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Abstract 

Manufactured nanoparticles (NPs) are a class of small ( ≤ 100 nm) materials that are 

being used for a variety of purposes, including industrial lubricants, food additives, antibacterial 

agents, as well as delivery systems for drug and gene therapies.  Their unique characteristics due 

to their small size as well as their parent materials allow them to be exploited in convenience 

applications; however, some of these properties also allow them to interact with and invade 

biological systems.  Few studies have been performed to determine the potential harm that NPs 

can inflict on reproductive and developmental processes in organisms.  In this study, Drosophila 

melanogaster and CD-1 mice were orally exposed to varying doses of titanium dioxide (TiO2) 

NPs, silver (Ag) NPs, or hydroxyl-functionalized carbon nanotubes (fCNTs) and Drosophila 

were also exposed to microparticles (MPs) as a control for particle size.  The subsequent effect of 

these materials on reproduction and development were evaluated.  Strikingly, each type of NP 

studied negatively affected either reproduction or development in one or both of the two model 

systems.  TiO2 NPs significantly negative effected both CD-1 mouse development (100 mg/kg or 

1000 mg/kg) as well as Drosophila female fecundity (0.005%-0.5% w/v).  Ag NPs significantly 

reduced mouse fetus viability after prenatal exposure to10 mg/kg.  Ag NPs also significantly 

decreased the developmental success of Drosophila when they were directly exposed to these 

NPs (0.05% - 0.5% w/v) compared to both the vehicle and MP controls.  fCNTs significantly 

increased the presence of morphological defects, resorptions and skeletal abnormalities in CD-1 

mice, but had little effect on Drosophila.  We speculate that the differences seen in the effects of 

NP types may be partially due to differences in reproductive physiology as well as each 

organism‟s ability to internalize these NPs.  Whereas the differing response of each organism to a 

NP type was likely  due in part to varying durations of exposure.  Since NPs are a popular 
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commodity in today‟s consumer world, the research presented here accentuates the need for 

further studies on the detrimental effects that these particles may have on a variety of developing 

organisms and on female reproductive health.  
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CHAPTER 1  

Introduction and Literature Review 

1.1. Nanoparticles 

Nanoparticles (NPs) have at least one dimension that is less than 100 nm (Klaine et al., 

2008) and can be categorized as either naturally occurring or manufactured.  Natural NPs have 

been present in the environment for millennia in such forms as viruses and volcanic ash, and are 

sometimes known as “free” NPs, since they can exist in an unbound state.  Manufactured, or 

engineered, NPs can be divided into different material classes, including metals, metal oxides, 

non-metals, polymer-based, carbon-based as well as those classified as semi-conductor materials, 

such as quantum dots (Klaine et al., 2008).  Manufactured NPs can also be “free”, or 

alternatively, they can be located on the surface of a material or contained within a material 

(Handy and Shaw, 2007).  Because manufactured NPs are composed of different materials, it is 

difficult to generalize their properties, apart from their size.  

 As a consequence of their small dimensions, NPs could be hazardous to biological systems, 

even more so than slightly larger particles in the micron range, known as microparticles (MPs; ≥ 

1 µm).  Their size can lead them to behave differently from other potentially harmful materials 

contributing to the challenge in understanding their effects.  The two main differences between 

NPs and their MPs and bulk forms are those seen in their surface effects and quantum effects.  

NPs have an extremely high surface area to volume ratio because of their small size, so that the 

fraction of atoms that are at the surface is much larger than in bulk materials of the same 

composition (Buzea et al., 2007).  Typically, this results in increasing reactivity and a decreasing 

melting point of the NP as the particle size gets smaller, which can be attributed to few 

neighbouring atoms that keep the surface atoms in place (Roduner, 2006; Buzea et al., 2007).  
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NPs also possess different quantum effects than their bulk form, because as the particle size 

decreases, the diameter of the particle physically interferes with the wavelength of the electrons.  

This results in confinement of electrons from their orbitals, which gives rise to uncharacteristic 

behaviours, including the conferring of magnetic qualities to NPs which are not magnetic in bulk 

forms and unpredicted optical properties that are often exploited in cosmetics and industrial 

coatings (Roduner, 2006; Buzea et al., 2007). 

 Since these characteristics are due to the small size of NPs, toxicity studies should take 

surface area into account.  While some researchers have indicated that decreasing size increases 

toxic responses such as lung inflammation (Brown et al., 2001), others have seen no size-

dependent differences in toxicity within a NP type (Warheit et al., 2006), suggesting that other 

factors may contribute to the biological effects of NPs. 

 Increased reactivity and modified quantum effects contribute to an increased affinity of 

NPs for each other, which can lead to a state of loose association (agglomeration), or a stronger 

association of individual particles (aggregation).  Once clumped together, NPs can stay associated 

via Van der Waals forces (Buzea et al., 2007).  Subsequent to manufacturing or after being 

introduced into solution (Skebo et al., 2007) this agglomeration and aggregation may cause NPs 

to behave more like their bulk form (Buzea et al., 2007), which could possibly decrease their 

potential toxicity.  However, it is not certain that NP agglomeration impacts toxicity, or how it 

influences toxic effects.  It is known, however, that agglomeration does increase the complexity 

of assessing the possible effects of NPs on biological systems.  Some studies have shown that 

agglomerated NPs still have significant effects on exposed cells and organisms.  TiO2 NPs with a 

smaller average diameter showed enhanced cytotoxicity in mouse keratinocytes compared to 

larger NPs even when both size types agglomerated into clumps of similar diameters (Braydich-

Stolle et al., 2009).  When comparing the toxicity of well-dispersed CNTs to bundled, or 
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agglomerated CNTs, significantly more toxicity was noted in those that were agglomerated (Wick 

et al., 2007; Poland et al., 2008).  It is not clear whether agglomeration state always influences 

the toxicity of a particular NP, but it is reasonable that this may depend on the type of NP being 

examined. 

 Although NP type, surface area and agglomeration state are important for toxicity, there are 

some proposed general mechanisms to explain the toxicity seen after treatment of cells and 

organisms with NPs ((Lacerda et al., 2006); Figure 1.1).  Typically, NPs “invade” a cell or organ 

system by passive diffusion (Buzea et al., 2007) or by directed uptake via endocytosis (Panyam 

and Labhasetwar, 2003; Kostarelos et al., 2007; Skebo et al., 2007; Jiang et al., 2008), among 

many other proposed pathways.  Once internalized, NPs can initiate an immune-type response 

with inflammation.  The presence of the NP within cells as well as the subsequent inflammation 

can lead to the production of reactive oxygen species (ROS), which in turn can react with various 

cellular macromolecules as well as can interfere will cellular signaling.  NPs can also disturb 

mitochondrial functioning, affecting the ability of the cell to respire, which can contribute to cell 

death (Buzea et al., 2007).  While ROS can oxidize DNA causing damage, some NPs have been 

shown to bind directly to the DNA (Yang et al., 2009).  Each NP type likely exerts toxicity in a 

specific way in addition to these general mechanisms and three different NPs relevant to this 

study are discussed in the next three subsections. 

1.1.1 Titanium Dioxide Nanoparticles 

 TiO2 occurs naturally in the environment in three forms: anatase, rutile and brookite, each 

with different physical characteristics or crystal structures (Wang et al., 2007).  Anatase and rutile 

are the most abundant naturally occurring forms (Ellsworth et al., 2000).  TiO2 has been used as a 

white pigment in many products including paint and plastic for many years, and also is 

considered a safe white pigment for colouring food (Ellsworth et al., 2000).  Recently, the  
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Modified from (Buzea et al., 2007) 

Figure 1.1: The proposed mechanism of generalized NP toxicity. 
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additional use of TiO2 in NP form has been discovered.  For example, like the bulk form, TiO2 

NPs absorb UV radiation, as well as reflect and refract visible light, which provides an iridescent 

quality to products that contain these particles (Ellsworth et al., 2000).  Because of these 

properties, the use of TiO2 NPs has become widespread in the cosmetic world in both sunscreen 

and makeup (Ellsworth et al., 2000; Wolf et al., 2003), and to make certain salad dressings, candy 

and icing “whiter”. Indeed, it has been estimated that one serving of salad dressing can contain as 

much as 225 mg TiO2 (Lomer et al., 2000). Another common use for TiO2 NPs is as a 

photocatalyst used to purify air and water, as well as degrade environmental contaminants such as 

dyes and pesticides (Higarashi and Jardim, 2002; Balasubramanian et al., 2004; Konstantinou & 

Albanis, 2004; Esterkin et al., 2005).  In these roles, TiO2 NPs catalyze the oxidation of water or 

the contaminants by creating a positive “hole” that has a strong oxidizing potential, thus 

“decontaminating” the materials via oxidation (Fujishima et al., 2000).  TiO2 has been deemed an 

ideal photocatalyst because it is inexpensive and stable, as well as non-corrosive, and it has been 

assumed to be non-toxic (Wang et al., 2007).  However, this latter assumption may be premature 

and/or restricted to bulk TiO2 as a number of studies have indicated that both photo-activated and 

inactivated TiO2 NPs can induce toxicity in different cell lines and organisms. 

 When examining the potential for TiO2 toxicity, the different crystal forms (ie: rutile versus 

anatase) as well as states (photoactivated versus inactive) must be considered.  For example, one 

study using human lymphoblast cells indicated that TiO2 NPs significantly reduce cell viability at 

high concentrations, but there was no mention of the crystal structure of the NPs (Wang et al., 

2007).  Similarly, a decrease in mitochondrial functioning, as well as an increase in lactate 

dehydrogenase (LDH) leakage, indicative of cell lysis, was observed in rat liver cells exposed to 

TiO2 NPs, but again there was no indication if the NPs were anatase or rutile in structure (Hussain 

et al., 2005).  When comparing the two forms in a single study, most researchers have found a 
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distinct difference.  In one such report using mouse keratinocytes, anatase TiO2 NPs caused an 

increase in LDH leakage and widespread necrosis among cells, while exposure to rutile TiO2 NPs 

produced high levels of ROS, which led to apoptosis (Braydich-Stolle et al., 2009).  Similarly, 

anatase TiO2 NPs were found to be twice as toxic as rutile TiO2 NPs in both human dermal 

fibroblasts and human lung epithelial cells, but the type of biochemical response did not vary 

greatly between them (Sayes et al., 2006). 

 Whether or not TiO2 NPs are photoactivated prior to or during cellular exposure can also 

impact the toxicity profile of this type of NP, at least in some studies.  Cai et al. (1992) found that 

photoactivated anatase TiO2 NPs were more detrimental to HeLa cell viability than inactivated 

NPs because of increased oxidative stress.  Similarly, oxidative damage was noted to occur to 

nucleic acids when in contact with photoactivated TiO2, and dose dependent photocytotoxicity 

was seen in fibroblast cells in the presence of TiO2, a response that was absent when UV light 

was not present (Wamer et al., 1997). 

 Regardless of the activation of TiO2 NPs by light, TiO2 NP toxicity in cell cultures has 

been reported in many experiments.  In numerous cell types untreated anatase and rutile TiO2 NPs 

have been reported to produce oxidative damage (Dunford et al., 1997; Gurr et al., 2005; Long et 

al., 2006; Park et al., 2008; Braydich-Stolle et al., 2009), cause the formation of micronuclei 

(indicative of DNA damage) (Rahman et al., 2002; Gurr et al., 2005), disturb mitochondrial 

functioning (Hussain et al., 2005), and initiate cell death (Cai et al., 1992; Hussain et al., 2005; 

Park et al., 2008; Wang et al., 2007).  Thus there is overwhelming in vitro evidence to suggest 

that TiO2 NPs can cause functional damage to organisms, and I believe that caution is warranted 

when considering the widespread application of these types of NPs. 

 Mixed conclusions about the toxicity associated with TiO2 NPs have been reached based on 

results from in vivo experiments.   When mice were exposed to a single, large (5g/kg) oral dose of 
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TiO2 NPs, the particles were readily taken up by the gastrointestinal tract and delivered to 

numerous tissues within the body, with signs of liver injury after 2 weeks post-exposure (Wang et 

al., 2007).  In another study, when mice and rats were exposed via intravenous injection to rutile 

or mixed rutile/anatase TiO2 NPs respectively, particles were similarly transported throughout the 

body and distributed to various organs. However, in these studies, little toxicity was seen 

throughout treatment and the 28-day recovery period (Fabian et al., 2008; Sugibayashi et al., 

2008).  

 Respiratory irritation and toxicity has been the focus of most in vivo studies on TiO2 NPs, 

particularly in rodents.  Chronic exposure of mice, rats and hamsters to rutile TiO2 NPs indicated 

a dose-dependent increase in TiO2 particles within the lung tissue of all three species, but 

hamsters had a better ability to clear their lungs of TiO2 during recovery (Bermudez et al., 2002).  

Notably, rats had more severe inflammatory damage than did the other two rodents, indicating 

that TiO2 can affect even closely related species differently (Bermudez et al., 2002).  Grassain et 

al. (2007) found that larger particle-sized anatase TiO2 (21 nm) was significantly more toxic to 

mouse lungs than smaller particles of the same crystal structure (5 nm), but that in general TiO2 

NPs had a negative impact on the lungs.  In the same study, exposure of mice to TiO2 NPs was 

achieved either by intratracheal instillation or natural inhalation, and inflammation seen following 

both types of exposure was manifested differently, indicating that even subtle differences in 

exposure route can impact the type and extent of toxicity displayed (Grassian et al., 2007).  

However, in contrast to these studies, Warheit and colleagues (2006) saw very little increase in 

inflammation in the lungs of rats that were exposed to different shapes of anatase TiO2 NPs, and 

the inflammation that was seen was readily reversible over a three month recovery period 

(Warheit et al., 2006).   

 In other species, exposure to a mixture of anatase and rutile TiO2 NPs caused an increase in 
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rainbow trout gill pathologies, and while toxicity as a whole was moderate (sub-lethal), there was 

evidence of respiratory distress (Federici et al., 2007).  Exposure of juvenile water fleas, Daphnia 

magna, in a 48 h acute toxicity test resulted in a significant increase in mortality in proportion to 

increasing concentration of TiO2 NPs (Lovern and Klaper, 2009).  Together, these studies suggest 

that TiO2 NPs can induce different effects depending on the organism that is being exposed and 

the nature of their exposure. Therefore, more detailed studies of the mechanisms of TiO2 NP 

toxicity are required. 

1.1.2  Silver Nanoparticles 

 Ag NPs are one of the most widely commercially used NPs due to their inherent 

antibacterial properties (Le Pape et al., 2004; Panacek et al., 2006; Damm et al., 2008).  Thus Ag 

NPs are found in food packaging (Yang et al., 2009), medical devices and bandages (Asz et al., 

2006), clothing (Benn and Westerhoff, 2008), dental restoration material (Ohashi et al., 2004) and 

water treatment facilities (Chou et al., 2005).  Ag NPs have also been recruited for other non-

antibacterial purposes, such as acting as a probe for in vitro and in vivo imaging (Lee et al., 

2007). 

 Using Ag as an antibacterial agent is not a new phenomenon.  Ag has been used since the 

Middle Ages as a treatment for a number of different ailments including anything from nervous 

disorders to syphilis (Fung and Bowen, 1996).  The use of Ag in treating medical conditions 

persisted into the mid-twentieth century, particularly in the form of colloidal Ag ingestion for 

treatment of cold symptoms, or as a topical ointment for wounds (Fung and Bowen, 1996).  

Medicinally used Ag had largely fallen out of favour due to the production of more effective 

products, although a few medicinal compounds containing silver have persisted to the present 

day, such as the silver sulfadiazine topical ointment and Ag-containing burn dressings (Fung and 

Bowen, 1996). 
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 The use of Ag has seen a resurgence with the development and production of Ag NPs.  

Silver NPs are a type of colloidal Ag, which refers to a suspension in solution of minute particles 

of metallic Ag or compounds of Ag (Panyala et al., 2008).  Ag NPs are thus distinct from other 

forms of Ag such as Ag ions and Ag zeolite (Rai et al., 2009).  Ag NPs are often utilized to 

impregnate a material or can be used as a coating in commercial products.  Ag NPs are thought to 

be bactericidal due to their large surface area (Rai et al., 2009). They interact with and cause 

severe morphological and permeability changes in the membranes of both Gram negative and 

Gram positive bacteria (Sondi and Salopek-Sondi, 2004; Morones et al., 2005; Panacek et al., 

2006) and also interfere with membrane proteins (Morones et al., 2005), ultimately leading to cell 

death.  Ag NPs have also been shown to release Ag ions within the cell (Rai et al., 2009), which 

can also interfere with membranes, intracellular proteins and cause morphological and structural 

changes in bacterial cells (Feng et al., 2000; Liau et al., 2003).  Feng and colleagues (2000) found 

that Ag NPs induce condensation of bacterial DNA as a protective mechanism, however this 

ultimately impacts the ability of the bacteria to replicate, thus decreasing proliferation.  Given the 

toxicity to microorganisms, it is perhaps not surprising that Ag NPs are thought to interact with 

eukaryotic cells mechanistically similarly to that seen in microorganisms (Asharani et al., 2009).   

 The explosive use of Ag NPs in the consumer world combined with the considerable lack 

of toxicity studies in eukaryotic organisms is concerning, especially since exposure to Ag NPs in 

various in vitro systems has supported the hypothesis that NPs may be toxic.  Ag NPs have 

induced morphological changes in different cell types, including human glioblastoma cells, 

human fibroblast cells (Asharani et al., 2009) and murine germline cells (Braydich-Stolle et al., 

2005b).  Furthermore, ROS levels were increased in cells treated with Ag NPs, in a dose-

dependent fashion (Hussain et al., 2005; Hsin et al., 2008; Asharani et al., 2009).  Ag NPs 

treatments also induced other signals of cytotoxicity, including DNA damage (Asharani et al., 
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2009), decreased mitochondrial function (Braydich-Stolle, et al., 2005), depressed cellular 

proliferation (Greulich et al., 2009) and apoptosis (Hsin et al., 2008).  It could be argued that Ag 

NPs are rarely in free form in consumer products, and that studies conducted on the toxicity of 

free NPs are irrelevant.  However, some studies indicate that products containing Ag NPs, such as 

clothing, release free NPs into the surrounding environment (Benn and Westerhoff, 2008).  In 

addition, an assessment of Ag NP-containing wound dressings suggested that certain products 

interfered with the regenerative ability of epithelial cells and showed signs of cytotoxicity when 

the dressing was pre-soaked in water (Burd et al., 2007).  Therefore, I believe that studying the 

effects of free Ag NPs is appropriate. 

 To date, there is no clear consensus from in vitro studies on the toxicity of Ag NPs.  

Although there is evidence of cytotoxicity in many cell types, Park and colleagues (2007) showed 

that of several kinds of NPs, Ag NPs had the least effect on alveolar epithelial cells.  Similarly, in 

another study there was little cytotoxicity across a range of concentrations by elemental Ag 

powder in a human osteosarcoma cell line (Hardes et al., 2007).   

 In contrast to in vitro studies, there are only a few in vivo studies assessing the toxicity of 

Ag NPs.  Lee et al. (2007) observed a dose-dependent toxicity in zebrafish embryos exposed to 

Ag NPs.  Although the purpose of these experiments was to assess the ability of Ag NPs to be 

used for imaging, the toxicity seen at even relatively low concentrations (~ 19 nM) will likely 

impede the utility of Ag NPs for this application (Lee et al., 2007).  This conclusion is supported 

by other experiments, which showed delayed hatching as well as an increase in a variety of 

morphological defects and markers of apoptosis when zebrafish embryos were exposed to Ag 

NPs (Asharani et al., 2008).  When rats were subcutaneously exposed to Ag NPs, neuronal 

degeneration and membrane thrombolysis occurred suggesting that the Ag NPs crossed the blood 

brain barrier (Tang et al., 2008).  Injection is not necessary for toxicity since the prolonged 
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inhalation of Ag NPs caused an increase in rat lung inflammation, a thickening of the alveoli 

walls and an increased occurrence of granulomas (Sung et al., 2008).  Additionally, when mice 

were fed high doses of Ag NPs, an inflammatory response was induced in the livers three days 

post-exposure which was absent in mice exposed to larger Ag MPs (Cha et al., 2008).  This study 

also found that the expression of genes related to inflammation, as well as apoptosis was only 

modified in mice dosed with Ag NPs (Cha et al., 2008).  These results strengthen the correlation 

between particle size and toxicity.  In another study, long-term oral exposure (daily for 28 days) 

resulted in dose-dependent changes in rat liver enzyme levels, suggesting that higher doses of Ag 

NPs (over 300 mg/kg) could result in liver damage (Kim et al., 2008).  However, in contrast to 

other studies, these researchers reported no signs of genotoxicity (Kim et al., 2008).  Although 

there have been few studies using invertebrates, they also appear to be susceptible to Ag NPs.  In 

larvae of the fruit fly, Drosophila melanogaster, Ag NP ingestion led to an increase in oxidative 

stress as measured by lipid peroxidation and activity of antioxidative enzymes, DNA damage and 

apoptosis (Ahamed et al., 2009).  These responses generally became more pronounced with 

longer exposure (24 vs 48 h of exposure). Finally, preliminary experiments in our own lab 

suggested that chronic ingestion of Ag NPs decreased longevity in Drosophila (Abram and 

Walker, 2009; unpublished).   

 After reviewing the literature on the effect of Ag NPs on various organisms, it is clear to 

me that Ag NPs have the potential to cause different kinds of damage to various biological 

systems. Due to the paucity of in vivo data, it is important that more detailed studies to discover 

the parameters of Ag NP toxicity are conducted. 

1.1.3  Carbon Nanotubes 

Carbon nanotubes (CNTs) are a class of NPs that are comprised entirely of carbon atoms 

belonging to the allotropic form, the fullerenes (Lacerda et al., 2006).  CNTs are structurally 



 

 

12 

identical to sheets of graphite but have been rolled into a seamless tube (Kostarelos, 2008; 

Pastorin, 2009).  CNTs can be divided into single or multi-walled forms; they are termed single-

walled if there is only one layer in the carbon tube, and multi-walled if there are multiple layers 

of carbon tubes laid within one another (Jain et al., 2007).  CNTs show high chemical and 

thermal stability, a considerable amount of textile strength combined with elasticity and can 

behave as metal conductors or semi-conductors depending on the modifications made to them 

(Hirsch, 2002).  The combination of CNTs unique electrical properties and extremely small size 

allows them to be readily used in a variety of electronic equipment such as extremely small-scale 

tweezers, for example (Kim and Lieber, 1999).  As described below, CNTs have recently been 

used as minute delivery systems for therapeutics including drugs and gene therapy due to their 

ability to be functionalized, which enables them to be coupled with other molecules.   

Functionalization of CNTs makes them more useful and biologically available than 

nfCNTs.  Noncovalent or covalent functionalization provides a means to disperse CNTs in 

various solvents, and depending on the type of functionalization, this allows them to be used for 

various applications while preserving their desired properties (Klumpp et al., 2006).  Covalent 

functionalization improves the uptake of CNTs into various cell types (Kostarelos et al., 2007) 

while producing less toxic effects than other NP types, or even „naked‟ or nonfunctionalized 

(nf)CNTs (Klumpp et al., 2006).  CNTs‟ role in therapeutics is possible because of the ease by 

which they are functionalized.  One study demonstrated the CNTs could be functionalized twice 

with anti-cancer drug, methotrexate (MTX), and an amino group to initiate cellular uptake 

(Pastorin et al., 2006).  The resulting double functionalization with these two compounds 

improved cellular uptake of MTX into lymphocytes highlighting CNTs value in drug delivery 

(Pastorin et al., 2006).  CNTs can be directed to very specific cell types, such as malignant cells, 

effectively allowing treatment solely to these cells.   For example, since different cell types 
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express different receptors, such as the expression of folate receptors in some types of tumor 

cells, it has been shown that CNTs be functionalized with a “folate sequence” to specifically 

direct CNTs to tumor cells (Kam et al., 2005).  Instead of delivering an anti-cancer agent with the 

CNT, near-infrared light was used to heat CNTs, which were selectively incorporated into cells 

based on the functionalized folate motif, causing cell death (Kam et al., 2005). 

Clearly there are a large number of benefits for the application of CNTs, but there is also 

a body of research that suggests that CNTs can harm various cell types and organ systems.  

fCNTs appear more promising than nfCNTs in biological applications due to their increased 

uptake, and yet toxicity studies of CNTs tend to focus on the nonfunctionalized variety.  In vitro 

studies of CNT toxicity have determined that single-walled nfCNTs are taken up by a variety of 

cell types in culture and typically initiate the production of ROS (Shvedova et al., 2003; Manna et 

al., 2005; Pulskamp et al., 2007; Müller et al., 2009), inflammation (Sato et al., 2005; Müller et 

al., 2009), as well as decrease in cell viability (Shvedova et al., 2003; Manna et al., 2005).  Toxic 

responses of these single-walled CNTs have also induced increases in apoptosis as well as 

changes in gene regulation and expression in human embryo kidney cells (Cui et al., 2005).   

Some unexpected CNT toxicity results have been reported, indicating that there is much 

about CNTs that is still unknown.  Sato and colleagues (2005) identified that longer multi-walled 

CNTs produced greater inflammatory effects in human monocytic cell lines than did shorter 

multi-walled CNTs, contrasting what is typically assumed about nanotoxicology (although the 

diameter of the two CNTs were both in the nano-range).   Pulskamp and colleagues (2007) 

showed that ROS were generated in rat macrophages and human alveolar epithelial cells by 

manufactured nfCNTs, which is consistent with previous studies by a number of researchers.  

However, when looking at the level of ROS in cells that were treated with purified CNTs, they 
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were significantly decreased, suggesting that contaminants in the CNTs may be more important in 

inducing cytotoxicity than the CNT itself. 

fCNTs are typically assumed to be less toxic than nfCNTs due to increased solubility and 

decreased aggregation (Klumpp et al., 2006; Sayes et al., 2006), however, some researchers have 

identified inconsistencies with this contention.  For example, when cultured neonatal epidermal 

keratinocytes from humans were treated with increasing concentrations of fCNTs, a 

corresponding increase in inflammation occurred in these cells (Zhang et al., 2007).  Even more 

contradictory to this claim are the findings of Bottini and colleagues‟ (2006) research, which 

indicated that oxidized multi-walled fCNTs produced a decrease in T lymphocyte cell viability. 

 In vivo studies of CNTs are sparse, and have been undertaken using a variety of exposure 

routes in a number of different organisms resulting in a patchy portrayal of the possible toxicity 

of CNTs.  Studies in Drosophila have indicated that nfCNTs have little toxic effect on larvae, 

although they do get taken up by the gastrointestinal tract when ingested, with the largest 

concentration localizing to neural tissue (Leeuw et al., 2007; Liu  et al., 2009).  However, when 

adult Drosophila were exposed to dry single-walled CNTs, effects such as impaired locomotion 

and increased mortality were seen (Liu et al., 2009).  In mice, toxicity studies of CNTs appear to 

be more predictive depending on whether they are functionalized or not.  In a pilot study, 

Schipper and colleagues (2008) found that no acute (7 days) or chronic (12 weeks) toxicity was 

seen in mice that were treated with polyethylene glycol treated CNTs, and these results are 

consistent with other studies that found little toxicity with CNTs functionalized with various 

noncovalent and covalent molecules (Liu et al., 2006; Singh et al., 2006; Wang et al., 2008).  

Conversely, a single dose of nfCNTs in mice exposed via intratracheal installation produced both 

dose-dependent acute lung inflammation and granulomas at 7 days with persistence and 

worsening at 90 days (Lam et al., 2004).  Similarly, exposure of mice to multi-walled nfCNTs via 
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intraperitoneal injection produced inflammation and granulomas in the mesothelial lining of the 

body particularly with long, rigid tubes compared to shorter CNTs (Poland et al., 2008).  This is 

alarmingly similar to the pathology seen with asbestos fibers in the lining of the chest cavity 

(Mossman and Churg, 1998), suggesting that CNTs can cause dramatic signs of toxicity in some 

instances. 

1.2  Development 

 Reproduction and development are highly regulated processes that require synchronized 

cellular processes.  Many organisms are used as models for developmental studies including 

Drosophila and CD-1 mice.  Each of these species has been studied extensively and their normal 

development is well documented.  While there are obviously distinct differences between the 

development of an insect and a mammal, there are a number of aspects of Drosophila 

development that are conserved in mammalian development, including but not exclusive to 

internal fertilization, the process involved in sex differentiation as well as conserved genes for 

sexual development (Avanesian et al., 2009).  Drosophila has been used as a model system for 

cancers, neurological disorders, aging and teratogen testing, and has also proved to be invaluable 

in extrapolating results from an invertebrate system to mammalian systems. 

 The use of mice as a model organism for developmental studies is convenient as they are 

easy to raise and mate, have a short gestational period and have a long period of reproductive 

activity (Rugh, 1968).  In utero development occurs rapidly (Figure 1.2), with a gestational period 

of 18-20 days, comprising three stages: 1) development from fertilization through to germ layer 

derivation (6 days); 2) organogenesis (6 days); and 3) tissue differentiation and the initiation of 

tissue and organ functionality (Rugh, 1968).  The use of mice for the examination of the potential 

reproductive and developmental toxicity of a substance is widely established, though they have 

not been widely used in studying the potential teratogenic effects of NPs to-date.   
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Figure 1.2: In utero mouse development.  Modified from (Hedrich, 2004) 
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 Drosophila is a holometabolous insect, meaning it undergoes complete metamorphosis 

during development (Ham and Veomett, 1980).  As indicated above, it is a widely used model 

organism particularly in genetic studies for a number of reasons.  Drosophila possess a number of 

known mutants, it has a small, fully sequenced genome that can be easily manipulated, as well as 

genetic transfer into Drosophila is straightforward.  Drosophila development (Figure 1.3) can be 

divided into embryonic development and postembryonic development (Gibbs, 2003).  Embryonic 

development encompasses the events that take place from fertilization to hatching of larva from 

eggs, and postembryonic development involves all the larval phases, the pupal stage and the 

events that proceed until maturation of the mature fly (Gibbs, 2003).  At 25°C, females can lay 

eggs within 2 days of emergence.  First instar larvae hatch from eggs after 22 – 24 h (Ham and 

Veomett, 1980; Gibbs, 2003).  The first instar larvae will molt another two times becoming 

second and third instar larvae 24 and 48 h later, respectively.  The third larval instar lasts for 

another 96 h until complete metamorphosis occurs in the pupal stage over 4 days.  The emergence 

of the adult marks the final stage at which time the fly is sexually mature if male.  If the fly is 

female, an additional 12 h is required before mating can occur.   

 While this thesis utilized both Drosophila and CD-1 mice to investigate the potential 

effects that NPs have on reproduction development, studies of the reproductive and 

developmental impact of NPs to-date have mainly used in vitro approaches or in vivo fish models.  

1.2.1  Reproductive and Developmental Toxicity 

 Birth defects are surprisingly common in the human population, with approximately 2% of 

the population born with a major malformation (Holmes, 2005).  While many causes of these 

defects have been identified (see Figure 1.4), the majority of defects have unknown origin (Sadler 

and Hunter III, 1994; Holmes, 2005). If a teratological defect is due to an exogenous chemical, 

several factors must be taken into consideration including: the dose of the substance, the  
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Figure 1.3: Drosophila life cycle.   

                  

 

Figure 1.4: Causes of human teratogenicity. 

Adapted from (Wolpert, et al. 1998) 

Adapted from (Holmes, 2005) 
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susceptibility of the organism and the stage of development of that organism (Schardein, 2000).  

Incidence of developmental toxicity usually manifests itself in the form of embryo mortality, 

morphological defects or growth retardation (Neubert, et al., 1980).  Reproductive toxicity is 

usually marked by effects on adult fertility and/or changes in the development of oocytes and 

sperm (Zelikoff et al., 1995).  

 Considering that NPs are used in a plethora of commercial products, it is reasonable that 

this will lead to a heightened exposure to NPs for all organisms.  While the direct impact of NPs 

on organisms could be cause for alarm, studies of their impact on reproduction and development 

are of equal concern and they are woefully under-represented in the field of nanotoxicology.  

Since NPs have been shown to cause toxicity in many different species, it is plausible to suggest 

that NPs may affect the sensitive processes of reproduction and development as well, and in a 

variety of organisms.   

1.2.2  NPs: Reproductive and Developmental Toxicity 

 Since larvae and fetuses undergo a very precise sequence of events throughout 

development, it has been suggested that these growth stages may have heightened susceptibility      

to the toxic effects incurred by NPs.  However, as indicated above, the reproductive and 

developmental toxicity of NPs is the most understudied aspect of nanotoxicology.  To evaluate 

the potential effects of NPs on reproduction and development, some in vitro studies have been 

conducted to evaluate the damage that NPs could have on these processes.  An experiment that 

evaluated the toxicity of various types of NPs on mammalian germline stem cells reported that 

Ag NPs caused decreased mitochondrial function and increased LDH leakage across the 

membrane (Braydich-Stolle, et al., 2005).  Ag NPs were also shown to produce micronuclei and 

induce apoptosis in gestational day (GD) 14 Syrian hamster embryo fibroblast cells (Rahman et 

al., 2002), supporting the hypothesis that NPs can be developmental toxicants. 
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 In in vivo models, TiO2 NPs have been shown to have a large impact on reproductive 

success on Daphnia magna, despite their lack of effect on acute measurements of toxicity such as 

mortality (Wiench et al., 2009).  Additionally, this study also observed that higher concentrations 

of TiO2 NPs significantly decreased the fertility of this species as measured by the number of 

offspring per female (Wiench et al., 2009). 

 Some studies have evaluated the impact of NPs on development.  For example, an injection 

of very low concentrations of silica nanowires into the yolk of early stage zebrafish embryos 

greatly increased embryonic mortality as well as produced a number of severe morphological 

defects (Nelson et al., 2009).  One study of Ag NP-exposure in zebrafish embryos showed a dose-

dependent increase in incidence of morphological malformations and cell death, and increasing 

distribution of Ag NPs to neural tissue with increasing concentrations (Asharani et al., 2008).  

When the toxicity seen in this study was compared to that of Ag ions, little difference could be 

distinguished (Asharani et al., 2008). This supports the hypothesis that Ag ions cause toxicity in 

not only bacterial cells, but also in mammalian cells.  Fathead minnows treated with up to a 25 

mg/L Ag NPs showed an increase in embryo mortality as well as a variety of morphological 

defects including craniofacial defects as well as pericardial and yolk sac edema, but to a lesser 

degree than when treated with Ag ions (Laban et al., 2010).  As suggested earlier, these data 

support the hypothesis that the toxicity of Ag NPs and Ag ions are not identical, and that other 

factors are involved in Ag NP toxicity. 

 Exposure of zebrafish embryos to fullerene NPs (C60) induced developmental delay as well 

as apoptosis and regions of necrosis in the exposed embryo and increased incidence of mortality 

and malformations (Usenko et al., 2007).  When pregnant mice were exposed to anatase TiO2 NPs 

via subcutaneous injection throughout gestation, significant alterations in neural gene expression 

were seen at different pup stages after birth (Shimizu et al., 2009).  Abnormal morphology of 
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testes were also noted in offspring exposed prenatally to anatase TiO2 NPs (Takeda et al., 2009).  

These mouse pups also had an increase in apoptosis, with NPs in the olfactory bulb and cerebral 

cortex of the brain (Takeda et al., 2009).   

 Research on the potential reproductive and developmental effects of various types of NPs 

are reportedly underway, but we are a long way away from understanding the potential effects 

that NPs may have on these processes and the extent of potential damage.  Developmental 

toxicity studies of NPs in animal models will not only provide insight into the effects of NPs on 

the human population, but also may suggest the extent of reproductive damage that may ensue as 

a result of the release of NPs into the environment increases. 

1.3  Research Question 

There has been an enormous amount of excitement surrounding the possible applications 

for NPs, which have contributed to the enhancement of many technologies in recent years.  The 

utility of NPs in numerous consumer products greatly increases the contact that humans and other 

animals have with them. Despite the paucity of information about NP toxicity, researchers are 

becoming more aware that in many cases NPs can cause toxic effects in both in vitro and in vivo 

systems.  However, very little research has been conducted on the reproductive and 

developmental toxicity of different types of NPs.  In the past, disastrous circumstances have 

arisen from overlooking the potential effects that a substance may have on a developing fetus, 

such as the devastating birth defects seen in infants whose mothers who were prenatally treated 

with the anti-nausea drug, thalidomide in the late 1950‟s.  With the large increase in NP usage, it 

is important to address these concerns before history potentially repeats itself. 

The present study aims to assess the potential reproductive and developmental impact of 

three types of commercially used NPs; Ag, TiO2 and single-walled fCNTs, using two model 

organisms; Drosophila and CD-1 mice.  There are parallels and distinctions between invertebrate 
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and vertebrate development, so both were used to obtain an overview of the possible effects of 

these materials in different taxa.  In light of the little research that has been performed to-date, it 

is predicted that each type of NP under evaluation will have an effect on the reproduction and 

development in both organisms examined. Further, it is expected that toxicity profiles in each 

organism will complement each another.  It is also anticipated that with Drosophila, NPs will 

show greater toxicity than larger MPs of the same material, particularly since it is anticipated that 

NPs will be better able to enter cells based on size.  Regardless of the outcome, the importance of 

this research is overwhelming, and I anticipate that the data achieved will contribute to the 

expanding body of knowledge regarding the circumstances and extent of NP toxicity. 
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CHAPTER 2  

The effects of TiO2 and Ag nanoparticles on reproduction and 

development in Drosophila and CD-1 mice 

2.1 Abstract 

NPs have been revolutionary in the industrial and purchasing world because of their 

ability to improve human livelihood by way of incorporation into a plethora of consumer goods.  

NPs are defined as materials that are ≤ 100 nm, but those composed of specific materials allow 

them to be used for particular applications.  TiO2 NPs and Ag NPs are each widely found in many 

products.  With that in mind, their increasing use is of some concern because their small size 

increases their ability to be taken up by biological systems, which could ultimately lead to cellular 

damage.  While there are reports of TiO2 and Ag NPs affecting a few different organisms, their 

effects on reproduction and development have been largely understudied.  Here the possible 

negative effects of orally administered TiO2 or Ag NPs on reproduction and development in two 

different model organisms were investigated.  TiO2 NPs reduced the developmental success of 

CD-1 mice after a single oral dose of 100 or 1000 mg/kg, causing a statistically significant 

increase in fetal deformities and mortality (non-viability).  Similarly, incorporation of TiO2 NPs 

into food led to a significant loss of progeny in Drosophila as shown by a decline in female 

fecundity.  Ag NPs also caused an increase in fetal non-viability (mortality) of CD-1 mice after in 

utero exposure, but unlike TiO2 NPs, resulted in a significant decrease in the developmental 

success of Drosophila but no decline in female fecundity.  Neither TiO2 nor Ag NPs appeared to 

affect the integrity of various tissues of either organism.  We suggest that the distinct response 



 

 

24 

associated with each type of NP underscores the differences in the administration of the NPs as 

well as the biology of the invertebrate and vertebrate models. Although TiO2 and Ag NPs show 

utility in many commercial products, this study suggests that caution should be used because of 

the potential for decreased reproductive potential as well as increased developmental 

abnormalities in disparate species. 
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2.2 Introduction  

NPs are materials with at least one dimension ≤ 100 nm, and thus their large surface-to-

volume ratio imparts unique characteristics compared to their corresponding bulk materials 

(Roduner, 2006; Buzea et al., 2007; Klaine et al., 2008).  NPs vary widely in composition and 

shape, allowing their use in many different applications.  Because of their increasing popularity 

and their widespread use, it is alarming that only a small amount of research has been done to 

investigate possible detrimental effects of NPs, particularly with regards to their impact on 

reproduction and development.  TiO2 NPs have unusual optical properties and therefore are 

exploited in cosmetics to provide iridescent and reflective qualities (Ellsworth et al., 2000; Wolf 

et al., 2003).  They are also used as whiteners for candies and salad dressings, with concentrations 

as high as 225 mg in one serving of some brands (Lomer et al., 2000).  TiO2 NPs have been 

reported to have some toxicity both in vitro and in vivo that has been attributed to the generation 

of ROS resulting in apoptosis (Braydich-Stolle et al., 2009), but cell dysfunction has also been 

attributed to micronuclei formation (Rahman et al., 2002; Gurr et al., 2005), mitochondrial 

dysfunction (Hussain et al., 2005) and cell viability (Cai et al., 1992; Hussain et al., 2005; Wang 

et al., 2007; Park et al., 2008).  After oral exposure of TiO2 NPs in adult mice, NPs were found to 

be distributed to various organs, particularly the liver (Wang et al., 2007; Sugibayashi et al., 

2008). Both reproductive and developmental toxicity of TiO2 NPs have only been preliminarily 

addressed in a limited number of studies.  Exposure of Daphnia magna to these NPs reduced 

female fertility (Wiench et al., 2009) and in mice, prenatal exposure to anatase TiO2 NPs via 

subcutaneous injection resulted in developmental changes to the testes and neural tissues (Takeda 

et al., 2009). 

Ag NPs are also of commercial interest, and because of their antibacterial properties they 

are used in food packaging (Yang et al., 2009), medical devices and bandages (Asz et al., 2006), 
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clothing and washing machines (Benn and Westerhoff, 2008), dental restoration material (Ohashi 

et al., 2004) and water treatment facilities (Chou et al., 2005).  The impact of these NPs on 

multicellular organisms is just beginning to be evaluated.  Ag NPs have initiated morphological 

changes in a variety of mammalian cell types (Asharani et al., 2009; Braydich-Stolle, et al., 

2005).  In addition to morphological changes, in vitro studies have indicated that Ag NPs, similar 

to TiO2 NPs, can increase the production of ROS (Hussain et al., 2005; Hsin et al., 2008; 

Asharani et al., 2009), induce DNA damage (Asharani et al., 2009), decrease mitochondrial 

functioning (Braydich-Stolle et al., 2005) and depress cellular proliferation (Greulich et al., 

2009).  The few studies that have investigated the developmental effects of Ag NPs have shown 

that exposure can result in substantial morphological abnormalities at least in fish embryos 

(Asharani et al., 2008; Laban et al., 2010).  An increase in oxidative stress was also seen in 

Drosophila larvae, along with signs of DNA damage and apoptosis (Ahamed et al., 2009). 

Ag NPs also affect development and reproduction in some species.  They impair 

mammalian germline cell functioning (Braydich-Stolle et al., 2005), induce apoptosis in Syrian 

hamster embryo fibroblasts (Rahman et al., 2002) and cause a dose-dependent increase in the 

incidence of morphological malformations in two species of fish (Asharani et al., 2008; Laban et 

al., 2010). 

These few reports on the toxicity of TiO2 and Ag NPs to biological systems suggest that 

these materials could be of concern because of their potential to affect the development of 

immature organisms.  Among numerous reasons that suggest susceptibility, fetuses have fewer 

protective mechanisms than adult forms (Wells et al., 2005), indicating that they could be more 

vulnerable to NPs than their parents.  While assessing their toxicity in mammals, it is also 

important to address the possible impact of these particles to other organisms, since the increasing 

occurrence of NPs in the environment may threaten a variety of taxa.  Because of their 
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widespread use in foods, packaging and cosmetics, oral ingestion of TiO2 and Ag NPs are of 

special concern.  Therefore, the present study aimed to investigate the potential reproductive and 

developmental impact of orally administered TiO2 or Ag NPs to Drosophila and CD-1 mice. 
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2.3 Materials and Methods 

2.3.1 Materials 

All NPs and MPs were purchased from MK Nano (MK Impex Canada, Mississauga, ON) 

unless otherwise specified.  TiO2 NPs and TiO2 MPs (Alfa Aesar, Ward Hill, MA) were 

untreated, 99.5% pure and rutile in form, and were indicated as 50 nm and 1-2 µm in size, 

respectively.  Ag NPs and MPs were 99.8% pure and 20 nm in size, and 99.9% pure and 3 µm, 

respectively.  NPs were further characterized for shape and verified for size by transmission 

electron microscopy (TEM). 

2.3.2 NP suspensions for oral dosing of CD-1 mice 

NP suspensions for dosing via oral gavage were prepared by adding varying 

concentrations of TiO2 or Ag NPs (0.2%, 2% or 20% w/v) to make 10, 100 or 1000 mg/kg doses 

in a 0.5% tragacanth gum solution in distilled water.  NPs were sonicated in the 0.5% tragacanth 

gum solution for 90 seconds, immediately prior to dosing, to ensure even suspension.  Tragacanth 

gum (0.5% w/v) in distilled water was used as the vehicle control. 

2.3.3 Maintenance of CD-1 mice and NP dosing protocol 

CD-1 mice, age 4-6 weeks, were purchased from Charles River Ltd (Montreal, QC) and 

allowed to acclimatize for one week in an animal care facility (Queen‟s University) prior to 

breeding.  All practices were in accordance with the guidelines of the Canadian Council on 

Animal Care with experimental procedures were approved by the Queen‟s University Animal 

Care Committee.  Mice were fed standard rodent chow and had continual access to water.   

Three females were housed with one male for 16 h (17:00 to 9:00 h) and pregnancy was 

ascertained by the presence of a vaginal plug. That morning was designated GD 1.  On GD 9 

(during organogenesis), pregnant females received a single 5 mL/kg dose of 10, 100, 1000 mg/kg 

NPs or the vehicle control by oral gavage.  On GD 19, one day prior to spontaneous delivery, 
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pregnant females were weighed and then sacrificed via cervical dislocation, and the uterus was 

examined for resorptions.  Removed fetuses were blotted and placed in an incubator at 37°C for 2 

h and subsequently scored for viability (percent mortality).  All fetuses were counted, weighed, 

length measured and examined for any external morphological defects.  Each group contained 10 

– 18 litters, each of which was divided into two pools for further skeletal or histological analyses 

as described below. 

2.3.4 Analysis of CD-1 mouse fetal skeletons  

Fetuses were placed in Carnoy‟s fixative (5 mL) for ≥ 48 h at 24ºC.  Fetal skeletons were 

stained according to a protocol modified from Yan and Hales (2005).  Briefly, after skinning and 

eviscerating, fetuses were placed in Alcian Blue acid stain (0.14% Alcian blue GX (Sigma-

Aldrich, Oakville, ON) in 70% ethanol, 5 parts; 0.12% Alizarin red S (MP Biomedicals Inc., 

Solon, OH) in 96% ethanol, 1 part; glacial acetic acid, 8 parts; 70% ethanol, 50 parts) (pH = 2.8) 

for ≥ 24 hours.  They were then dehydrated with 96% ethanol ≥ 6 h.  Subsequently, ethanol was 

replaced with Alizarin Red basic stain (0.7% KOH in distilled water, 250 parts; 0.5% Alizarin red 

S (MP Biomedicals Inc., Solon, OH) in distilled water, 1 part) for ≥ 48 hours, with the solution 

being changed at least 3 times.  When skeletons were visibly cleared, the stained skeletons were 

placed in a clearing solution (70% ethanol, 2 parts; glycerin, 2 parts; benzyl alcohol, 1 part) for 8-

9 h, and stored in 1:1 glycerol to 70% ethanol until examined for defects using a dissecting 

microscope.  Skeletons were examined for defects including vertebral and sternebrae defects, 

polydactyly, braincase abnormalities and cleft palate. 

2.3.5 Histological and TEM assessment of fetal tissue 

Placentas, fetal livers and fetal kidneys were removed immediately following death.  

These tissues were preserved in 10% phosphate buffered formalin for ≥ 48 h.  The organs were 

then placed in histology cassettes, infiltrated and paraffin embedded and then sections stained 
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with hematoxylin and eosin were examined with a light microscope all according to standard 

procedures. 

For examination with TEM, after removal, fetal livers and kidneys were removed as 

described in the histology section, however they were washed with 0.1 M cacodylate buffer (pH 

7.4) 3 times and placed in 2.5% glutaraldehyde fixative in cacodylate buffer (primary fixative) 

overnight at 4°C.  The organs were then rinsed 3 times in 0.1 M cacodylate buffer and placed in a 

secondary fixative (1% osmium tetroxide in 0.1 M cacodylate buffer) for 1 h.  Osmium tetroxide 

was replaced with 3 washes of cacodylate buffer and then placed in 10% ethanol for 15 minutes, 

followed by washes with 25%, 50%, 70%, 90%, 95%, and twice in 100% ethanol.  Organs were 

embedded and sectioned to 70 nm and were examined using a Hitachi-H 70000 TEM for the 

presence of each type of NP in these preserved mouse tissues. 

2.3.6 Drosophila dosing and fertility assessments 

Drosophila, strain Canton S, were maintained at 25°C on standard molasses culture 

medium (recipe in Appendix A).  Different concentrations of TiO2 and Ag NPs (0.005%, 0.01%, 

0.05%, 0.1%, 0.5% w/v) and Ag and TiO2 MPs (0.05% w/v of each) were prepared in distilled 

water, sonicated for 90 seconds and then added to partially cooled standard molasses culture 

medium.    

Male and virgin female adults were collected within 8 h of eclosion, and anaesthetized 

using a small amount of ether.  Three to four males and two females were placed in 35 mL vials 

containing 2 mL +/- 0.5 mL of medium in a removable cap.  Caps were replaced every 12 h for 

14 days and the number of eggs laid in a 24 h period was recorded beginning on the second day 

after eclosion when they had reached sexual maturity.  Each experiment contained 7 groups: 1 

vehicle control, 1 MP control (0.05% w/v) and the five different TiO2 or Ag NPs concentrations.  

Five vials were measured per experiment and 5 experiments for each material were executed 
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(each experiment was a replicate).    Fecundity was expressed as a percent of control values, as 

calculated by the average number of eggs laid per female per day.  Egg viability, or fertility, was 

expressed as the percentage of eggs laid that successfully hatched per female per day. 

2.3.7 Egg and larval development assessments 

The effect of NPs on Drosophila development was determined using two methods: 

maternal and direct effects.  The maternal effects of NPs on development were assessed by 

exposing only the parental generation to NPs (0.005% - 0.5%), 0.05% w/v MPs, or control 

medium and assessing the impact on their developing offspring.  Eggs were in contact with NPs 

for < 4 hrs in the culture medium, after which they were transferred to food that lacked NPs or 

MPs for the remainder of their development (~10 days).  Following this period, the percentage of 

offspring that successfully developed was recorded.  Since unfertilized eggs cannot easily be 

scored without manipulation, the percentage of offspring that successfully developed from the 1
st
 

instar larvae stage to adulthood was also assessed to confirm results on fertility.  To assess 

maternal effects on either egg or larval development, four eggs or larvae per vial from each 

treatment group were transferred to individual vials containing culture medium (10 mL).  Five 

experiments (replicates) were performed per NP type, with 5 vials of each. 

A second assessment of the effect of NPs on Drosophila development evaluated direct 

exposure of developing eggs to the NPs.  Eggs (10 per treatment) laid from age matched flies, 

raised on standard culture media free of NPs, were transferred to one of five concentrations 

(0.005% - 0.5% w/v) of NPs, 0.05% MPs or a vehicle control in the Drosophila medium.  

Development was allowed to proceed from egg to adulthood for approximately 10 days.  The 

number of successfully developed adults was expressed as a percentage and compared across 

treatment groups.  Five experiments (replicates) were performed with 5 vials each. 
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2.3.8 Histological analysis of Drosophila  

To assess the potential maternal effects of TiO2 and Ag NPs on Drosophila, histological 

analysis was performed on adult offspring from parental flies exposed to either 0.05% TiO2 or Ag 

NPs, 0.05% TiO2 or Ag MPs or the vehicle control.  Adult Drosophila (24 h post-eclosion; ~30 

for each treatment) were paraffin embedded and stained with hematotoxylin and eosin.  General 

histological analysis was performed under a light microscope for differences between treatment 

groups. 

2.3.9  Statistical analyses for both CD-1 mouse and Drosophila experiments 

One-way ANOVAs were used to compare differences between litter size, fetus weights 

and lengths against the vehicle control group in the CD-1 mouse experiments.  Fisher‟s Exact 

tests were used to compare the categorical data that was accumulated pertaining to gross 

morphological and skeletal defects, as well as the occurrence of resorptions and the measure of 

viability between control fetuses and different CD-1 mouse treatment groups.   

Repeated measures two-way ANOVAs (with a Bonferroni post-hoc test) were performed 

to compare fecundity and fertility data for the Drosophila studies, comparing treatment groups 

across experimental days.  One-way ANOVAs were also used to compare treatment groups in the 

studies examining the effects of TiO2 and Ag NP exposure on Drosophila development.  To 

determine whether the size of the particle impacted the toxicity seen with Drosophila, one-way 

ANOVAs were performed, which compared the differences between data obtained from the 

0.05% MP, 0.05% w/v NP treatment groups and the vehicle control.  All statistics were 

performed using Prism 4. 
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2.4  Results 

2.4.1 NP characterization 

TEM images of rutile type TiO2 NPs and Ag NPs dispersed in 0.5% tragacanth gum 

confirmed the manufacturer‟s specifications (Figure 2.1).  After sonication, TiO2 NPs were 

dispersed relatively evenly, with some NPs remaining as single particles (50 nm), and others in 

small, loose agglomerates up to 200 – 300 nm, with individual NPs identifiable within the clumps 

(Figure 2.1A).  Ag NPs were characterized as 20 nm by the manufacturer, but TEM analysis 

indicated that these were, in fact, more heterogeneous in size (Figure 2.1B).  Approximately half 

of the Ag NPs were 20 – 50 nm in size, however, the other half appeared to be substantially 

larger, at 100 – 200 nm.  Nevertheless the NPs were relatively evenly dispersed in the solution, 

and any small “clumps” contained fewer than 10 NPs (Figure 2.1B). 

2.4.2 The effect of TiO2 and Ag NPs on CD-1 mouse development 

There were no overt signs of maternal toxicity after treatment with any of the three doses 

(10 – 1000 mg/kg) of TiO2 NPs throughout the 10-day post-exposure period.  The dams‟ 

behaviour appeared normal following treatment, and all continued to gain weight throughout 

pregnancy.  The effects of TiO2 NPs on fertility and fetal development after GD 9 were variable 

depending on the parameter being examined (Table 2.1).  There was no statistically significant 

difference between the litter size or the change in maternal weight from GD 9 to GD 19 between 

the treatments and vehicle control.  The effect of TiO2 NPs on measured aspects of fetal health 

including resorptions, mean fetal weights or lengths was not significantly different from control 

groups (Table 2.1).  TiO2 NPs did, however, affect normal development of progeny (p < 0.05) at 

the two highest TiO2 NP concentrations, as determined by the significant increase in fetuses with 

external morphological defects, including exencephaly (6 fetuses), open eyelids (7 fetuses), leg 

defects (2 fetuses) and tail defects (1 fetus) (pooled data Table 2.1).  There was also a  



 

 

34 

 

 

 

 

 

 

 

 

 

 

                A                                              

                 

   B      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) A TEM image of TiO2 NPs at a concentration of 0.2% w/v NPs in 0.5% w/v tragacanth 

gum in distilled water.  B) A TEM image of Ag NPs at a concentration of 0.2% w/v NPs in 

0.5% w/v tragacanth gum in distilled water.  Arrows indicate individual NPs. 

Figure 2.1: TEM images of TiO2 and Ag NPs. 
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Table 2.1: The effects of TiO2 NPs on CD-1 mouse reproduction and development. 

 

Treatment 

 

Number 

of litters 

examined 

Mean litter size 

(+/- SD) 

Maternal 

weight gain (g) 

(+/- SD) 

Number of 

fetuses 

examined 

Mean fetal 

weight (g) 

(+/- SD) 

Mean fetal 

length (cm) 

(+/- SD) 

Percent of 

total that had 

morphological 

defects (%) 

(+/- SE) 

Percent of 

total that 

were 

resorptions 

(%) 

(+/- SE) 

Percent of 

total that 

were 

nonviable 

(%) 

(+/- SE) 

Control 14 12.8 +/- 1.7 26.7 +/- 3.5 179 1.39 +/- 0.1 2.55 +/- 0.1 0 2.7 +/- 1.2 1.7 +/- 1.0 

10 mg/kg 11 12.5 +/- 1.2 27.4 +/- 2.8 139 1.40 +/- 0.1 2.55 +/- 0.2 2.2 +/- 1.2 2.8 +/- 1.4 2.2 +/- 1.2 

100 mg/kg 13 12.7 +/- 2.3 23.9 +/- 4.9 151 1.36 +/- 0.1 2.50 +/- 0.1 5.3 +/- 1.8* 3.8 +/- 1.5 5.3 +/- 1.8 

1000 mg/kg 13 12.4 +/- 2.1 26.1 +/- 4.4 158 1.35 +/- 0.1 2.41 +/- 0.3 2.5 +/- 1.2* 4.2 +/- 1.6 7.6 +/- 2.1* 

An asterisk indicates a significant difference from control (p < 0.05). 
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significantly greater percentage of fetuses non-viable (after 2 h) born to dams that were dosed 

with 1000 mg/kg TiO2 NPs (Table 2.1).   

Similar to the effect of TiO2 NPs, treatment with the 3 doses of Ag NPs (10 - 1000 

mg/kg) showed no obvious signs of maternal toxicity, including behavioral difficulties or weight 

loss throughout the 10 days post-exposure.  There was also no effect of Ag NPs observed on 

reproductive parameters including litter size, maternal weight gain from GD 9 to GD 19 and 

mean fetal weights and lengths.  However, there was a significant increase in the number of 

fetuses from dams exposed to 10 mg/kg Ag NPs that were non-viable after 2 h (p < 0.05; Table 

2.2).  Despite this, there was no significant increase in viability, presence of resorptions, or 

presence of morphological defects in fetuses of dams that were treated with the higher Ag NP 

concentrations.  In fact, there were fewer resorptions in dams exposed to 1000 mg/kg Ag NPs 

when compared to the controls (p < 0.05), which emphasizes the little impact that Ag NPs had on 

the development of CD-1 mice at this dose, or effects of NP agglomeration at higher 

concentrations. 

2.4.3 CD-1 mouse fetal skeletal, histological and TEM analysis following prenatal exposure 

to TiO2 and Ag NPs 

There was no increase in the number of skeletal defects in fetuses prenatally exposed to 

either TiO2 or Ag NPs (Table 2.3 and 2.4).  When fetal livers, fetal kidneys and placentas were 

sectioned and stained for general histological analysis, preliminary assessments suggested that 

both types of NPs had very little effect on apoptosis, necrosis and inflammation (data not shown; 

Appendix B).   

It was a challenge to visualize TiO2 NPs using TEM in fetal livers and kidneys was 

challenging because residue from the stain used on the sections appeared similar to the size and 

shape of rutile type TiO2 crystals and thus our initial investigation of whether or not TiO2 NPs
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Table 2.2:  The effects of Ag NPs on CD-1 mouse reproduction and development. 

Treatment 

 

Number 

of litters 

examined 

Mean litter size 

(+/- SD) 

Mean 

maternal 

weight 

change (g)  

(+/- SD) 

Number of 

fetuses 

examined 

Mean fetal 

weight (g) 

(+/- SD) 

Mean fetal 

length (cm) 

(+/- SD) 

Percent of 

total with 

morphological 

defects (%) 

(+/- SE) 

Percent of 

total that 

were 

resorptions 

(%) 

(+/- SE) 

Percent of 

total that 

were 

nonviable 

(%)  

(+/- SE) 

Control 18 11.7 +/- 1.5 25.9 +/- 2.5 210 1.40 +/- 0.1 2.56 +/- 0.1 0.48 +/- 0.5 5.8 +/- 1.5 3.33 +/- 1.2 

10 mg/kg 15 11.8 +/- 2.3 26.3 +/- 3.5 177 1.41 +/- 0.1 2.56 +/- 0.1 1.69 +/- 1.0 7.32 +/- 1.9 9.60 +/- 2.2* 

100 mg/kg 12 12.3 +/- 2.6 26.8 +/- 6.3 146 1.39 +/- 0.1 2.56 +/- 0.2 2.73 +/- 1.3 5.19 +/- 1.8 5.48 +/- 1.9 

1000 mg/kg 13 11 +/- 1.8 24.3 +/- 1.8 147 1.41 +/- 0.1 2.57 +/- 0.1 1.36 +/- 1.0 1.34 +/- 0.9* 6.12 +/- 2.0 

 

An asterisk signifies a significant difference from controls (p < 0.05). 
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Table 2.3: The effects of TiO2 NPs on CD-1 mouse fetal skeletons. 

 

Table 2.4: The effects of Ag NPs on CD-1 mouse fetal skeletons. 

   Number of skeletal variations by type      

Treatment 

Number of 

fetuses 

examined 

Percent of 

fetuses with 

defects (%)  

(+/- SE) Clavicle 

Phalanges 

of hindlimb 

Phalanges 

of forearm Sternebrae 

Cervical 

vertebrae Braincase Palate Other 

Control 133 13.5 +/- 2.9 1 0 4 4 6 1 0 3 

10 mg/kg 120 12.5 +/- 3.0 4 1 1 5 3 0 2 1 

100 mg/kg 124 16.1 +/- 3.3 8 1 4 5 2 1 1 1 

1000 mg/kg 124 18.5 +/- 3.5 4 1 2 12 7 1 0 2 

   Number of skeletal variations by type       

Treatment 

Number of 

fetuses 

examined 

Percent of 

fetuses with 

defects (%) 

(+/- SE) Clavicle 

Phalanges 

of hindlimb 

Phalanges 

of forearm Sternebrae 

Cervical 

vertebrae Braincase Palate other 

Control 122 16.4 +/- 3.4 6 4 1 6 6 0 1 2 

10 mg/kg 139 25.2 +/- 3.7 1 2 2 11 12 2 2 5 

100 mg/kg 105 22.9 +/- 4.1 0 4 4 5 11 2 1 3 

1000 mg/kg 119 18.5 +/- 3.6 5 2 2 5 7 1 1 2 
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could be visualized in fetal tissue was inconclusive.  In contrast, results from sections of fetal 

tissue prenatally treated with Ag NPs were more successful.  Dark, spherical particles were noted 

near the plasma membrane of liver (Figure 2.2) and kidney (not shown) cells of mice prenatally 

exposed to 10 mg/kg Ag NPs.   

2.4.4 The effect of TiO2 and Ag NPs on Drosophila reproduction 

The impact of TiO2 NPs on reproduction was assessed by examining the effect of chronic 

exposure of TiO2 NPs to adult Drosophila for 14 days and by counting all eggs produced over 

this period (Figure 2.3).  There were no morphological or behavioral changes noted in the adults, 

but there was a decrease in the relative number of eggs laid per female with increasing TiO2 

concentration up until day 8 post-eclosion.  After this, TiO2 concentration was independent of the 

effect seen.  While there was a decrease in the relative number of eggs laid as compared to the 

control on all days, this decrease was only significant (p < 0.05) on days 2, 5, 7, 8, 11 and 14 at 

the higher concentrations (0.1% and 0.5% w/v TiO2 NPs; Figure 2.3).  The effect of TiO2 NPs on 

female fertility was not statistically different from the effect seen with the corresponding MPs on 

each day.  Few differences were seen among treatment days, although there were some significant 

differences between earlier days of treatment compared to later days of treatment (data not 

shown).  Egg viability was unchanged by TiO2 NP treatment over the entire 14-day period  

(Table 2.5).  

After Ag NP exposure, there was a decrease in the relative number of eggs produced 

across the 14-day study period; but this decrease was only statistically significant on the second 

day (0.005% w/v) and the third day following eclosion (0.005% - 0.5% w/v; Figure 2.4).  

Differences in oviposition after exposure to 0.05% Ag MPs or NPs were noticeable up until day 

10, however only on day 7 was this difference significant (p < 0.05).  No impact was seen in egg 

viability from flies exposed to different concentrations of Ag NPs compared to both the vehicle  
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Figure 2.2: TEM image of Ag NPs in fetal tissue. 

Representative images showing what is thought to be Ag NPs (arrows) in Kupffer cells of fetal liver 

prenatally exposed to 10 mg/kg Ag NPs. These particles are 150 nm.  X 20 000 
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The percentage of eggs laid by Drosophila chronically exposed to varying concentrations of Ag NPs 

compared to controls.  The last bar in each day represents a MP (M) control to determine whether size was 

an important factor in the effect of Ag on Drosophila reproduction.  An asterisk signifies a significant 

difference compared to the vehicle control (p < 0.05) and a “+” signifies a significant difference compared 

to the MP control. N = 25 females per treatment per experiment (replicate); 5 replicates. 

The percentage of eggs compared to the control that were laid by adult Drosophila chronically 

exposed (14 days) to varying concentrations of TiO2 NPs.  The last bar on each day after eclosion 

represents a MP control (M) to determine whether size was an important factor in any observed 

effect. N = 25 females per treatment per experiment (replicate); 5 replicates. 

Figure 2.4: The effect of Ag NPs on Drosophila female fecundity. 
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Figure 2.3: The effect of TiO2 NPs on Drosophila female fecundity. 
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Table 2.5: The effect of TiO2 NPs on Drosophila egg viability. 

The percentage of eggs laid by Drosophila exposed to varying concentrations of TiO2 NPs that successfully 

hatched 24 – 36 hours after being laid.  The last row represents a MP (M) control to determine whether size 

of the particle was important in the response seen. 
 

Treatment 

% of eggs 

hatched on 

Day 2  

(+/- SEM) 

% of eggs 

hatched on 

Day 5 

(+/- SEM) 

% of eggs 

hatched on 

Day 8 

(+/- SEM) 

% of eggs 

hatched on 

Day 11 

(+/- SEM) 

% of eggs 

hatched on 

Day 14 

(+/- SEM) 

Control  88.1 +/- 1.9 91.3 +/- 1.4 88.6 +/- 2.5 91.2 +/- 1.3 91.4 +/-1.8 

0.005 % 93.6 +/- 1.5 90.7 +/- 1.3 90.5 +/- 1.8 93.4 +/- 2.4 84.2 +/- 3.3 

0.01 % 83.7 +/- 3.4 89.5 +/- 2.1 88.8 +/- 2.7 87.3 +/- 3.3 87.9 +/- 2.8 

0.05 % 88.7 +/- 1.8 91.0 +/- 2.6 90.1 +/- 2.0 85.6 +/- 3.4 93.6 +/- 2.0 

0.1 % 88.3 +/- 2.4 93.7 +/- 1.4 91.6 +/- 1.6 88.4 +/- 3.7 87.1 +/- 2.6 

0.5 % 80.5 +/- 4.1 89.0 +/- 2.1 93.3 +/- 1.4 86.8 +/- 3.9 91.3 +/- 2.1 

M 0.05 % 91.6 +/- 2.4 92.1 +/- 2.7 92.0 +/- 1.3 90.4 +/- 2.2 91.4 +/- 3.3 
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control and the MP control (Table 2.6), and there were no significant differences seen in the 

viability of eggs across experimental days. 

2.4.5 The effects of TiO2 and Ag NPs on Drosophila development 

When the viability of progeny resulting from the maternal effect of TiO2 NP exposure 

was examined, there appeared to be no impact on developmental success as determined from egg 

to adulthood (Figure 2.5A) or from 1
st
 instar larvae to adulthood (Figure 2.5B).  Similarly, TiO2 

NPs had no direct effect on developmental success of Drosophila from egg to adulthood across 

all treatment groups (Figure 2.6). 

 In contrast to the lack of effect of TiO2 NPs on development, Ag NPs significantly 

decreased the percentage of unexposed offspring that successfully developed (Figure 2.7 & 2.8).  

When development was examined from egg to adulthood, progeny of adults exposed to 0.005%, 

0.05%, and 0.5% w/v Ag NPs had significantly fewer eggs develop successfully compared to 

those that were laid by flies that were not exposed to Ag NPs (p < 0.05; Figure 2.7A).  Also, there 

were significantly fewer eggs that successfully developed to adulthood when the parental 

generation was exposed to Ag NPs (0.05% w/v) compared to those laid by adults exposed to the 

same concentration of Ag MPs (p < 0.05).  When viability was assessed beginning at the 1
st
 instar 

larval stage, there were also significantly fewer larvae that successfully developed when their 

parents were exposed to 0.5% w/v of Ag NPs (p < 0.05; Figure 2.7B).  Similar to the results for 

the direct effect of TiO2 NPs on Drosophila development, there were no differences in the 

percentages of flies that developed when exposed to the lower Ag NP concentrations.  However, 

at 0.05% w/v Ag NPs, approximately 50% fewer flies developed successfully, and even fewer 

developed successfully when exposed to 0.1% and 0.5% (Figure 2.8).  As well, significantly 

fewer eggs successfully developed when exposed to 0.05% w/v Ag NPs compared to those that   
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Table 2.6:  The effect of Ag NPs on Drosophila egg viability 

Treatment 

% of eggs that 

hatched on 

Day 2 

(+/- SEM) 

% of eggs that 

hatched on 

Day 5 

(+/- SEM) 

% of eggs that 

hatched on 

Day 8 

(+/- SEM) 

% of eggs that 

hatched on 

Day 11 

(+/- SEM) 

% of eggs that 

hatched on 

Day 14 

(+/- SEM) 

Control 89.6 +/- 4.1 88.7 +/- 2.4 91.2 +/- 1.5 89.7 +/- 2.9 92.0 +/- 1.9 

0.005 % 87.4 +/- 2.9 89.0 +/- 2.4 81.2 +/- 5.0 82.2 +/- 4.1 85.2 +/- 4.3 

0.01 % 85.4 +/- 3.0 87.1 +/- 3.3 88.5 +/- 3.1 83.1 +/- 7.1 89.5 +/- 2.0 

0.05 % 84.1 +/- 4.2 88.2 +/- 2.6 85.4 +/- 5.5 81.2 +/- 6.2 86.7 +/- 5.2 

0.1 % 83.9 +/- 3.7 90.0 +/- 2.5 89.9 +/- 2.4 86.0 +/- 3.0 89.9 +/-2.8 

0.5 % 90.3 +/- 3.5 89.2 +/- 2.0 90.0 +/- 2.6 89.3 +/-3.8 88.4 +/- 2.1 

M 0.05 % 87.9 +/- 2.8 92.0 +/- 1.5 93.1 +/- 1.4 90.8 +/-1.5 86.8 +/- 1.9 

 

The percentage of eggs laid by Drosophila exposed to varying concentrations of Ag NPs that successfully 

hatched 24 – 36 h after being laid.  The last row represents a MP (M) control to determine whether size of 

the particle was important in the response seen. 
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Figure 2.5:  The effect of maternal exposure to TiO2 NPs on Drosophila development. 

A) The percent of eggs that successfully developed when parents were exposed to varying concentrations of 

TiO2 NPs;  B) The percent of 1
st
 instar larvae that successfully developed to adulthood when parents were 

exposed to  varying concentrations of TiO2 NPs.  The last bar in each graph represents a MP control (M) to 

determine whether size was an important factor in any noticed toxicity. N = 100 eggs/larva per treatment (20 

per experiment). 

Figure 2.6:  The direct effect of TiO2 NPs on Drosophila development. 

The percent of eggs exposed to different concentrations of TiO2 NPs throughout the developmental period 

that successfully developed to adulthood.  The last bar represents a MP control (M) to determine whether 

size of the particle played an important role in any noticed toxicity. N = 250 eggs/treatment (50 per 

experiment (replicate); 5 per vial). 

A 

B 
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The direct effect that different concentrations of Ag NPs had on Drosophila egg development.  The last 

bar in this graph represents a MP (M) control to determine whether the size of the particle is important 

in producing seen toxicity.  Asterisks signify a significant difference from either the vehicle control and 

a “+” signifies a significant difference from the MP control (p < 0.05).  N = 250 per treatment (50 per 

experiment (replicate); 5 per vial). 

 

Figure 2.7: The effect of maternal exposure of Ag NPs on Drosophila development. 
A)  The percent of eggs that successfully developed when parents were exposed to varying concentrations 

of Ag NPs (N = ;  B) The percent of 1
st
 instar larvae that successfully developed to adulthood when 

parents were exposed to  varying concentrations of Ag NPs.  The last bar in each graph represents the MP 

control (M) to determine whether size was an important factor in any noticed toxicity. Asterisks signify 

significant difference from the vehicle control and a “+” signifies a significant difference from the MP 

control. (p < 0.05).  N = 100 eggs/larva per treatment (20 per experiment). 
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B 

Figure 2.8: The direct effect of Ag NPs on Drosophila development. 
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were exposed to the same concentration of Ag MPs. 

2.4.6 Histological assessment of the effects of TiO2 and Ag NPs of Drosophila 

Whole Drosophila were examined for any morphological abnormalities associated with 

the presence of either type of NP as compared to that seen by MP controls or the vehicle controls.  

No differences were noted among the vehicle control, MP control and NP treated Drosophila for 

either type of NP in Drosophila fat bodies, reproductive organs, the lining of the digestive system 

and neural tissues.  There was no apparent inflammation, apoptosis or necrosis, and no 

distinguishable difference between the NP treated groups and the two different control groups 

(not shown; Appendix B). 
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2.5  Discussion  

The presence of NPs in the environment is a growing concern due to their widespread use 

in a plethora of consumer products, including packaged foods.  While investigations of the 

toxicity of TiO2 and Ag NPs have finally begun, their effects on reproduction and development 

have received little attention.  Using two distinct model organisms, Drosophila and mice, we 

have now gained valuable information on the effects that these types of NPs can produce.   Rather 

surprisingly, each NP type affected development in both organisms, but there were distinct and 

potentially important differences.   

2.5.1 TiO2 NP developmental and reproductive toxicity in CD-1 mice and Drosophila 

In our study, rutile TiO2 NPs had a significant and negative impact on mouse development 

after a single maternal oral dose of 100 mg/kg or 1000 mg/kg.  This is of concern considering that 

rutile TiO2 NPs have been determined to be harmless when administered orally at a dose of 5 

g/kg (Sugibayashi et al., 2008).  Prenatal exposure to the more harmful anatase TiO2 NPs resulted 

in neural tissue damage in rats (Shimizu et al., 2009; Takeda et al., 2009).  Thus, this study as 

well as our own suggests that TiO2 NPs may be more harmful to developing tissues than to post-

developmental stage tissues.   

While there was a clear negative impact of TiO2 NPs on mouse development, 

developmental processes were affected in the Drosophila model.  There was, however, a 

significant decrease in the insects‟ reproductive success.  A decrease in the number of eggs 

oviposited as seen in our study has been used previously as a marker of a reproductive toxicity 

(Zelikoff et al., 1995).  This decrease in fecundity due to chronic exposure to TiO2 NPs is similar 

to the decrease associated with feeding the antifolate, methotrexate to Drosophila (Affleck et al., 

2006).  Similarly, a decrease in the reproductive output was also seen in Daphnia magna females 

after exposure to TiO2 NPs (0.01 to 100 mg/L) for 21 days (Wiench et al., 2009). 
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It is not known how TiO2 NPs lead to abnormalities in development.  It has been suggested 

that they can induce the production of ROS and thereby damage mammalian germ line cells 

(Braydich-Stolle et al., 2005).  However, most NP studies have focused on their effects as a male 

reproductive toxicant because they have been shown to target male reproductive organs (Takeda 

et al., 2009), and thus their impact on female reproductive processes is less understood 

(McAuliffe and Perry, 2007).  Because these NPs reduce fecundity in female Drosophila and 

result in significant fetal loss and abnormalities in CD-1 mice, it is crucial that the potential 

harmful effects of these and other manufactured NPs be evaluated. 

2.5.2 Ag NP developmental and reproductive toxicity in CD-1 mice and Drosophila  

Ag NPs also had a significant effect on the normal development of fetal CD-1 mice 

consistent with a number of studies with this type of NP (Grodzik and Sawosz, 2006; Powers et 

al., 2010).  For example, drastic morphological changes were seen in zebrafish embryos exposed 

to Ag NPs, along with a myriad of other toxicological responses (Asharani et al., 2008).  

Curiously, however, of the parameters we studied, only viability was affected and at the lowest 

dose (10 mg/kg).  Since no impact was seen at higher doses (100 or 1000 mg/kg), we postulate 

that the Ag NPs may have agglomerated after administration resulting in a stable mass with 

reduced toxicity, which could lead to clearance by the organism.  Cells in vitro only take up 

particles ≤ 130 nm (Skebo et al., 2007), and since a substantial proportion of the Ag NPs in the 

present study were 100 - 200 nm individually, any agglomerates or aggregates fostered by the 

higher concentrations would have been much larger and would almost certainly have prevented 

internalization via the gastrointestinal tract.  Thus it is unlikely that any fetus would have been 

exposed to the NPs at these higher doses.  In our TEM analysis, we did attain images of 150 nm 

particles in liver and kidney of fetuses prenatally exposed to 10 mg/kg Ag NPs, suggesting that 
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the presence of the NPs themselves could have led to the observed teratogenicity.  However, the 

TEM analysis was preliminary and should be repeated to confirm these results. 

We used 5 different concentrations of both types of NP in Drosophila, and 3 different 

doses in CD-1 mice in the hopes of attaining a dose-response curve for each organism.  However, 

as indicated above, this may have been confounded by aggregates in the gavage vehicle.  There 

was a negative concentration-dependent effect on Drosophila eggs directly exposed to Ag NPs, 

but this was the only assay with such a clear effect.  Nevertheless, other toxicological studies 

have noted that effects are often unrelated to NP exposure concentration (Hund-Rinke and Simon, 

2006).     

Strikingly, Ag NPs also affected viability of Drosophila eggs during our direct exposure 

experiments.  The large decrease in the successful development to adult stages when exposed to 

increasing concentrations of the NPs, coupled with the lack of impact seen with Ag MPs, 

supports our hypothesis that Ag NPs exert toxicity not seen by exposure to larger particles of the 

same composition.  We consider that this is likely due to the increased ability of Ag NPs to enter 

cells and organ systems compared to MPs.  In fact, cellular uptake of particles up to 10 µm in size 

is unlikely and more restricted than smaller particles (Li et al., 2003), and in rat gastrointestinal 

mucosa, particles only 1/10 that size were not observed to readily cross the gastrointestinal 

mucosa (Jani et al., 1992). 

2.5.3 Differences in the toxic response of CD-1 mice and Drosophila 

 Due to the distinct differences in the reproductive physiology of vertebrates and 

invertebrates, we were uncertain if the effects of NPs in CD-1 mice and Drosophila would be 

similar.  However, if the same NPs proved toxic, this would be cause for concern possibly for all 

metazoans.   Here we show that both TiO2 and Ag NPs have the potential to affect reproductive 

success in evolutionarily distant model organisms.  However, the response of each species was 
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distinct, possibly due to differences in the length and type of exposure in each organism.   Dosing 

by oral gavage is more direct than mixing the NPs into food and in previous studies, the route of 

administration was shown to have an impact on toxicity (Williams et al., 1982; Grassian et al., 

2007).  To minimize the impact of the stress of oral gavage on pregnant mice, we only exposed 

the fetuses to NPs via maternal ingestion of an acute, single dose.  Due to the ubiquity of NP 

additives, human mothers likely experience chronic doses, albeit at lower concentrations, of metal 

NPs.   

 In conclusion, our experiments demonstrate that both TiO2 and Ag NPs can cause 

detrimental effects on reproductive and/or developmental success in both CD-1 mice and 

Drosophila.  There are differences in their responses, but overall we have highlighted the 

importance of investigating the toxicity of these new manufactured additives beyond the acute 

and direct effects on a single organism.  The addition of TiO2 and Ag NPs to commercial 

products should be restrained for it could have detrimental effects on future generations of a 

variety of species. 
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CHAPTER 3  

Investigating the effects of functionalized CNTs on reproduction and 

development in two model systems 

3.1 Abstract  

 CNTs are increasingly used in numerous applications, including electronics, water 

purification and food packaging.  If functionalized by the attachment of various molecules, they 

have also been proven useful for gene and drug delivery. After functionalization, CNTs can be 

taken up by cells, but the consequence of this uptake has been largely understudied.  Since the 

impact of fCNTs on reproduction and development is almost entirely unaddressed, we have 

investigated the effect of ingested hydroxyl-fCNTs on female reproduction and developmental 

processes in Drosophila and CD-1 mice.  The fCNTs had no impact on Drosophila, however they 

significantly altered offspring development in CD-1 mice.  A single oral dose of fCNTs (10 

mg/kg) to pregnant dams significantly increased the number of resorptions, and resulted in fetuses 

with external morphological defects and skeletal abnormalities.  Differences between the 

responses of the two organisms likely reflect their physiology.   This research underscores the 

need to examine the effects of fCNTs on reproductive health and development, particularly in 

mammals, before the utilization of CNTs continues to increase. 
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3.2 Introduction  

 CNTs are composed of either single-walled or double-walled sheets of carbon rolled into 

a seamless tube with diameters that are in the nanometer range and lengths that can be much 

longer (Pastorin, 2009).  Because of their special properties, CNTs have found many applications 

since they were first manufactured two decades ago.  Their high thermal and chemical stability, 

textile strength, elasticity and conductor or semi-conductor capabilities (Hirsch, 2002) have 

resulted in the use of CNTs in many electrical and engineering applications.  CNTs are also being 

developed in the medical field as drug and gene delivery systems (Bianco et al., 2005). 

 CNTs can be functionalized by attaching different molecules to their structure to change 

some of their properties, such as increasing solubility.  From a medical perspective, 

functionalization can improve the uptake of CNTs into cells, which is pertinent to their use in 

gene and medicine delivery (Klumpp et al., 2006; Kostarelos et al., 2007).  While cellular uptake 

of CNTs is critical to their medical use, the ease of uptake of these particles has led to some 

uncertainty as to the safety of these materials. 

 Because of the small size of CNTs, they are taken up by numerous cell types and cause a 

variety of detrimental effects, including the production of ROS (Shvedova et al., 2003; Manna et 

al., 2005; Pulskamp et al., 2007;Müller et al., 2009), inflammation (Sato et al., 2005; Müller et 

al., 2009), and a decrease in cell viability (Shvedova et al., 2003; Manna et al., 2005).  However, 

no acute or chronic toxicity was observed when mice were treated with fCNTs (Schipper et al., 

2008) but nfCNTs in mice exposed via intratracheal installation or intraperitoneal injection 

produced both lung inflammation and granulomas (Lam et al., 2004; Poland et al., 2008).  Thus 

fCNTs appear to be less toxic than nfCNTs (Klumpp et al., 2006; Sayes et al., 2006), although 

this has not yet been definitively established since the toxic effects of fCNTs have been far less 

studied. This highlights the need for further investigations to identify what properties make a 
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CNT toxic or safe.  While the effects of CNTs on adults are important, one must also consider the 

possible detrimental effects that CNTs could have on reproduction and development, which are 

highly dynamic processes that are often vulnerable to exogenous compounds. 

The reproductive and developmental toxicity of CNTs has been largely unstudied, as is 

the case for NPs in general.  When Drosophila larvae ingested nfCNTs, these particles localized 

in neural tissue, although no detrimental effects were noted (Leeuw et al., 2007; Liu et al., 2009).  

Limited information from other types of NPs indicates that they can interfere with developmental 

processes.  For example, mice prenatally exposed to TiO2 NPs showed abnormal morphology of 

the genitalia of male pups (Shimizu et al., 2009; Takeda et al., 2009).  As well, injection of silica 

nanowires into fish embryos resulted in an increase in embryonic mortality and the production of 

morphological defects (Nelson et al., 2009).  While it is impossible to equate different types of 

NPs, some mechanisms by which they exert toxicity could be common across NP types, including 

the production of ROS, inflammation and apoptosis.   

The more efficient uptake of fCNTs coupled with suggestions of their potential toxicity 

imply that CNTs could be harmful to reproduction and development.  Larvae and fetuses tend to 

have decreased cytoprotective and antioxidative enzymes as compared to mature forms (Wells et 

al., 2005), and reproductive and developmental processes are often susceptible to damage from an 

external source due to their dynamic nature.  With this in mind, the present study investigated the 

effect that fCNTs had on reproduction and development using two models, Drosophila and CD-1 

mice, to assess the potential impact of fCNTs across a wide range of organisms. 
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3.3 Material and Methods 

3.3.1 Materials 

Single-walled CNTs were functionalized with a hydroxyl (-OH) group (fCNTs) by MK 

Nano (MK Impex Canada, Mississauga, ON) and they were >90% pure with a 1 – 2 nm diameter 

and a 5 – 30 µm length.  Graphite particles, purchased from GoodFellow (Oakdale, PA), were 

99.9% pure with a 75 µm diameter, and were used as the MP control because of the similarity in 

chemical structure.  CNTs were further characterized for shape and verified for size by TEM.  

fCNTs were used in the present study because -OH functionalization has been shown to improve 

circulation and tissue distribution of CNTs in vivo (Wang et al., 2008). 

3.3.2 NP suspensions for oral dosing of CD-1 mice 

NP suspensions for oral dosing of CD-1 mice were prepared by adding either 0.2% or 2% 

w/v fCNTs to make 10 or 100 mg/kg doses, respectively, in 0.5% w/v tragacanth gum solution in 

distilled water.  The fCNTs were sonicated in the 0.5% w/v tragacanth gum solution for 90 

seconds immediately prior to dosing.  Tragacanth gum (0.5% w/v) in distilled water was used as 

the vehicle control. 

3.3.3 Maintenance of CD-1 mice, dosing protocol and Day 19 teratology study 

Male and female CD-1 mice, age 4-6 weeks, were purchased from Charles River Ltd. 

(Montreal, QC) and allowed to acclimatize for one week in the Animal Care Facility at Queen‟s 

University prior to breeding.  All practices were in accordance with the guidelines of the 

Canadian Council on Animal Care and experimental procedures were approved by the Animal 

Care Committee (Queen‟s University).  Mice were fed standard rodent chow and provided 

continual access to water.  Three females were housed with one male from 17:00 to 9:00 h and 

pregnancy was ascertained by the presence of a vaginal plug the next morning. This morning was 

designated GD 1.  On GD 9 (during organogenesis), pregnant females received a single 5 mL/kg 
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dose of one of the two concentrations of single walled fCNTs or a vehicle control by oral gavage.  

On GD 19, one day prior to spontaneous delivery, female mice were weighed and then sacrificed 

via cervical dislocation and the uterus was examined for the presence of resorptions.  After 

fetuses were removed, they were blotted and placed in an incubator at 37°C for 2 h and 

subsequently scored for viability (assessment of mortality).  All fetuses were counted, weighed, 

length measured and examined for external morphological defects.  Each group contained 10 – 15 

litters, each of which was divided in to two pools for further skeletal or histological analyses as 

described below. 

3.3.4 Assessing the impact of fCNTs on fetal skeletal development 

Fetuses were placed in Carnoy‟s fixative (5 mL) for 48 h at 24ºC.  Fetuses were stained 

following a protocol modified from Yan and Hales (2005).  Briefly, fetuses were skinned and 

eviscerated then placed in an Alcian Blue acid stain (0.14% Alcian blue GX (Sigma-Aldrich, 

Oakville, ON) in 5 parts 70% ethanol; 0.12% Alizarin red S (MP Biomedicals Inc.) in 1 part 96% 

ethanol; 8 parts glacial acetic acid; 50 parts 70% ethanol) (pH = 2.8) for ≥ 24 h.  The acid stain 

was then replaced with 96% ethanol for at least 6 h to dehydrate the tissue.  Ethanol was replaced 

with Alizarin Red basic stain (250 parts 0.7% KOH in distilled water; 1 part 0.5% Alizarin red S 

(MP Biomedicals Inc.) in distilled water) for ≥ 48 h, with the solution changed at least 3 times.  

When skeletons were cleared of tissue, the stained skeletons were placed in clearing solution (2 

parts 70% ethanol; 2 parts glycerin; 1 part benzyl alcohol) for 8-9 h, and then stored in a 1:1 

glycerol to 70% ethanol solution.  Fetuses were stored this way until they were examined for 

defects using a dissecting microscope.  Fetuses were examined primarily for presence of vertebral 

defects, sternebrae defects, polydactyly, braincase abnormalities and cleft palate. 

 

 



57 

 

3.3.5 Histological and TEM assessment of fetal tissue 

Placentas, fetal livers and fetal kidneys were removed and preserved in 10% phosphate 

buffered formalin for at least 48 h at room temperature.  These organs were then placed in 

histology cassettes, infiltrated and paraffin embedded.  Sections were taken and stained with 

hematoxylin and eosin staining and examined with a light microscope, all according to standard 

procedures. 

For TEM analysis, fetal livers and kidneys were removed as above.  After washing, with 

0.1 M cacodylate buffer (pH 7.4) 3 times and placed in 2.5% glutaraldehyde fixative in 

cacodylate buffer (primary fixative) overnight at 4°C, the organs were rinsed 3 times in 0.1 M 

cacodylate buffer and placed in a secondary fixative (1% osmium tetroxide in 0.1 M cacodylate 

buffer) for one h.  Osmium tetroxide was replaced with 3 washes of cacodylate buffer and then 

placed in 10% ethanol for 15 min, followed by washes of 25%, 50%, 70%, 90%, 95%, and twice 

in 100% ethanol.  Organs were embedded and sectioned to 70 nm thickness and were examined 

using a Hitachi-H 70000 TEM for the presence of CNTs. 

3.3.6 Drosophila treatments, fecundity and fertility assessments 

Drosophila, strain Canton S (CS) were maintained on standard molasses culture media 

(see Appendix A for recipe) at 25°C.  Increasing concentrations (0, 0.005%, 0.01%, 0.05%, 0.1%, 

0.5% w/v) of purchased single-walled fCNTs and graphite powder (0.05% w/v) were prepared in 

distilled water, sonicated for 30 seconds then added and mixed into melted molasses culture 

medium. 

  Male and virgin female flies were collected within 8 h of eclosion.  Three to four males 

and two females were placed in 35 mL vials containing 2 mL +/- 0.5 mL of culture medium in a 

removable cap, and were maintained in partial darkness at 25°C for 14 days.  Removable food 

caps were replaced every 12 h, and the number of eggs laid for each 24 h period was recorded 
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beginning on day 2 following eclosion to allow for sexual maturation.  Egg viability was recorded 

24 – 36 hours later by counting the number of eggs that had successfully hatched.  This 

experiment contained 7 groups: 1 vehicle control, 1 MP control (0.05% w/v) and 5 concentrations 

of single walled fCNTs (0.005%, 0.01%, 0.05%, 0.1% and 0.5% w/v).  Five vials were set up per 

each of 5 experiments (replicates).  Fecundity was expressed as a percent of control values, as 

calculated by the average number of eggs laid per female per day.  Fertility, or egg viability, was 

expressed as a percentage of laid eggs that successfully hatched per female per day. 

3.3.7 fCNTs and Drosophila development 

To ascertain the effect of single-walled fCNTs on Drosophila development, both the 

maternal effects and direct effects of fCNTs were investigated.  Maternal effects of fCNTs were 

studied by exposing only the parental generation to different concentrations of fCNT (0.005% - 

0.5% w/v).  Male and female Drosophila were housed together and oviposition continued for 12 

h, after which 4 eggs per vial (for a total of 20 eggs per treatment per experiment) were 

transferred to new vials containing culture medium (free of NPs and MPs) and allowed to develop 

undisturbed until the adult stage (~ 10 days).  This procedure was repeated with the exception that 

development was assessed using 1
st
 instar larvae as the initial stage, rather than unfertilized eggs 

to confirm fertility results.  Percentages of successfully developed Drosophila were calculated for 

egg and larval development separately.  A total of five experiments (replicates) were performed. 

The direct impact of fCNTs on Drosophila development was investigated by allowing 

same-aged flies that were reared on culture medium free of NPs to reproduce.  Freshly oviposited 

eggs (10 eggs per treatment group) were transferred to medium containing one of five 

concentrations (0.005% - 0.5% w/v) of single-walled fCNTs, 0.05% graphite or distilled water 

alone added to the medium.  Development was allowed to proceed for 10 – 12 days undisturbed.  

The number of adults that successfully eclosed was expressed as a percentage and comparisons 
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were made across treatment groups.  Five experiments (replicates) were performed with 5 vials 

each. 

3.3.8 Histological analysis of Drosophila  

To assess the potential maternal effects of fCNTs on Drosophila, histological analysis 

was performed on adults, which were offspring of parents that had been exposed to either 0.05% 

fCNTs, 0.05% graphite MPs or medium without additional carbon particles.  Adult Drosophila 

(~30 for each treatment) were paraffin embedded and stained with hematoxylin and eosin.  

General histological analysis was performed under a light microscope to assess differences 

between treatment groups. 

3.3.9 Statistical Analyses for CD-1 mouse and Drosophila studies 

One-way ANOVAs were used to compare differences between litter size, fetus weights 

and lengths compared to the vehicle control.  A Fisher‟s Exact test was used to compare the 

categorical data accumulated for gross morphological and skeletal defects, as well as the 

occurrence of resorptions and the measure of viability between control fetuses and different 

treatment groups. 

Repeated measures two-way ANOVAs (with a Bonferroni post-hoc test) were used to 

determine if there were differences across treatment groups and days for the fecundity and 

fertility, comparing across treatment and experimental days.  One-way ANOVAs (with a 

Dunnett‟s post-hoc test) were used to determine whether there were differences between 

treatment groups for Drosophila development studies.  One-way ANOVAs were also conducted 

to compare the 0.05% w/v graphite, the 0.05% w/v fCNTs treatment group and the vehicle 

control to determine if particle size was an important factor in the effect that was seen in 

Drosophila exposed to fCNTs.  Prism 4 was used for all statistical analyses. 
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3.4 Results 

3.4.1 fCNT characterization 

The single-walled fCNTs described by the manufacturer as 5 - 30 µm by 1 - 2 nm were 

imaged by TEM images to be within NP range (~ 5 – 10 nm), but the majority were aggregated 

even after sonication due to their substantial length (Figure 3.1) 

3.4.2 The effect of fCNTs on CD-1 mouse development 

On GD 19, 10 days after oral administration of fCNTs to pregnant CD-1 mice and one 

day prior to spontaneous delivery, fetuses were removed and evaluated.  Litter sizes and the 

changes in maternal weight (GD 9 to GD 19) were statistically similar across all treatment groups 

and effects on their pups were dose-independent.  Although fetal lengths, weight and viability 

were similar across treatment groups, there was a significantly higher percentage of resorptions, 

gross morphological defects (p < 0.05; Table 3.1) and skeletal abnormalities (p < 0.05; Table 3.2) 

in fetuses exposed to 10 mg/kg fCNTs.  External defects consisted of open eyelids (7 fetuses), leg 

structure abnormalities (3 fetuses), and tail structure aberrations (2 fetuses).  Skeletal analysis 

revealed a high percentage of fetuses with reduced phalange ossification of both the pectoral and 

pelvic limbs, defects of the cervical vertebrae (specifically C1 and C2) and variable ossification 

of the sternebrae (Figure 3.2).    

There were no notable differences between any of the treatment groups when placentas, 

fetal livers and fetal kidneys were examined histologically (not shown; Appendix C), indicating 

that fCNTs do not result in significant inflammation, apoptosis or necrosis.  The CNTs could not 

be visualized in tissue using the TEM.   
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Hydroxylated fCNT at a concentration of 0.2% w/v of CNTs.  Note the organic matter in the background is 

the vehicle, 0.5% w/v tragacanth gum in distilled water.  Each photo shows a different image of the same 

sample to provide an idea of the amount of aggregation. 

 

Figure 3.1: TEM image of fCNTs. 
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Table 3.1:  The effects of fCNTs on CD-1 mouse reproduction and development. 

Treatment 

 

 

Number 

of litters 

examined Mean litter size 

(+/- SD) 

Mean 

maternal 

weight change 

(g) 

(+/- SD) 

Number 

of fetuses 

examined 

Mean fetal 

weight (g) 

(+/- SD) 

Mean fetal 

length (cm) 

(+/- SD) 

% of total 

fetuses with 

gross 

morphological 

defects 

(+/- SE) 

% of total 

implantations 

that were 

resorptions 

(+/- SE) 

% of total 

fetuses that 

were non-

viable 

(+/- SE) 

 

Control 

 

10 12.3 +/- 2.2 26.5 +/- 4.6 127 1.39 +/- 0.1 2.56 +/- 0.1 0 0.8 +/- 0.8 0.8 +/- 0.8 

 

10 mg/kg 

 

12 11.9 +/- 4.1 28.2 +/- 5.7 155 1.35 +/- 0.1 2.54 +/- 0.1 3.9 +/- 1.5* 5.8 +/- 1.8* 3.2 +/- 1.4 

 

100 mg/kg 

 

12 13.1 +/- 1.3 29.0 +/- 3.6 156 1.37 +/- 0.1 2.54 +/- 0.1 0 2.5 +/- 1.2 0 
 

Table 3.2: The effects of fCNTs on CD-1 mouse fetal skeletons. 

   Number of defects by type       

Treatment 

Number of 

fetuses 

evaluated 

Percent of 

fetuses with 

defects 

(+/- SE) Clavicle 

Phalanges of 

hindlimb 

 Phalanges 

of forearm Sternebrae 

Cervical 

vertebrae Braincase Palate Other 

 

Control 88 8.0 +/- 2.9 1 1 0 2 3 0 1 0 

 

10 mg/kg  122 23.0 +/- 3.8* 2 13 8 9 7 0 0 3 

 

100 mg/kg  124 11.3 +/- 2.8 2 0 0 5 4 0 3 1 

Asterisks signify significant difference from the controls (p < 0.05). 

Asterisks signify significant difference from the controls (p < 0.05). 
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Figure 3.2: Observed skeletal variations following exposure to fCNTs.  

The effect on fetal skeletons following prenatal exposure to 10 mg/kg fCNTs. A) A misaligned sternum. B) A 

control sternum. C) A sternum with reduced ossifications (arrow).  D) A control C2 vertebrae. E) An abnormally 

shaped C2 vertebrae (arrow). F) Control phalanges. G) Reduced phalange ossification (arrow). 
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3.4.3 The effect of fCNTs on Drosophila development 

Drosophila female fecundity calculated as the percentage of eggs that were laid per 

female per day was reduced in some of the fCNT treatment groups (Figure 3.3).  Across all 

experimental days for 0.1% or 0.5% w/v fCNTs, there was a decrease in the fecundity, although it 

was only significantly different on day 7 (p < 0.05).  There were no significant differences 

between experimental days within each treatment group and there were no significant differences 

between graphite MPs and the same concentration of fCNTs.  For all groups, the percentage of 

eggs that hatched, or egg viability, was ~ 90% with no significant difference seen (Table 3.3).  

Nor was egg viability different for either the vehicle control or the MP control groups.  However, 

among some fCNTs treatment groups, there were significant changes (p < 0.05) in egg viability 

across some experimental days (data not shown), and these changes were not seen in the vehicle 

or MP control groups.  When Drosophila development was monitored to the adult stage, there 

was no significant maternal (Figure 3.4) or direct (Figure 3.5) influence by fCNTs.   

Consistent with these observations, there was no impact of CNT-treatment on the 

reproductive organs, the lining of the digestive tract, neural tissues and fat body as assessed by 

histological assessment of whole sections (Appendix C; data not shown).  As well, no changes 

were seen when fCNT-treated Drosophila histology slides were compared to the MP and vehicle 

controls. 
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The percent of eggs that were laid by Drosophila exposed to varying concentrations of fCNTs compared to 

the control (100%).  The last bar for each day represents the MP control (M) to determine if size is 

important in the extent of effect seen with the NPs.  Asterisks signify a significant difference compared to 

the controls (p < 0.05). N = 25 females per experiment (replicate); 5 replicates. 

 

 

 

Figure 3.3: The effect of fCNTs on Drosophila female fecundity. 

* 
* 
* 
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Table 3.3:  The effect of fCNTs on Drosophila egg viability. 

Treatment 

% of eggs 

that hatched 

on Day 2 

(+/- SEM) 

% of eggs 

that hatched 

on Day 5 

(+/- SEM) 

% of eggs 

that hatched 

on Day 8 

(+/- SEM) 

% of eggs 

that hatched 

on Day 11 

(+/- SEM) 

% of eggs 

that hatched 

on Day 14 

(+/- SEM) 

Control 89.5 +/- 2.5 90.1 +/-2.6 96.0 +/- 1.2 92.9 +/- 1.9 87.5 +/- 2.2 

0.005% 94.6 +/- 1.4 92.2 +/- 2.4 93.6 +/- 2.4 90.9 +/- 2.4 83.0 +/- 4.4 

0.01% 91.1 +/- 1.9 92.7 +/- 1.9 90.1 +/- 2.2 91.2 +/- 2.2 83.8 +/- 3.3 

0.05% 83.8 +/- 4.7 94.1 +/- 2.1 91.6 +/- 3.0 85.8 +/- 2.6 86.7 +/- 3.3 

0.10% 92.5 +/- 2.0 92.3 +/- 2.8 92.1 +/- 2.3 90.1 +/- 2.9 93.1 +/- 2.1 

0.50% 87.7 +/- 3.1 89.9 +/- 2.9 93.5 +/- 1.7 90.3 +/- 2.5 79.4 +/- 4.7 

M 0.05% 89.7 +/- 2.2 93.9 +/- 1.5 93.7 +/- 2.9 92.1 +/- 2.3 90.0 +/- 3.0 

 

 

The percentage of eggs laid by Drosophila exposed to varying concentrations of fCNTs that hatched 24 – 36 

h after being laid.  The last row signifies a MP (M) control to determine whether size of the particle was an 

important factor in any effect seen by the fCNTs. 
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Figure 3.4: The effect of maternal exposure of fCNTs to Drosophila development.  

A)  The percent of eggs that successfully developed to adulthood following parental exposure to varying 

concentrations of fCNTs. B)  The percent of 1
st
 instar larvae that successfully developed to adulthood following 

parental exposure to varying concentrations of fCNTs.  The last bar in both graphs represent a MP control to 

determine whether size was an important factor in any notable toxicity. N = 100 eggs/larva per treatment; 4 per 

vial; 5 vials per experiment (replicate); 5 replicates. 

 

Figure 3.5:  The direct effect of fCNTs on Drosophila development. 

The last bar represents a MP (M) control to determine whether size of the particle was important in 

determining the toxicity of this material. N = 250 eggs/treatment; 5 vials of 10 eggs per experiment 

(replicate); 5 replicates. 

 

A 

B 
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3.5 Discussion  

There was a striking difference in the impact of fCNTs on reproduction and development 

of Drosophila and CD-1 mice.  Whereas there was little effect on Drosophila reproductive 

success, prenatally exposed CD-1 mice showed teratogenic effects.  Previous studies on CNT 

toxicity have largely focused on nfCNTs (Shvedova et al., 2003; Manna et al., 2005; Pulskamp et 

al., 2007; Müller et al., 2009). In accordance with our Drosophila results, fCNTs have been 

demonstrated to be safe  (Klumpp et al., 2006; Sayes et al., 2006; Singh et al., 2006; Schipper et 

al., 2008).  Functionalization is thought to reduce toxicity because of increased solubility and 

decreased aggregation (Lam et al., 2004; Klumpp et al., 2006; Poland et al., 2008).  

Because of the interest in fCNTs for medical use (Klumpp et al., 2006), we thought it 

was important to investigate their potential impact on maternal reproduction, particularly because 

of the scarcity of work on fCNTs.  Exposing CD-1 mouse dams to 10 mg/kg of hydroxyl-fCNTs 

resulted in significant increases in the occurrence of resorptions, external morphological defects 

and skeletal abnormalities in the resulting offspring.  This result was unexpected given the 

previously mentioned assumption that fCNTs cause less toxicity than nfCNTs.  

The higher doses of fCNTs did not significantly affect mouse development, possibly due 

to the concentration-dependent formation of complex aggregates that resulted in particles larger 

in size than those that can efficiently cross the mouse intestinal cells.  TEM-visualized CNT 

tangles in the sonicated dosing solution reached 30 µm (Figure 3.1), which is above the size 

restriction of the rodent intestinal mucosa (Jani et al., 1992).  For example, Jani et al. (1990) 

reported that after oral gavage, rats readily took up polystyrene microspheres of 50 nm, but not 

those ≥ 300 nm.   
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The distinct difference seen in the reproductive impact of fCNTs in CD-1 mouse 

compared to Drosophila may reflect their differing physiology and reproductive strategies.  

However, it is important to note that the fCNTs were dispersed in water or tragacanth gum prior 

to sonification and administration to the flies and mice, respectively.  The tragacanth gum was 

used as a suspending agent to ensure that the fCNTs did not precipitate out of solution prior to 

oral gavage, but it is possible that this may have impeded their solubility.  As well, the flies were 

dosed continually, whereas mice were administered a single dose in order to minimize any 

confounding effects of the stress of this procedure on the pregnant dams.  It is known that route of 

exposure can influence NP toxicity (Williams et al., 1982; Grassian et al., 2007). 

Despite the differences in experimental design, the most important distinctions between 

mouse and Drosophila development may be the developmental exposure time.  In our maternal 

effect experiments with Drosophila, progeny were only in contact with fCNTs for ~ 1 day, 

depending on the age of the female.  In contrast, the mouse fetus was retained for 10 days 

following maternal exposure.  Thus mouse offspring were exposed to potential teratogens for a 

longer period.  As well, if materials are toxic to dams, a longer exposure period could increase the 

probability that changes to the maternal physiology could also be detrimental to the fetus (Khera, 

1984).  Alternatively, the presence of a placenta in mice may be a crucial difference.  The 

placental transfer of the fCNTs could result in direct damage to the fetus or compromises to 

placental function could lead to morphological abnormalities similar to those we observed.  CNTs 

have been shown to produce ROS in in vitro models (Finnell, 1999), and have also resulted in an 

asbestos-like toxic response in mice (Poland et al., 2008), both of which could cause teratological 

effects.  Since Drosophila do not have a placenta, with nutrients being directly absorbed by the 

developing egg, this could also decrease the impact of maternal fCNT administration.   
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Here, we provide the first account of developmental toxicity of hydroxyl-fCNTs in CD-1 

mice, as well as the first investigation of the effects of these fCNTs on reproduction and 

development in Drosophila.  We believe that it is important to evaluate the toxicity of a particular 

material in more than one model organism, but now that we have seen significant effects of 

fCNTs on the reproductive health of mice, it is time to further study mammalian developmental 

toxicity of these nanomaterials prior to their widespread use in medicine.   
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CHAPTER 4  

General Discussion 

 This thesis was designed to address the possible reproductive and developmental effects of 

three types of NPs, TiO2, Ag and fCNTs, using two model organisms, Drosophila and CD-1 

mice.  The teratological effects of these nanomaterials have been evaluated in in vitro and in vivo 

models (see Chapter 1), but studies investigating their impact on reproduction and development 

are scarce.  This thesis demonstrates that all three types of NPs detrimentally impact the 

reproduction or development of either Drosophila or CD-1 mice.  TiO2 NPs affected both 

organisms, having a significant effect on Drosophila female fecundity and CD-1 mouse 

development.  Ag NPs had a damaging effect on Drosophila development when eggs were 

exposed directly and only a moderate effect on the development of CD-1 mice at the lowest dose.  

Lastly, hydroxyl fCNTs did not have any impact on Drosophila reproduction or development, but 

at a dose of 10 mg/kg significantly impacted CD-1 mouse development. 

4.1 The impact of TiO2 NPs on both Drosophila and CD-1 mice 

 Of the three types of NPs studied, it was most surprising that TiO2 had a widespread effect.  

Rutile type TiO2 has been shown to be less harmful to biological systems than the other common 

crystal form, anatase (Sayes et al., 2006).  Furthermore, in in vivo murine models, TiO2 NPs have 

been shown to be safe (Fabian et al., 2008; Sugibayashi et al., 2008).  However, the 

developmental effects of rutile type TiO2 NPs had yet to be examined prior to this, and it is 

plausible that this type of NP could be more detrimental to developmental processes than to adult 

organ systems.  Rutile TiO2 NPs produce ROS and apoptotic events in in vitro models (Braydich-
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Stolle et al., 2009).  TiO2 could have had an increased response compared to the other two NPs 

studied since after characterization with the TEM, it was clear that TiO2 NPs were the most well 

dispersed of the three NPs evaluated.  Individual TiO2 NPs were approximately 50 nm in size, 

with agglomerations up to 100 nm in size (Figure 2.1).  Many of the Ag NPs were 100 nm or 

larger individually, and the fCNTs were at least 5 µm in length.  Although comparable studies on 

Drosophila midgut are unknown, NPs are optimally taken up by the rodent intestinal tract at a 

size of 50 – 100 nm (Jani et al., 1990; Jani et al., 1992), suggesting that in our studies TiO2 NPs 

would be most likely to be distributed to the progeny, at least in mice. 

4.2 Differing results seen between each type of NP and each type of organism 

 I expected that these NPs would have similar effects to each other in each organism 

because NP toxicity is largely due to ROS production, which has been shown to be increased by 

TiO2 NPs, Ag NPs and CNTs (Pulskamp et al., 2007; Asharani et al., 2009; Braydich-Stolle et 

al., 2009).  However the differing results are not too surprising, given that each of these types of 

NPs are composed of very different materials, each of which possesses its own characteristics.  

These characteristics could be important factors in determining biological reactions, including 

their varying surface charges and chemistries, which could influence the kinetics of the NPs in 

vivo.  Because of differences in the ways these NPs were manufactured, further characterization 

of these NPs in particular would have to be performed to understand the full extent of different 

surface chemistries exhibited by these NPs. 

 While each type of NP would exhibit its own toxicity to the varying organisms, intrinsic 

differences between Drosophila and mice seem to play an important role in the different 

responses seen.  Utilization of these two organisms provided us with a broader idea of the 

dramatic differences one type of material can have in different species.  CD-1 mice are 
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traditionally used for developmental research compared to Drosophila, since mice have been used 

for the discovery of the mechanisms of many chemicals.  However, using Drosophila as a model 

for developmental toxicity of various substances is often overlooked.  Research using Drosophila 

is more time and cost effective compared to mammalian studies (Avanesian et al., 2009).  For 

instance, I was able to investigate the effect of a total of 5 concentrations of different NPs and as 

well examine the effect of 3 MP controls compared to 3 doses of different NPs in mice.  Others 

have shown Drosophila can model rodent studies in investigating the developmental effects of 

different compounds including arsenite (Goldstein and Babich, 1989), ethanol (Ranganathan et 

al., 2005), and methotrexate (Affleck et al., 2006; Avanesian et al., 2009).  Similarities in many 

reproductive and developmental processes are beginning to be realized between Drosophila and 

mice, including but not exclusive to internal fertilization, the process involved in sex 

differentiation, as well as conserved genes for sexual development (Avanesian et al., 2009).   

 Yet, utilizing two organisms that also have a number of dissimilarities allowed us to show 

how NPs may affect different organisms in separate ways.  The data from this study indicate that 

the three types of NPs examined did not affect the two organisms to the same extent.  While the 

disparity seen between the effects of these NPs in each organism are likely partially due to 

differences in their exposure, intrinsic differences in their reproductive and developmental 

processes are likely also involved.  Both NP type and species were also determined to be the 

discriminating factors of whether different types of metal or metal oxide NPs had a toxic effect in 

a variety of aquatic organisms ranging from crustaceans to fish (Griffitt et al., 2008). 

4.3 Impact of the effect of TiO2, Ag and fCNTs on reproduction and development 

 This research shows that orally exposed Drosophila and CD-1 mice are at risk for 

reproductive and developmental effects according to the parameters of this study.  In our studies, 
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a 50% reduction in Drosophila female fecundity was seen after exposure to TiO2 NPs compared 

to control Drosophila.  Despite this dramatic decrease, the TiO2 NPs were not as detrimental as 

MTX, for example, which results in complete sterility (Affleck et al., 2006).  Similarly, although 

a significant increase (up to 5% of fetuses) was seen in morphological defects in CD-1 mouse 

fetuses prenatally exposed to TiO2 and fCNTs, valproic acid (400 mg/kg) exposure resulted in 

three times the abnormalities (Elmazar and Nau, 1992).   

 So the question can be asked as to whether the results of the present study are relevant and 

whether they warrant concern.  One important factor distinguishing our results from those of most 

teratology studies is the use of a relevant route of administration as well as applicable doses.  

Particularly with regard to mouse studies, animals are usually exposed via intravenous, 

intraperitoneal or subcutaneous injection.  These routes of exposure are more direct than oral 

exposure, however are less environmentally relevant.  All three of these NPs have been indicated 

to be useful for commercial products that can lead to oral consumption.  TiO2 NPs are found in 

salad dressings as well as toothpastes (Lomer et al., 2000), Ag NPs are found in numerous food 

packages as antibacterial agents (Akbari et al., 2007), and CNTs are being exploited for drug 

delivery systems, which could include oral drugs (Pastorin, 2009).  So, while the route of 

exposure used could have been responsible for the differential uptake and responses seen between 

organisms, as well as the unusual dose-response relationship of these NPs, oral exposure is 

environmentally relevant and the results seen here can be evaluated in a more applicable manner. 

 While concentrations of Ag and CNTs in consumer products are largely unknown since 

there is no requirement to provide this information on packaging, concentrations of TiO2 in a 

variety of food items have been determined, and can be used as an example of the concentrations 

of NPs that are typically used for these products.  The TiO2 content in a variety of processed 
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foods that were labeled as containing TiO2 was found to be between 0.045 to 0.782% w/v (Lomer 

et al., 2000).  The highest concentration used in our Drosophila studies was 0.5% w/v and the 

concentration in our mouse studies ranged from 0.2% to 20% w/v of the dosing solution.  So 

while numerous factors must be considered in determining the relevance of a dose, our 

concentrations were not unreasonable.  Relevant concentrations along with a plausible exposure 

route still resulted in significant detrimental effects on both Drosophila and CD-1 mice, with 

effects for both occurring after only acute exposure (after 1 day in Drosophila and 1 dose in 

mice).  Therefore, it is not surprising that the extent of our effects were less than that seen in 

experiments with more classical teratogens, where typically concentrations are higher than 

normal exposure. 

4.4 Conclusions 

 In summary, the studies presented here are the first to show that rutile TiO2 NPs, Ag NPs 

and fCNTs produce reproductive and/or developmental abnormalities in either or both 

Drosophila and CD-1 mice.  Furthermore, each type of nanomaterial affected the two organisms 

to different extents and in different capacities.  This highlights the importance of considering each 

type of NP separately when considering the potential toxicity of these substances, especially 

considering that NP addition is often “cosmetic”(ie: for pigmentation).  It is certainly clear that 

different organisms respond differently to each individual type of NP. 

4.5 Future Directions 

While the data presented here provide an initial analysis of the potential detrimental 

effects that various types of NPs can have on the reproduction and development of various types 

of organisms, this research identified a number of future experiments to further assess the impact 

of NPs have on these processes. 
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Based on the results of this research, the most immediate step would be to conduct a 

detailed analysis of both maternal and fetal tissue to determine the extent of NP distribution 

within the exposed mouse and its fetuses, using both EM as well as analyses of the content of the 

NPs within the tissue using, for example, inductively coupled plasma atomic emission 

spectroscopy.  This technique has been successfully used to determine the amount of TiO2 NPs in 

tissue of rats that had been orally gavaged with these particles (Jani et al., 1994), and thus should 

provide a comprehensive analysis of NP content in maternal and fetal tissue.  While TEM 

analysis was attempted in these studies, a more thorough and comprehensive investigation using 

more than one technique would be more likely to be successful in localizing these NPs within the 

adult mouse as well as the fetus of CD-1 mice.   

Embryo culture studies with the various NPs should also be performed to evaluate the 

direct effect of these particles on the development of a complex mammalian system to 

compliment the direct exposure studies performed with Drosophila.  This would allow a direct 

assessment of the uptake of NPs into the embryo themselves, and would also allow mechanistic 

studies of the effect that these NPs have on mouse development.  Similarly, conducting studies in 

mice using MP controls along with the corresponding NP concentrations would confirm the 

results of this type seen in the present studies with Drosophila. 

Manipulating the number of times that the developing organism is exposed to the NPs as 

well as the timing of each exposure would provide an idea of which developmental processes for 

each organism is the most susceptible to these NPs.  This would also allow us to confirm if acute 

or chronic exposure is more detrimental to each organism.  In the current studies, pregnant CD-1 

mice were exposed on GD 9 because this is a dynamic time for the developing fetus in terms of 

organogenesis (Rugh, 1968).  However additional exposures at early and later points in gestation 



 

77 

 

would allow us to ascertain whether chronic exposure during development increases the 

occurrence of abnormalities observed.  In contrast, if we can expose Drosophila eggs and larvae 

at only one particular stage of development, we would possibly be able to determine which stage 

of this insect‟s development is most susceptible to exposure to these different NPs. 

The impact of NPs on male reproduction is an expanding area of research, however it has 

not been vigorously assessed in Drosophila or CD-1 mice.  The focus of the present studies was 

largely on the impact on female fecundity as well as on the in utero development of prenatally 

exposed offspring.  However, we were not able to address the impact of exposure of males only 

prior to fertilization to see if there was an impact on sperm production or viability.  Preliminary 

studies in our lab suggest that when NP exposed and unexposed Drosophila males competed for 

courtship with females, significantly more offspring were sired by unexposed males compared to 

those that were exposed to some types of NPs (Abram and Walker, 2009; unpublished).  

However, it is not known how the NPs were affecting these males.  Other studies have indicated 

that NPs may target the testes of different organisms and could have an impact on 

spermatogenesis (McAuliffe and Perry, 2007).  Similarly, it would also be interesting to expose 

both female and male mice prior to mating to decipher whether mammalian reproduction is 

affected by pretreatment of both genders with various types of NPs. 

Lastly, future studies should focus on determining the mechanisms of how these NPs 

affect reproduction and development.  While our study looked at general histological data to see 

whether there were obvious signs of damage to fetal tissue, more detailed steps should be taken to 

determine if particular markers of toxicity are present in fetal tissue.  For example, one could look 

at specific ROS levels to determine if they are elevated in fetuses that have been prenatally 

exposed to NPs.  One could also look at particular markers of inflammation and apoptosis to 
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determine more conclusively if these pathways are occurring at an elevated rate in organisms 

prenatally exposed to NPs. 

There are a wide variety of studies that could continue on from the research presented in 

this thesis, each of which would provide pertinent information as to the effects that these various 

types of NPs could have on reproduction and development in each of these organisms.  While the 

preliminary research presented here poses more questions than it answers, it is an important first 

step in evaluating the impact of these NPs on these important processes. 
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APPENDIX A 

Table 1: Recipe to prepare 1 L of standard molasses Drosophila culture medium. 

 

Ingredient Amount  

Water 1.1 L 

Molasses 82 mL 

Agar 9.4 g 

Cornmeal 82 g 

Yeast 33.8 g 

Methyl-p-hydroxybenzoic acid IN 1.8 g 

95% ethanol 18 mL 

Propionic acid 6.6 mL 

 

1. Mix ingredients (water to yeast) in a stainless steel vat, and heat until boiling.  Allow to 

boil for 5-10 minutes (to kill yeast). 

2. When preferred consistency is reached, turn off the heat and mix in the methyl-p-

hydroxybenzoic acid in ethanol and the proponoic acid to the above mixture.   

3. Poor vials and bottles as needed and allow to cool completely before use. 
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