: Comparison with Bouin’s Fluid and 

Conventional Davidson’s Fluid, Toxicologic Pathology, 30, 524 – 533. 

Lagadic, L., Carquet, T. and Ramade, F., 1994, The role of biomarkers in environmental 

assessment (5). Invertebrate populations and communities, Ecotoxicology, 3, 193 – 208. 



 

208 

 

Landrum, P., Gedeon, M., Burton, G., Greenberg, M. and Rowland, C., 2002, 

Biological Responses of Lumbriculus variegatus Exposed to Fluoranthene-Spiked 

Sediment, Archives of Environmental Contamination and Toxicology, 42, 292 – 302. 

Ledin, A., Karlsson, S., Duker, A. and Allard, B., 1994, Measurements in-situ of 

concentrations and size distribution of colloidal matter in deep groundwaters by photo-

correlation spectroscopy, Water Research, 28, 1539 – 1545. 

Lee, S., Kim, K., Shon, H., Kim, S. and Cho, J., 2011, Biotoxicity of nanoparticles: 

effect of natural organic matter, Journal of Nanoparticle Research, 13, 3051 – 3061. 

Lee, S., Kim, S., and Lee., I., 2012, Effects of soil-plant interactive system on response 

to exposure to ZnO nanoparticles, Journal of Microbiology and Biotechnology,  22, 

1264-70. 

Lee, C., Mahendra, S., Zodrow, K., Li, S., Tsai, Y., Braam, J. and Alvarez, P., 2010, 

Developmental phytotoxicity of metal oxide nanoparticles to Arabidopsis thaliana, 

Environmental Toxicology and Chemistry, 29, 669 - 675. 

Lemaire, P., Viarengo, A., Canesi, L. and Livingstone, D. R., 1993, Pro-oxidant and 

antioxidant processes in gas gland and other tissues of cod (Gadus morhua). Journal of 

Comparative Physiology, 163, 477–486. 

Leppänen, M. and Kukkonen, J., 1998, Factors affecting the feeding rate, reproduction 

and growth of an oligochaete Lumbriculus variegatus (Müller), Hydrobiologia, 377, 183 

– 194. 

Leppänen, M. and Kukkonen, J., 2004, Toxicokintics of sediment associated 

polybrominated diphenylethers (flame retardants) in benthic invertebrates (Lumbriculus 

variegatus, Oligochaeta), Environmental Toxicology and Chemistry, 23, 166 – 172. 

Lesiuk, N. and Drewes, C., 1999, Autotomy reflex in a freshwater oligochaete, 

Lumbriculus variegatus, Hydrobiologia, 406, 253 – 261. 

Lesiuk, N. and Drewes, C., 2001, Behavioural plasticity and central regeneration of 

locomotor reflexes in the freshwater oligochaete, Lumbriculus variegatus, Invertebrate 

Biology, 120, 259 – 268. 



 

209 

 

Li, X., Eliott, D., and Zhang, W., 2006, Zero-valent iron nanoparticles for abatement of 

environmental pollutants; materials and engineering aspects, Critical Reviews in Solid 

State and Materials Science, 31, 111 – 122. 

Li, C., Shen, C., Cheng, Y., Huang, S., Wu, C., Kao, C., Liao, J. and Kang, J., 2011, 

Organ biodistribution, clearance, and genotoxicity of orally administered zinc oxide 

nanoparticles in mice, Nanotoxicology, 6, 746 – 756. 

Li, H., Zhou, Q., Wu, Y., Fu, J., Wang, T. and Jiang, G., 2009, Effects of waterborne 

nano-iron on medaka (Oryzias latipes): Antioxidant enzymatic activity, lipid 

peroxidation and histopathology, Ecotoxicology and Environmental Safety., 72, 684 – 

692. 

Liebig, M., Egeler, P., Oehlmann, J. and Knacker, T., 2005, Bioaccumulation of 
14

C-

17α-ethinylestradiol by the aquatic oligochaete Lumbriculus variegatus in spiked 

artificial sediment, Chemosphere, 59, 271 – 280. 

Lillie, R. and Fulmar, H., 1976, Histopathologic Technic and Practical Histochemistry, 

4
th
 Edition, McGraw Hill, New York, USA. 

Lin, D.H and Xing, B.S., 2008, Phytotoxicity of nanoparticles: inhibition of seed 

germination and root growth, Environmental Health Perspectives, 105, 243 – 250. 

Lin, D. and Xing, B., 2009, Adsorption of Phenolic Compounds by Carbon Nanotubes: 

Role of Aromaticity and Substitution of Hydroxyl Groups, Environmental Science and 

Technology, 42, 9254 – 9259. 

Lin, W.S., Xu, Y., Huang, C.C., Ma, Y., Shannon, K.B., Chen, D.R. and Huang, Y.W., 

2009, Toxicity of nano- and micro – sized ZnO particles in human lung epithelial cells, 

Journal of Nanoparticle Research, 11, 25 – 29. 

Liu, W., 2006, Nanoparticles and their biological and environmental applications, 

Journal of Bioscience and Bioengineering, 102, 1 – 7. 

Livingstone, D.R., 2001, Contaminant stimulated reactive oxygen species production 

and oxidative damage in aquatic organisms, Marine Pollution Bulletin, 42, 656 – 666. 

Livingstone, D., Lemaire, P., Matthews, A. Peters, L., Bucke and Low, R., 1993, Pro-

oxidant, antioxidant and 7-ethoxyresorufin O-deethylase (EROD) activity responses in 



 

210 

 

liver of Dab (Limanda limanda) exposed to sediment contaminated with hydrocarbons 

and other chemicals, Marine Pollution Bulletin, 26, 602 – 606. 

López-Moreno, M. de la Rosa, G., Hernandez-Viezccas, J., Castillo-Michel, H., Botez, 

C., Peralta-Videa, J. and Gardea-Torresday, J., 2010, Evidence of the differential 

biotransformation and genotoxicity of ZnO and CeO2 nanoparticles on soybean 

(Glycine max) plants, Environmental Science and Technology, 44, 7315 – 7320. 

Lowry, G., Gregory, K., Apte, S. and Lead, J., 2012, Transformations of Nanomaterials 

in the Environment, Environmental Science and Technology, 46, 6893 – 6899. 

Luo, J-L., Hammarqvist, F., Andersson, K. and Wernerman, J, 1998, Surgical trauma 

decreases glutathione synthetic capacity in human skeletal muscle tissue, American 

Journal of Physiology, 275, E359-E365. 

Lushchak, V., 2011, Environmentally induced oxidative stress in aquatic animals, 

Aquatic Toxicology, 101, 13 – 30. 

Ma, H., Kabengi, N., Bertsch, P., Unrine, J., Glenn, T. and Williams, P., 2011, 

Comparative phototoxicity of nanoparticulate and bulk ZnO to a free-living nematode 

Caenorhabditis elegans: the importance of illumination mode and primary particle size, 

Environmental Pollution, 159, 1473-80. 

Ma, H., Williams, P. and Diamond, S., 2013, Ecotoxicity of manufactured ZnO 

nanoparticles – A review, Environmental Pollution, 172, 76 – 85. 

Ma, H., Bertsch, P., Glenn, T., Kabengi, N. and Williams, P., 2009, Toxicity of 

manufactured zinc oxide nanoparticles in the nematode Caenorhabditis elegans, 

Environmental Toxicology and Chemistry, 28, 1324 - 1330. 

MacCormack, T. and Goss, G., 2008, Identifying and predicting biological risks 

associated with manufactured nanoparticles in aquatic ecosystems, Journal of Industrial 

Ecology, 12, 286 – 296. 

Mackay, C., Johns, M, Salatas J., Bessinger, B. and Perri, M., 2006, Stochastic 

probability modelling to predict the environmental stability of nanoparticles in aqueous 

suspension, Integrated Environmental Assessment and Management. 2, 293 – 298.  



 

211 

 

Madden, A.S. and Hochella, M.F., 2005, A test of geochemical reactivity as a function 

of mineral size: manganese oxidation promoted by hematite nanoparticles, Geochemica 

et Cosmochimica Acta, 69, 389–398. 

Mäenpää, K., Sorsa, K., Lyytikäinen, M., Leppänen, M. and Kukkonen, J., 2008, 

Bioaccumulation, sublethal toxicity, and biotransformation of sediment-associated 

pentachlorophenol in Lumbriculus variegatus (Oligochaeta), Ecotoxicology and 

Environmental Safety, 69, 121 – 129. 

Malvern Technical Note, 2010, Zeta potential, an introduction in 30 minutes, MRK654-

01, Malvern, USA. 

Malvern user manual, 2008, Malvern Zetasizer Nanoseries, Nano – ZS User Manual, 

Malvern, USA. 

Marsden, S. and Bellamy, G., 2000, Microhabitat characteristics of feeding sites used 

by diving duck Aythya wintering on the grossly polluted Manchester ship canal, U.K., 

Environmental Conservation, 27, 278 – 283. 

Martinez, V., Reddy, P. and Zoran, M., 2006, Asexual reproduction and segmental 

regeneration, but not morphallaxis, are inhibited by boric acid in Lumbriculus 

variegatus (Annelida: Clitella: Lumbriculidae), Hydrobiologia, 564, 73 – 86. 

McCall, P.L. and Fisher, J.B., 1980, Effects  of  tubificid  oligochaetes on  physical  and  

chemical properties  of  Lake  Erie  sediments, In Brinkhurt, R.O. and  Cook, D.G.  

(eds) Aquatic  oligochaete biology, Plenum Press, New York, USA. 

McCall, P.L. and Tevesz, M.J.S., 1982, The effects of benthos on physical properties of 

freshwater sediments, In: McCall, P. L. and Tevesz, M. J. S. (eds) Animal-Sediment 

relations, 105-176, Plenum press, New York. 

McLoughlin, N., Daqiang, Y., Maltby, L., Wood, B. and Yu, H., 2000, Evaluation of 

sensitivity and specificity of two crustacean biochemical biomarkers, Environmental 

Toxicology and Chemistry, 19, 2085 – 2092. 

Meister, A., 1994, Glutathione, ascorbate, and cellular protection, Cancer Research, 54, 

1969S-1975S. 



 

212 

 

Mendonça, E., Diniz, M., Silva, L., Peres, I., Castro, L., Correia, J. and Picado, A., 

2011, Effects of diamond nanoparticle exposure on the internal structure and 

reproduction of Daphnia magna, Journal of Hazardous Material., 186, 265 – 271. 

Méndez-Vilas, A. and Díaz, J., 2010, Microscopy: Science, Technology, Applications 

and Education, Formatex, Spain. 

Meyer, W. and Hornickel, I., 2010, Tissue fixation – the most underestimated 

methodical feature of immunohistochemistry, In Microscopy: Science, Technology, 

Applications and Education, Méndez-Vilas, A. and Díaz, J. (Eds.), Formatex, Spain. 

Millward, R., Fleeger, J., Reible, D., Keteles, K., Cunningham, B. and Zhang, L., 2001, 

Pyrene bioaccumulation, effects of pyrene exposure on particle size selection and fecal 

pyrene content in the oligochaete Limnodrilus hoffmeistri (Tubificidae, Oligochaeta), 

Environmental Toxicology and Chemistry, 20, 1359 – 1366. 

Miño, L., Folco, S., Pechén de D’Angelo, A. and Verrengia Guerrero, N., 2006, 

Modeling lead bioavailability and bioaccumulation by Lumbriculus variegatus using 

artificial particles: Potential use in chemical remediation processes, Chemosphere, 63, 

261 – 268. 

Monson, P., Ankley, G. and Kosian, P., 1995, Phototoxic response of Lumbriculus 

variegatus to sediments contaminated by polycyclic aromatic hydrocarbons, 

Environmental Toxicology and Chemistry, 14, 891 – 894. 

Moore, K., Graham, M. and Barr, M., 1953, The detection of chromosomal sex in 

hermaphrodites from a skin biopsy, Surgery Gynecology and Obstetrics, 96, 641 – 648. 

Moos ,P.J., Olszewski, K., Honeggar, M., Cassidy, P., Leachman, S., Woessner, D., 

Cutler, S. and Veranth, J., 2011,  Responses of human cells to ZnO nanoparticles: a 

gene transcription study, Metallomics. 3, 1199–1211. 

Mortimer, M., Kasemets, K., Heinlaan, M., Kurvet, I., and Kahru, A., 2008, High 

throughput kinetic Vibrio fischeri bioluminescence inhibition assay for study of toxic 

effects of nanoparticles, Toxicology In Vitro., 22, 1412 – 1417. 

Mueller, N.C. and Nowack, B., 2008, Exposure modelling of engineered nanoparticles 

in the environment, Environmental science and technology, 42, 4447 - 4453. 



 

213 

 

Naddeo, V., Belgiorno, V. and Naopli, R.M.A., 2007, Behaviour of natural organic 

matter during ultrasonic irradiation, Desalination, 210, 175 – 182. 

Navarro, E., Baun, A., Behara, R., Hartmann, N., Filser, J., Miao, A., Quigg, A., 

Santschi, P. and Sigg, L., 2008, Environmental behaviour and ecotoxicity of engineered 

nanoparticles to algae, plants and fungi, Ecotoxicology, 17, 372 – 386. 

Nikkilä, A., Halme, A. and Kukkonen, J., 2003, Toxicokinetics, toxicity and lethal body 

residues of two chlorophenols in the oligochaete worm, Lumbriculus variegatus in 

different sediments, Chemosphere, 51, 35 – 46. 

Norwalk, B. and Bucheli, T., 2007, Occurrence, behaviour and effects of nanoparticles 

in the environment, Environmental Pollution, 150, 5 – 22. 

Nowack, B., Ranville, J., Diamond, S., Gallego-Urrea, J., Metcalfe, C., Rose, J., Horne, 

N., Koelmans, A. and Klaine, S., 2012, Potential scenarios For nanomaterial release and  

subsequent alteration in the environment, Environmental Toxicology and Chemistry, 31, 

50 – 59. 

O’Gara, B., Bohannon, V.K., Teague, M. and Smeaton, M., 2004, Copper induced 

changes in locomotor behaviours and neuronal physiology of the freshwater 

oligochaete, Lumbriculus variegatus, Aquatic Toxicology, 69, 51 – 66.  

O’Gara, Murray, P. Hoyt, E., Leigh-Logan, T. and Smeaton, M., 2006, The vitamin E 

analog Trolox reduces copper toxicity in the annelid Lumbriculus variegatus but is also 

toxic on its own, NeuroToxicology, 27, 604 – 614. 

Organisation for Economic Co-operation and Development, 2007, OECD guidelines for 

the testing of chemicals: Sediment-water Lumbriculus toxicity test using spiked 

sediment, 225. 

O’Melia, C.R., 1980, Aquasols – the behaviour of small particles in aquatic systems, 

Environmental Science and Technology, 14, 1052 – 1060. 

O'Neil, M.J., Smith, A., Heckelman, P.E., Budavari, S., 2001, The Merck Index: An 

Encyclopedia of Chemicals, Drugs, and Biologicals, 13th edition. Whitehouse Station 

(NJ): Merck & Co., Inc, USA. 



 

214 

 

Osman, I.F., Baumgartner, A., Cemeli, E., Fletcher, J.N., Anderson, D., 2010, 

Genotoxicity and cytotoxicity of zinc oxide and titanium dioxide in HEp-2 cells, 

Nanomedicine, 5, 1193–1203. 

Owen, D., Otton, J., Hills, F. and Schumann, R., 1992, Uranium and other elements in 

Colorado Rocky Mountain wetlands; a reconnaissance study, U.S. Geological Survey 

Bulletin, Denver, Colorado, USA.  

Pakarinen, K., Petersen, E., Leppänen, M., Akkanen, J., and Kukkonen, J., 2011, 

Adverse effects of fullerenes (nC60) spiked to sediments on Lumbriculus variegatus 

(Oligochaeta), Environmental Pollution, 159, 3750 – 3756. 

Pal, S., Tak, Y.K. and Song, J.M., 2007, Does the antibacterial activity of silver 

nanoparticles depend on the shape of the nanoparticle? A study of the gram-negative 

bacterium Escherichia coli, Applied Environmental Microbiology, 73, 1712–1720. 

Pang, C., Selck, H., Misra, S., Berhanu, D., Dybowska, A., Valsami-Jones, E. and 

Forbes, V., 2012, Effects of sediment-associated copper to the deposit-feeding 

snail, Potamopyrgus antipodarum: A comparison of Cu added in aqueous form or as 

nano- and micro-CuO particles, Aquatic Toxicology, 106 – 107, 114 – 122. 

Park, E., Choi, J., Park, Y. and Park, K., 2008, Oxidative stress induced by cerium oxide 

nanoparticles in cultured BEAS-2B cells, Toxicology, 245, 90 – 100. 

Pearse, A., 1985, Histochemistry – Theoretical and Applied, 4
th

 Edition, Churchill 

Livingston, Edinburgh, UK. 

Perkin Elmer Technical Note, 2012, A 30 minute guide to ICP-MS, Perkin Elmer Inc., 

USA. 

Petersen, E., Huang, Q. and Weber, Jr., W., 2008, Ecological Uptake and Depuration of 

Carbon Nanotubes by Lumbriculus variegatus, Environmental Health Perspectives, 

116, 496 – 500. 

Petersen, E., Huang, Q. and Weber Jr., W., 2010, Relevance of octanol–water 

distribution measurements to the potential ecological uptake of multiwalled carbon 

nanotubes, Environmental Toxicology and Chemistry, 29, 1106 – 1112. 



 

215 

 

Pettibone, J.M., Cwiertny, D.M., Scherer, M. And Grassian, V.H., 2008, Adsorption of 

organic acids on TiO2 nanoparticles: Effects of pH, nanoparticles size and nanoparticles 

aggregation, Langmuir, 24, 6659 – 6667. 

Phipps, G., Ankley, G., Benoit, D. and Mattson, V., 1993, Use of the aquatic 

oligochaete Lumbriculus variegatus for assessing the toxicity and bioaccumulation of 

sediment-associated contaminants, Environmental Toxicology and Chemistry, 12, 269 – 

279. 

Pinnell, S., Fairhurst, D., Gillers, R., Mitchnick, M. and Kollias, N., 2000, Microfibre 

zinc oxide is a superior sunscreen ingredient to microfine titanium dioxide, 

Dermatologic Surgery, 26, 309. 

Powers, K., Brown, S., Krishna, V., Wasdo, S., Moudgil, B. and Roberts, S., 2006, 

Research strategies for safety evaluation of nanomaterials, part IV: Characterisation of 

nanoscale particles for toxicological evaluation, Toxicological Sciences, 90, 296 – 303. 

Poynton, H., Lazorchak, J., Impellitter, C., Smith, M., Rogers, K., Patra, M., Hammer, 

K., Allen, H. and Vulpe. C., 2011, Differential gene expression in Daphnia magna 

suggests distinct modes of action and bioavailability for ZnO nanoparticles and Zn ions, 

Environmental Science and Technology, 45, 762-8. 

Prach, M., Stone, V. and Proudfoot, L., 2013, Zinc oxide nanoparticles and monocytes: 

Impact of size, charge and solubility on activation status, Toxicology and Applied 

Pharmacology, 266, 19 – 26. 

Priester, J., Ge, Y., Mielke, R., Horst, A., Moritz, S., Espinosa, K. Gelb, J., Walker, S., 

Nisbet, R., An, Y., Schumel, J., Palmer, R., Hernandez-Viezcas, J., Zhao, L., Gardea-

Torresdey, J., and Holden, P., 2012, Soybean susceptibility to manufactured 

nanomaterials with evidence for food quality and soil fertility interruption, Proceedings 

of the National Academy of Sciences of the United States of America, 109, E2451 – 

E2456. 

Pujalté, I., Passange, I., Brouillaud, B., Treuer, M., Durand, E., Ohayou – Courtes, C. 

and L’Azou, B., 2011, Cytotoxicity and oxidative stress induced by different metallic 

nanoparticles in human kidney cells, Particle and Fibre Toxicology, 8, 10. 



 

216 

 

Quinn, G. and Keogh, M., 2002, Experimental Design and Data Analysis for Biologists, 

Cambridge University Press, UK.  

Raftopoulou, E.K. and Dimitriadis, V.K., 2012, Aspects of the digestive gland cells of 

the mussel Mytilus galloprovincialis, in relation to lysomoal enzymes, lipofuscin 

presence and shell size: Contribution in the assessment of marine pollution biomarkers, 

Marine Pollution Bulletin, 64, 182 – 188. 

Raj, G., 2002, Surface Chemistry (Adsorption), Goel Publishing House, Meerut, India. 

Ramsden, C.S., Henry, T.B. and Handy, R.D., 2013, Sub-lethal effects of titanium 

dioxide nanoparticles on the physiology and reproduction of zebra fish Aquatic 

Toxicology, 126, 404 – 413. 

Ratner, M. and Ratner, D., 2003, Nanotechnology: A Gentle Introduction to the Next 

Big Idea, Prentice Hall, New Jersey, U.S.A. 

Reible, D., Popov, V. and Valsamy, K., 1996, Contaminant fluxes from sediment due to 

tubificid oligochaete bioturbation, Applied Science and Technology, 30, 704 – 714. 

Reinecke, A., Reinecke, S. and Lambrechts, H., 1996, Uptake and toxicity of copper 

and zinc for the African earthworm, Eudrilus eugeniae (Oligochaeta), Biology and 

Fertility of Soils, 24, 27 -31. 

Reynolds, K., Rose, J. and Giordana, A., 1993, Comparison of methods for the recovery 

and quantification of coliphage and indigenous bacteriophage from marine waters and 

sediments, Water Science and Technology, 27, 115 – 117. 

Roduner, E., 2006, Nanoscopic Materials: Size Dependent Phenomena, RSC 

Publishing, U.K. 

Rogge, R. and Drewes, C., 1993, Assessing sublethal neurotoxicity effects in the 

freshwater oligochaete, Lumbriculus variegatus, Aquatic Toxicology, 26, 73 – 90. 

Roth, M., 1971, Fluorescence reaction for amino acids, Analytical Chemistry, 43, 880 – 

882. 

Rubinos, D., Iglesias, L., Devesa-Rey, R., Diaz-Fierros, F. and Barral, M., 2010, 

Arsenic release from river sediments in a gold-mining area (Anllóns River basin, 



 

217 

 

Spain): effect of time, pH and phosphorous concentration, European Journal of 

Mineralogy, 22, 665 – 678. 

Saquib, Q., Al-Khadhairy, A., Siddiqui, M., Abou-Tarboush, F., Azam, A. and 

Musarrat, J., 2012, Titanium dioxide nanoparticles induced cytotoxicity, oxidative stress 

and DNA damage in human amnion epithelial (WISH) cells, Toxicology In Vitro, 26, 

351 – 361. 

Sardo, A., Pereira, L., Gerhardt, A. and Soares, A., 2011, Effect of the exposure to 

metal lead on the regenerative ability of Lumbriculus variegatus (Oligochaeta), 

Environmental Toxicology and Pharmacology, 31, 205 – 211. 

Sardo, A. and Soares, A., 2010, Can behavioural responses and Lumbriculus variegatus 

(Oligochaeta) assess sediment toxicity?  A case study with sediments exposed to acid 

mine drainage, Environmental Pollution, 158, 636 – 640. 

Sawyer, L., Grubb, D. and Meyers, G., 2008, Polymer Microscopy, 3
rd

 Edition, Springer 

Science, New York, U.S.A. 

Sayes, C.M., Reed, K.L. and Warheit, D.B., 2007, Assessing toxicity of fine and nano-

particles: comparing in vitro measurements to in vivo pulmonary toxicity profiles, 

Toxicological Sciences, 97, 163–180. 

SCENIHR, 2006, The appropriateness of existing methodologies to assess the potential 

risks associated with engineered and adventitious products of nanotechnologies, 

Scientific Committee on Emerging and Newly Identified Health Risks (SCEMIHR), 

European Commission. 

Schubauer-Berigan, M., Dierkes, J., Monson, P. and Ankley, G., 1993, pH-dependent 

toxicity of Cd, Cu, Ni, Pb, and Zn to Ceriodaphnia dubia, Pimephales promelas, 

Hyalella azteca and Lumbriculus variegatus, Environmental Toxicology and Chemistry, 

12, 1261 – 1266. 

Schubauer-Berigan, M., Monson, P., West, C. and Ankley, G., 1995, Influence of pH on 

the toxicity of ammonia to Chironomus tentans and Lumbriculus variegatus, 

Environmental Toxicology and Chemistry, 14, 713 – 717. 



 

218 

 

Sen, C.K., 1997, Nutritional biochemistry of cellular glutathione., Nutritional 

Biochemistry, 8, 660 – 672. 

Sharma, V., Shukla, R.K., Saxena, N., Parmar, D., Das, M., Dhawan, A., 2009, DNA 

damaging potential of zinc oxide nanoparticles in human epidermal cells, Toxicology 

Letters, 185, 211 – 218. 

Sharma, V., Singh, S.K., Anderson, D., Tobin, D.J. and Dhawan, A., 2011, Zinc oxide 

nanoparticles induced genotoxicity in primary human epidermal keratinocytes, Journal 

of Nanoscience and Nanotechnology, 11, 3782 – 3788. 

Sharma, V., Singh, P., Pandy, A. and Dhawan, A., 2012, Induction of oxidative stress, 

DNA damage and apoptosis in mouse liver after sub-acute oral exposure to zinc oxide 

nanoparticles, Mutation Research, 745, 84 – 91. 

Senft, A., Dalton, T. and Shertzer, H., 2000, Determining glutathione and glutathione 

disulfide using the fluorescence probe o-Phthalaldehyde, Analytical Biochemistry, 280, 

80 – 86. 

Sies, H., 1985, Oxidative Stress: Introductory remarks, In Oxidative Stress, Ed. Sies, H., 

p.p. 1 – 8, Academic Press, London. 

Sies, H., 1986, Biochemistry of oxidative stress, Angewaudte Chemie, International 

Edition in English, 25, 1058 – 1071. 

Sies, H., 1991, Oxidative stress: Introduction, In Oxidative Stress, Ed. Sies, H., p.p. xv – 

xxii, Academic Press, London. 

Sies, H., 1997, Physiological society symposium: Impaired endothelial and smooth 

muscle cell function in oxidative stress; Oxidative stress: Ocidants and antioxidants, 

Experimental Physiology, 82, 291 – 295. 

Smoot, J., Mayer, L., Bock, M., Wood, P. and Findlay, R., 2003, Structures and 

concentrations of surfactants in gut fluid of the marine polychaete Arenicola marina, 

Marine Ecology Progress Series, 258, 161 – 169. 

Sohal, R. and Wiendruch, R., 1996, Oxidative stress, caloric restriction and aging, 

Science, 273, 59 – 63. 



 

219 

 

Spies, C.D., Reinhart, K., Witt, I., Meier-Hellmann, A., Hannemann, L., Bredle, 

D.L., Schaffartzik, W., 1994, Influence of N-acetylcysteine on direct indicators of tissue 

oxygenation in septic shock patients: results from a prospective, randomized, double-

blind study, Critical Care Medicine, 22:1738-1746. 

Stanley, J., Coleman, J., Weiss, Jr., C. and Stevens, J., 2010, Sediment toxicity and 

bioaccumulation of nano and micron-sized aluminium oxide, Environmental Toxicology 

and Chemistry, 29, 422 – 429. 

Stephenson, J., 1930, The Oligochaeta, Clarendon Press, Oxford, U.K. 

Stone, V., Shaw, J., Brown, D., MacNee, W., Faux, S. and Donaldson, K., 1998, The 

role of oxidative stress in the prolonged inhibitory effect of ultrafine carbon black on 

epithelial cell function, Toxicology In Vitro, 12, 649 – 659.  

Storz, G. And Imlay, J.A., 1999, Oxidative stress, Current Opinions in Microbiology, 2, 

188 – 194. 

Stumm, W. and Morgan, J., 1995, Aquatic chemistry: chemical equilibria and rates in 

natural waters, Wiley and Sons, New York, USA. 

Suedel, B. and Rodgers, J., 1994, Responses of Hyalella azteca and Chironomus 

tentans to particle-size distribution and organic matter content of formulated and natural 

freshwater sediments, Environmental Toxicology and Chemistry, 13, 1639 – 1648. 

Suryanarayana, C. and Grant Norton, M., 1998, X-ray diffraction: A practical 

approach, Plenum Press, New York, USA. 

Sze, A., Erikson, D., Ren, L. and Li, D., 2003, Zeta-potential measurement using the 

Smoluchowski equation and the slope of the current–time relationship in electro-

osmotic flow, Journal of Colloidal and Interface Science, 261, 402 – 410.  

Tae Kim, K., Klaine, S., Cho, J., Kim, S. and Kim, S., 2010, Oxidative stress responses 

of Daphnia magna exposed to TiO2 nanoparticles according to size fraction, Science of 

the Total Environment, 408, 2268 – 2272. 

Taylor, S. and Tappel, A.L., 1973, Lysosomal peptidase measurement by sensitive 

fluorometric amino acid analysis, Analytical Biochemistry, 56, 140 – 148. 

http://europepmc.org/search/?page=1&query=AUTH:%22Meier-Hellmann+A%22
http://europepmc.org/search/?page=1&query=AUTH:%22Hannemann+L%22
http://europepmc.org/search/?page=1&query=AUTH:%22Bredle+DL%22
http://europepmc.org/search/?page=1&query=AUTH:%22Bredle+DL%22
http://europepmc.org/search/?page=1&query=AUTH:%22Schaffartzik+W%22


 

220 

 

Tedesco, S., Doyle, H., Blasco, J., Redmond, G. and Sheehan, D., 2010, Oxidative 

stress and toxicity of gold nanoparticles in Mytilus edulis, Aquatic Toxicology, 100, 178 

– 186. 

Templeton, R., Ferguson, P., Washburn, K., Scrivens, W. and Chandler, G., 2006, Life 

cycle effects of single walled carbon nanotubes (SWNTs) on the estuarine meiobenthic 

copepod, Environmental Science and Technology, 40, 7387 – 7393. 

Todd, B., Bergeron, C., Hepner, M., Burke, J. Hopkins, W., 2011, Does maternal 

exposure to an environmental stressor affect offspring response to predators?, 

Oecologia, 166, 283 – 290. 

Tolimieri, N., Jeffs, A. and Montgomery, J., 2000, Ambient sound as a cue for 

navigation by the pelagic larvae of reef fishes, Marine Ecology Progress Series, 207, 

219 – 224. 

Tomilina, I., Gremyachikh, V., Myl’nikov, A. and Komov, V., 2011, The effect of 

metal oxide nanoparticles (CeO2, TiO 2, and ZnO) on biological parameters of 

freshwater nanoflagellates and crustaceans, Doklady Biological Sciences, 2010. 436: p. 

53-5. 

Tosh, C., Jackson, A. and Ruxton, G., 2006, The Confusion Effect in Predatory Neural 

Networks, The American Naturalist, 167, 52 – 65. 

Trager, R., 2008, International nanosafety drive launched, Chemistry World, 6, 13. 

Tsyusko, O., Hardas, S., Shoults-Wilson, A., Starnes, C., Joice, G., Butterfield, D.A., 

Unrine, J., 2012, Short-term molecular-level effects of silver nanoparticle exposure on 

the earthworm, Eisenia fetida, Environmental Pollution, 171, 249 – 255. 

U.S. Environmental Protection Agency, 1979, Water-related environmental fate of 129 

priority pollutants, Washington, U.S.A. 

U.S. Environmental Protection Agency, 1984, Health effects assessment for zinc (and 

compounds), Washington, U.S.A. 

U.S. Environmental Protection Agency, 1987, Ambient water quality criteria for zinc—

1987, Washington, U.S.A. 



 

221 

 

U.S. Environmental Protection Agency, 2000, Methods for Measuring the Toxicity and 

Bioaccumulation of Sediment-associated Contaminants with Freshwater Invertebrates, 

Second Edition, Washington, U.S.A. 

U.S. Environmental Protection Agency, 2002, Methods for measuring the acute toxicity 

of effluents and receiving waters to freshwater and marine organisms, 5
th

 Edition, 

Washington, U.S.A. 

U.S. Environmental Protection Agency, 2007, Nanotechnology White Paper, 100/B-

01/001, Washington, D.C. 

Vandebriel, R. and de Jong, W., 2012, A review of mammalian toxicity of ZnO 

nanoparticles, Nanotechnology Science and Applications, 5, 61 – 71. 

Van Geest, J., Poitier, D., Sibley, P. and Soloman, K., 2010, Measuring 

bioaccumulation of contaminants from field collected sediment in freshwater 

organisms: a critical review of laboratory methods, Environmental Toxicology and 

Chemistry, 29, 2391 – 2401. 

Van Dyk, J.C., Pieterse, G.M. and van Vuren, J.H.J., 2007, Histological changes in the 

liver of Oreochromis mossambicus (Chiclidae) after exposure to cadmium and zinc, 

Ecotoxicology and Environmental Safety, 66, 432 – 440. 

Vasanthi, L., Revathi, P., Arulvasu, C. and Munuswamy, N., 2012, Biomarkers of metal 

toxicity and histology of Perna viridis from Ennore estuary, Chennai, south east coast 

of India, Ecotoxicology and Environmental Safety, 84, 92 – 98. 

Valavanidis, A., Vlahogianni, T., Dassenakis, M. and Scoullos, M., 2006, Molecular 

biomarkers of oxidative stress in aquatic organisms in relation to toxic environmental 

pollutants, Ecotoxicology and Environmental Safety, 64, 178 – 189.  

Van Lommel, A., 2003, From Cells to Organs: A histology textbook and atlas, Kluwer 

Academic Publishers, USA. 

Veal, E., Day, A. and Morgan, B., 2007, Hydrogen Peroxide Sensing and Signalling, 

Molecular Cell Review, 26, 1- 14. 

Verdonschot, P., 1999, Micro distribution of oligochaetes in a soft bottomed lowland 

stream, Hydrobiologia, 406, 149 – 163. 



 

222 

 

Verrengia Guerrero, N., Taylor, M., Davies, N., Lawrence, M., Edwards, P., Simkins, 

K. and Wider, E., 2002, Evidence of differences in the biotransformation of organic 

contaminants in three species of freshwater invertebrates, Environmental Pollution, 117, 

523 – 530. 

Wallace, E., Lopez, G. and Levinton, J., 1998, Cadmium resistance in an oligochaete 

and its effect on cadmium trophic transfer to an omnivorous shrimp, Marine Ecology 

Progress Series, 172, 225 – 237. 

Walsh, G., Weber, D., Esry, L., Nguyen, M., Noles, J. and Albrecht, B., 1992, Synthetic 

substrata for propogation and testing of soil and sediment organisms, Pedoiologia, 36, 1 

– 10. 

Wang, W. and Chow, A., 2002, Benzo[a]pyrene absorption and exposure pathways in 

the green mussel Perna viridis, Environmental Toxicology and Chemistry, 21, 451 – 

458. 

Wang, B., Feng, W.Y., Wang, M., Wang, T.C., Gu, Y.Q., Zhu, M.T., Ouyang, H., Shi, 

J.W., Zhang, F., Zhao, Y.L., Chai, Z.F., Wang, H.F. and Wang, J., 2008, Acute 

toxicological impact of nano – and submicro – scaled zinc oxide powder on healthy 

adult mice, Journal of Nanoparticle Research, 10, 263 – 276. 

Wang, W. and Fisher, N., 1999, Assimilation efficiencies of chemical contaminants in 

aquatic invertebrates: A synthesis, Environmental Toxicology and Chemistry, 18, 2034 

– 2045. 

Wang, F., Gao, F., Lan, M., Yuan, H., Huang, Y. and Liu, Y., 2009, Oxidative stress 

contributes to silica nanoparticle-induced cytotoxicity in human embryonic kidney cells, 

Toxicology In Virtro, 23, 808 – 815. 

Wang, Y., Aker, W., Hwang, H., Yejou, C., Yu, H. and Tchounwou, P., 2011, A study 

of the mechanism of in vitro cytotoxicity of metal oxide nanoparticles using catfish 

primary hepatocytes and human HepG2 cells. Science of the Total Environment, 409, 

4753 - 4762. 

Wang, L., Wang, L., Ding, W. and Zhang, F., 2010, Acute toxicity of ferric oxide and 

zinc oxide nanoparticles in rats, Journal of Nanoscience and Nanotechnology, 10, 8617 

- 8624. 



 

223 

 

Warheit, D.B., Sayes, C.M. and Reed, K.L., 2009, Nanoscale and fine zinc oxide 

particles: can in vitro assays accurately forecast lung hazards following inhalation 

exposures?, Environmental Science and Technology, 43, 7939 – 7945. 

Warner, R., 1967, Bio-assays for microchemical environmental contaminants with 

special reference to water supplies, Bulletin of the World Health Organisation, 36, 181 

– 207. 

Warren, B.E., 1969, X-ray Diffraction, Addison-Wesley Publishing Company, USA. 

Wenning, R., Bately, G., Ingersoll, C. and Moore, D., 2005, Use of sediment quality 

guidelines and related tools for the assessment of contaminated sediments, SETAC, 

USA. 

Whitcomb, D. and Block, G., 1994, Association of acetaminophen hepatotoxicity with 

fasting and ethanol use, The Journal of American Medical Association, 272, 1845 – 

1850. 

Whiteman, F., Kahl, M., Ram, D., Balcar, M. and Ankley, G., 1996, Evaluation of 

interstitial water as a route of exposure for ammonia in sediment tests with benthic 

macroinvertebrates, Environmental Toxicology and Chemistry, 15, 794 – 801. 

Wiench, K., Wohlleben, W., Hisgen, V., Radke, K., Salinas, E., Zok, S. and Landsiedel, 

R., 2009, Acute and chronic effects of nano- and non-nano-scale TiO2 and ZnO 

particles on mobility and reproduction of the freshwater invertebrate Daphnia magna, 

Chemosphere, 76, 1356 - 1365. 

Wigginton, N.S., Haus, K.L. and Hochella, M.F., 2007, Aquatic environmental 

nanoparticles, Journal of Environmental Monitoring, 9, 1306 – 1316. 

Williams, D. and Carter, C., 2009, Transmission Electron Microscopy, A textbook for 

materials science, Springer Science, New York, U.S.A. 

Wong, S., Leung, P., Djurišíc, A., and Leung, K., 2010, Toxicities of nano zinc oxide to 

five marine organisms: influence of aggregate size and ion solubility, Analytical and 

Bioanalytical Chemistry, 396, 609 – 618. 

World Health Organisation, 2001, Zinc Environmental Health Criteria 221, Geneva, 

Switzerland. 



 

224 

 

Wiegand, C., Pehkonen, S., Akkanen, J., Penttinen, O. and Kukkonen, J., 2007, 

Bioaccumulation of paraquat by Lumbriculus variegatus in the presence of dissolved 

natural organic matter and impact on energy costs, biotransformation and antioxidative 

enzymes, Chemosphere, 66, 558 – 566. 

Wu, J.-P., Chen, H.-C. and Huang, D.-J., 2008, Histopathological and biochemical 

evidence of hepatopancreatic toxicity caused by cadmium and zinc in the white shrimp, 

Litopenaeus vannamei, Chemosphere, 73, 1019 – 1026. 

Wu, W., Samet, J.M., Peden, D.B. and Bromberg, P.A., 2010, Phosphorylation of p65 is 

required for zinc oxide nanoparticle-induced interleukin 8 expression in human 

bronchial epithelial cells, Environmental Health Perspectives, 118, 982 – 987. 

Wu, Q., Wang, W., Li, Y., Li, Y., Ye, B., Tang, M. and Wang, D., 2012, Small sizes of 

TiO2-NPs exhibit adverse effects at predicted environmental relevant concentrations on 

nematodes in a modified chronic toxicity assay system, Journal of Hazardous 

Materials, 243, 161 – 168. 

Wu, Y. and Zhou, Q., 2012, Dose- and time-related changes in aerobic metabolism, 

chorionic disruption, and oxidative stress in embryonic medaka (Oryzias latipes): 

Underlying mechanisms for silver nanoparticle developmental toxicity, Aquatic 

Toxicology, 124 – 125, 238 – 246. 

Wu, W., Xu, S., Yang, S., Yiu, H. and Liu, W., 2011, Mineralogy, major and trace 

element geochemistry of riverbed sediments in the headwaters of the Yangtze, Tongtian 

River and Jinsha River, Journal of Asian Earth Sciences, 40, 611 – 621. 

Xia, T., Kovochich, M., Liong, M., Mädler, L., Gilbert, B., Shi, H., Yeh, J., Zink, J. and 

Nel, A., 2008, Comparison of the mechanism of toxicity of zinc oxide and cerium oxide 

nanoparticles based on dissolution and oxidative stress properties, ACS Nano,  2, 2121 – 

2134. 

Xia, T., Zhao, Y., Sager, T., George, S., Pokhrel, S., Li, N., Schoenfeld, D., Meng, H., 

Lin, S., Wang, X., Wang, M., Ji, Z., Zink, J., Mädler, L., Castranova, V., Lin, S. and 

Nel, A., 2011, Decreased dissolution of ZnO by iron doping yields nanoparticles with 

reduced toxicity in the rodent lung and zebrafish embryos, ACS Nano, 5, 1223 - 1235. 

http://www.sciencedirect.com/science/journal/13679120


 

225 

 

Xiong, D., Fang, T., Yu, L., Sima, X. and Zhu, W., 2011, Effects of nanoscale TiO2, 

ZnO and their bulk counterparts on Zebra fish: Acute toxicity, oxidative stress and 

oxidative damage, Science of the Total Environment, 409, 1444 – 1452. 

Yamaguchi, H., 1953, Studies on the aquatic Oligochaeta of Japan, VI. A systematic 

report, with some remarks on the classification and phylogeny of the Oligochaeta, 

Journal of the faculty of Science Hokkaido University, 11, 277 – 343. 

Yaghmour, R., Khalili, F. and Mubarak, M., 2007, Chelation Properties of Modified 

Humic Acids Toward Some Trivalent Lanthanide Ions, American Institute of Physics 

Conference Proceedings, 909, 26 – 33. 

Young, B., Lowe, J., Stevens, A. and Heath, J., 2006, Wheater’s functional histology, A 

test and colour atlas, 5
th
 Edition, Churchill Livingstone Elsevier, USA. 

Yu, L., Fang, T., Xiong, D., Zu, W. and Sime, X., 2011, Comparative toxicity of nano-

ZnO and bulk ZnO suspensions to zebra fish and the effects of sedimentation, OH 

production and particle dissolution in distilled water, Journal of Environmental 

Monitoring, 13, 1975 – 1982. 

Zaranko, D., Griffiths, R. and Kaushik, N., 1997, Biomagnification of polychlorinated 

biphenyls through a riverine food web, Environmental Toxicology and Chemistry, 16, 

1463 – 1471. 

Zhang, Y., Chen, Y., Westerhoff, P. and Crittenden, J., 2009, Impact of natural organic 

matter and divalent cations on the stability of aqueous nanoparticles, Water Research, 

43, 4249 – 4257. 

Zhang, W-X. and Elliot, D.W., 2006, Applications of iron nanoparticles for 

groundwater remediation, Remediation, 16, 7 – 21. 

Zheng, J.-L., Luo, Z., Chen, Q.-L., Liu, X., Liu, C.-Z., Zhao, Y.-H. and Gong, Y., 2011, 

Effect of waterborne zinc exposure on metal accumulation enzymatic activites and 

histology of Synechogobius hasta, Ecotoxicology and Environmental Safety., 74, 1864 – 

1873. 



 

226 

 

Zhu, S., Oberdörster, E. and Haasch, M., 2006, Toxicity of engineered nanoparticles 

(fullerenes, C60) in two aquatic species, Daphnia and fathead minnow, Marine 

Environmental Research, 62, 55 – 59. 

Zhu, X., Zhou, J. and Cai, Z., 2011, The toxicity and oxidative stress of TiO2 

nanoparticles in marine abalone (Haliotis diversicolor supertexta), Marine Pollution 

Bulletin, 63, 334 – 338. 

Zhu, X.S., Zhu, L., Duan, Z.H., Qi, R.Q., Li, Y. and Lang, Y.P., 2008, Comparative 

toxicity of several metal oxide nanoparticle aqueous suspensions to Zebra fish (Danio 

rerio) early developmental stage, Journal of Environmental Science and Health Part A 

– Toxic/hazardous Substances and Environmental Engineering, 43, 278 – 284. 

 

Web References: 

Drewes, C., 2004, Lumbriculus variegatus: A biology profile, 

http://www.eeob.iastate.edu/faculty/DrewesC/htdocs, last accessed 27
th

 August 2012  

http://www.nanocomposix.com/kb/nanotoxicology/particle-selection, last accessed 5
th

 

September 2012. 

http://www.nanotechproject.org/, last accessed 10
th

 September 2012. 

http://www.oecd.org, last accessed 25
th
 August 2012. 

http://www.nano.gov, last accessed 1
st
 October 2012. 

http://www.nanocomposix.com, last accessed 10
th

 October 2012. 

http://www.mne.psu.edu/me345/Lectures/Outliers.pdf, last accessed 10
th

 August 2012. 

http://www.iso.org, ISO/TS 27687, 2008 Nanotechnologies: Terminology and 

definitions for nano-objects, Nanoparticle, nanofibre and nanoplate, last accessed 10
th

 

August 2012. 

 


