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 The low risk and sustainable implementation of nanotechnology requires 

understanding how nanomaterial physicochemical properties influence their toxicity. 

Major drivers of toxicity need to be avoided while maximizing product efficacy so 

nanomaterials can be produced to best serve their applications and be of low risk 

when intentionally or unintentionally released into the environment. The two papers 

of this thesis investigate how surface chemistry, structure, and size influence the 

toxicity of two organic nanomaterials.  

 Chapter one provides information on the state-of-the-science in 

nanotoxicology as it relates to a series of high production volume organic 

nanomaterials and the possible toxicological impacts of size, structure, and surface 

chemistry.  

 Chapter two, specifically investigates the toxicity and uptake of carbon 

nanotubes (CNTs) that vary in structure and surface functionalization. Four different 



 

 

 

CNTs were investigated using embryonic zebrafish: pristine and carboxylated single-

wall (pSWNTs or cSWNTs) and pristine and carboxylated multiwall (pMWNTs or 

cMWNTs) nanotubes, each were stabilized with a Pluronic® surfactant. Pluronic® 

sonolytic degradation products were toxic to zebrafish embryos.  When the toxic 

Pluronic® fragments were removed by dialysis, there was little effect of pMWNTs, 

cMWNTs, or pSWNTs on embryo viability and development, even at high 

concentrations. cSWNTs were associated with embryo toxicity at all concentrations 

tested, even after removal of the sonolytic byproducts. From the data gathered, 

multiwall or single wall structure or pristine or carboxylated surface chemistry did not 

independently influence toxicity, although a combination of structure and surface 

chemistry could impact toxicity, possibly due to byproducts of chemical synthesis 

methods. cSWNTs were also associated with the lowest uptake in the zebrafish 

compared to the other materials which could be due to lower bioavailability of the 

materials or the compromised health of the animals.   

 Chapter three focuses on polymeric capsules that are part of a commercially 

available pesticide formulation. By separating the capsules according to size, a 

toxicity evaluation is completed to investigate how capsule diameter influenced the 

toxicity of the entrapped pesticidal active ingredient (AI). The analysis compared 

particles of about 200 nm in diameter to particles with diameters of about 2 μm.  

Toxicity was evaluated 24 hours after exposure to equivalent amounts of AI by the 

presence and severity of pyrethroid-specific tremors, 14 sublethal developmental 

impacts and mortality. Fish exposed to greater than 20 μg a.i. L-1 technical λ-Cy or 

formulated product experienced curvature of the body axis, pericardial edema, 



 

 

 

craniofacial malformations, and mortality. Exposure to the unfractionated 

formulation, micro fraction, nano fraction and technical a.i. resulted in no significant 

differences in the occurrence of sublethal impacts or mortality; however, the technical 

a.i. exposure resulted in significantly less fish experiencing tremors and shorter 

tremors compared to any of the formulated product exposures. This suggests that the 

capsule size alone does not influence the toxic response of the entrapped λ-Cy. 

Testing across other encapsulated products is needed to determine if size does not 

have influence on toxicity regardless of encapsulation technology. 

 Lastly, chapter 4 discusses the main conclusions of the thesis body of work. It 

provides highlights of key findings, interprets the meaning of those findings to the 

general public and suggested next steps for this line of research.    
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Chapter 1.  
Introduction 

1.1. Nanoscience and Nanotechnology 

Nanoscience is the study of structures and materials that are on the scale of 1-100 

nanometers (nm) and their corresponding unique size-dependent properties 

(Mulvaney 2015). Since the early 2000s nanoscience and nanotechnology have 

influenced many facets of industry with the increased applications for nano-sized 

materials (Mulvaney 2015). Nanoscale materials exist naturally from geological and 

biological processes, but what differentiates nanotechnology and makes the field 

unique is the ability to manipulate material at the atomic level and therefore engineer 

uniform and very precise materials. The ability to pick atoms up and move them 

around as building blocks along with better visualization and characterization tools 

initiated the nanotechnology revolution (Donaldson, Stone et al. 2004).   

Nanomaterials are being exploited for their unique physicochemical characteristics 

compared to the same material in bulk. Their high surface area to volume ratio results 

in a large percentage of the atoms on the material’s surface. This results in higher 

reactivity and changes in phase transition temperatures that can be beneficial for 

certain applications. Nanoscale materials such as cellulose and graphene sheets or 

tubes are utilized for their great tensile strength (Baughman, Zakhidov et al. 2002; 

Wei, Rodriguez et al. 2014). Imaging and optical applications are also plentiful 

because of the unique light scattering and absorbing properties that change with size 

for materials like gold and silver (Lee and El-Sayed 2006). The unique fate, transport 

and toxicity of nanomaterials compared to bulk form can also be a result of a 

nanomaterial’s size corresponding to that of biological molecules and machinery 
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(Albanese, Tang et al. 2012). This can be a benefit for the targeted delivery of 

therapeutics or for creating effective antimicrobials, but can also make nanoparticle 

risk different from bulk or ionic form.    

1.2. Nanotoxicology 

With nanomaterials being used for everything from medicine to textiles, their release 

into both biological and ecosystem environments is inevitable. Unintentional 

exposure is likely to occur considering the widespread use of nanomaterials. They can 

enter the environment directly after remediation efforts, when applied as pesticide, 

fertilizers, or antifoulants or with wastewater if treatment plants are unable to remove 

them before effluent discharge (Gottschalk and Nowack 2011; Kunhikrishnan, Shon 

et al. 2014). Even with known routes of release into the environment, there still is 

little federal regulation to set and enforce safe levels for the environment and public 

health.  

Part of the challenge in setting regulations comes from the seemingly infinite 

possibilities for nanomaterials. It is neither sustainable nor possible to complete a 

thorough risk assessment on each unique material created. To further complicate 

matters, nanomaterials often undergo transformations when they enter different 

environments (Lowry, Gregory et al. 2012). Such transformations include homo- or 

heteroaggregation or dissolution (Leclerc and Wilkinson 2014) which impact shape, 

size, composition, bioavailability, and available surface area and adds complexity to 

our understanding of material toxicity (Simko, Nosske et al. 2014). 

Although there are many challenges associated with the toxicological evaluation of 

nanomaterials, researchers are looking to detect patterns between physiochemical 
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properties and toxicity. Without the luxury of the well-established partitioning 

coefficients and laws of equilibrium often used to predict the toxicity of traditional 

chemicals, nanotoxicologist are trying to determine if toxicity can be predicted by the 

nanomaterial’s intrinsic properties. In a lot of cases, it has been found that changes to 

shape, size, charge, surface chemistry and core composition can have dramatic and 

sometimes predictable impacts on toxicity and pharmacokinetics (Li and Huang 2008; 

Albanese, Tang et al. 2012; Murugan, Choonara et al. 2015) although making 

generalization across diverse materials is still limited.  

1.2.1. Physicochemical parameters with potential to influence toxicity 

1.2.1.1. Size 

The small size of nanomaterials are associated with many desirable properties; 

however, these same properties are likely to cause unwanted or greater 

biological/toxicological reactivity compared to the same material in bulk or ionic 

form (Oberdorster 2010). Size is also an important factor for biological fate. Larger 

particles (>500 nm) are engulfed by phagocytosis and smaller particles are taken up 

by pinocytosis (Kettiger, Schipanski et al. 2013). Differing cellular uptake 

mechanisms can result in varying subcellular fate due to intercellular trafficking 

routes. For example, particles about 120-150 nm are likely taken up by clathrin-

mediated endocytosis and will be in vesicles headed for the endosomal/ lysosomal 

route. Smaller nanoparticles less than 100 nm are taken up by caveolae-mediated 

endocytosis and can bypass lysosomal degradation and have increased potential to 

interact with other important organelles like the mitochondria or the nucleus 

(Kettiger, Schipanski et al. 2013). Once free inside the cell, nanoparticles can cause 
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toxicity through oxidative stress and the formation of free radicals (Nel, Xia et al. 

2006). 

1.2.1.2. Charge and Surface Chemistry  

Characterization of nanomaterial charge is of crucial importance considering charge 

determines homo- and heteroaggregation and interactions with other positive and 

negatively charged surfaces such as cellular membranes (Murugan, Choonara et al. 

2015). Nanomaterials can be characterized as neutral, cationic or anionic. It is thought 

that cationic or neutral nanomaterials are more readily internalized by cells 

considering the negative charge of cell membranes, but this has been contradicted in 

the literature by showing that some anionic nanoparticles can be internalized more 

readily or similar to cationic or neutral materials (Frohlich 2012; Murugan, Choonara 

et al. 2015). Strong negatively charged nanomaterials can also be toxic to cells by 

perturbation of membrane surfaces and can also result in higher toxicity due to better 

suspension stability and therefore higher bioavailability (Kim, Saha et al. 2013). 

Surface charge is often achieved by attaching charged molecules to a nanomaterials 

surface and toxicity witnessed can be a result of the molecules toxicity regardless of 

charge. For example, Zhou et al. used statistical modeling to determine the driving 

physicochemical parameters on toxicity of 17 well characterized zinc oxide 

nanomaterials and determined that surface modifications of any kind resulted in 

higher toxicity compared to bare particles (Zhou, Son et al. 2015).       

1.2.1.3. Shape and Structure 

Like size, shape also impacts cellular uptake and biocirculation. Spherical particles 

are taken up much faster and more efficiently than rod-shaped nanomaterials because 
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of orientation possibilities as the material approaches the cell (Murugan, Choonara et 

al. 2015). In some cases, such as using nanomaterials for cancer drug delivery, slow 

clearance is desirable (Truong, Whittaker et al. 2015). Geng et al. found that 

filamentous or flexible worm-like nano-sized micelles are persistent in circulation and 

can remain for about a week in mice or rats which equates to 1 month in humans, 

much longer than spherical nanoparticles (Geng, Dalhaimer et al. 2007). This 

information is useful for creating powerful anticancer therapeutics, but also for 

creating safe nanomaterials not intended for medicine.   

1.3. Diversity of Nanomaterials 

The diversity of nanomaterials has been said to surpass that of chemicals (Maynard, 

Aitken et al. 2006). Not only can nanomaterials be made out of any element of the 

periodic table, but they can also be functionalized with various chemicals ligands and 

functional groups, stabilizing capping agents, coatings, and shells. Nanowerk’s 

nanomaterial database contains 2500 unique materials, and is the most comprehensive 

online source for nanomaterials (Nanowerk 2016). Their elemental makeup is not 

limited to a solid element but can be a mix of many elements, both metal and 

nonmetal. Materials can vary greatly in size and shape. Although some formal 

definitions state that a nanomaterial is classified by having one aspect 100 nm or less, 

other definitions include the entirety of the nanometer scale, which includes 1-1000 

nm (Balogh 2010). Materials can be spherical, rectangular, irregularly shaped, tubes, 

whiskers, fibers, stars, spirals, and any other two or three dimensional shape. There 

are four main types of nanomaterials: carbon-based, metal-based, dendrimers and 

composites (AZONano 2007) but here they will be discussed as inorganic or organic.     
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1.3.1 Inorganic 

Inorganic nanomaterials are made from metallic elements and inorganic chemicals. 

Titanium dioxide, silicon dioxide, and zinc oxide are the most produced 

nanomaterials worldwide (Vance, Kuiken et al. 2015). Silver, gold, iron, copper, and 

lanthanides are also examples of metals that are synthesized into nanomaterials either 

in pure elemental form, metal oxides, quantum dots, or as composites. Hybrid 

materials can be made by adding organic components such as chemical ligands, 

which give the primarily inorganic particulates organic features. Inorganic 

nanomaterials have countless applications including antimicrobials, electronics, 

medicine, environmental remediation, wastewater treatment, textiles, and cosmetics. 

Most of these applications are not specific to inorganic materials but also apply to the 

organic materials, as well.       

1.3.2. Organic  

Organic nanomaterials are synthesized from the nonmetal elements on the period 

table and are primarily carbon-based. Examples of organic nanomaterials and their 

applications include: carbon nanotubes and fullerenes as excellent conductors of 

electricity (Baughman, Zakhidov et al. 2002), dendrimers and polymeric 

nanomaterials for drug delivery and as chemical sensors, and cellulose-based 

materials commonly utilized for their tensile strength. Just as inorganic nanomaterials 

can be functionalized with organic chemicals, organic nanomaterials can be infused 

with metallic ions (Richter, Brown et al. 2015) or capped with inorganic shells (Hood, 

Paiphansiri et al. 2015) to create unique composite materials.  

1.3.2.1 Carbon Nanotubes 
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Chapter two of this thesis will focus on the toxicity of carbon nanotubes (CNTs) to 

embryonic zebrafish. CNTs are cylinders of one or more layers of graphene which are 

denoted as single-wall (SWNTs) or multiwall (MWNTs) nanotubes (Zhao and Liu 

2012). CNTs are the primary source of carbon-based nanomaterials in commerce with 

production exceeding several thousand tons per year (De Volder, Tawfick et al. 2013) 

in addition to the highly produced fullerenes. Since carbon nanotubes are insoluble in 

water, they are often functionalized to promote greater wettability and suspension in 

water. Functionalization with various chemical groups and molecules can also 

enhance their functionality for energy storage, electrical applications, coatings and 

films, use as lightweight building materials, biotechnology and medicine, water 

filtration, solar power, and much else (De Volder, Tawfick et al. 2013).  

With the widespread implementation of diverse CNTs in commerce and the high 

probability of unintended human and environmental exposure, it is important to 

determine what parameters of CNTs are the most influential factors on toxicity in 

order to implement safer design principles before released to market. The efforts of 

Chapter two help to determine the possible explanations for CNT toxicity, including 

the role of possible impurities due to sample preparation.  

CNT toxicity is dependent on numerous factors including length, diameter, surface 

chemistry, purity, stabilizers used, sample preparation, and layers of graphene (Cheng 

and Cheng 2012; Gilbertson, Melnikov et al. 2015). Chapter two focuses on four 

CNTs, pristine and carboxylated SWNTs and pristine and carboxylated MWNTs. 

This suite of materials allowed us to investigate the role of surface chemistry and 

charge along with CNT structure on toxic response to the zebrafish. Toxicity of the 
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materials was evaluated after sonication and dialysis to better understand the toxic 

contribution of the chemical surfactant stabilizer, Pluronic® F-108 (PF108). Toxicity 

variability between materials that are functionalized and structured differently can 

also be explained by major differences in uptake and bioavailability so Chapter two 

of this thesis also addresses how the four CNT samples accumulate in embryonic 

zebrafish using a unique electrophoretic method.  

1.3.2.2. Polymeric Nanocapsules  

Another source of engineered organic nanomaterials is polymeric capsules. Polymeric 

capsules have applications in medicine, food and beverage, nutraceuticals, pest 

control, remediation, and other fields (Mora-Huertas, Fessi et al. 2010; Kah and 

Hofmann 2014; Parisi, Vigani et al. 2014; Aklakur, Rather et al. 2015) . The capsules 

are often made with low toxicity polymers (Morral-Ruíz, Melgar-Lesmes et al. 2012) 

that act as carriers to entrap the chemical of interest and protect it from the 

surrounding environment until release. Shape and structure, size, charge, various 

stabilizers, surface functionality, and shell wall thickness are all important parameters 

that have been extensively explored in order to have precise control over the fate and 

transport of the therapeutics (Tsuji 2001; Champion, Walker et al. 2008; Nguyen, Lee 

et al. 2014; Voigt, Henrich-Noack et al. 2014; Saha and Loo 2015). How 

nanocapsules parameters impact toxicity and environmental fate of pesticidal 

chemicals is less well known (Kah, Machinski et al. 2014).     

Nanotechnology’s role in pesticide development involves both nano-sized particulate 

active ingredients (AI) and nano-engineered formulations designed with nanocarriers 

to better protect already on the market chemical AIs. Polymeric capsules are currently 
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used in microencapsulated pesticide products that are categorized as capsule 

suspension (CS) formulations (Perrin 2000). Chapter three of this thesis investigates 

the influence of polymeric capsule size on the toxicity of a pyrethroid insecticide to 

zebrafish by comparing the toxicity of micron- and nano-sized capsules that were 

isolated from a CS product with a wide particle size distribution. Polymeric capsule 

synthesis methodologies can be controlled precisely to yield a desired size 

distribution (Rao and Geckeler 2011). If capsule size has a dramatic impact on 

pesticide toxicity, and efficacy differences are negligible, size avoidance is an easy 

design principle that can be established to reduce risk to the environment.  

1.4. Embryonic zebrafish model for toxicity evaluations of nanomaterials 

When trying to compare the toxicity of many materials, consistency, reproducibility, 

cost, statistical power, space usage, and availability can be dependent upon the model 

organism chosen. The embryonic zebrafish assay is used to evaluate the toxicity of 

both nanomaterials and chemicals at the screening level and for more in-depth 

biochemical analysis. Danio rerio are well-established toxicological models that offer 

many benefits for nanotoxicology (Fako and Furgeson 2009; Lin, Zhao et al. 2013; 

Rizzo, Golombek et al. 2013). Zebrafish develop rapidly to juveniles in days, yet are 

small enough to be exposed in 96 wells plates and live comfortably in 150 μL of 

water (Truong, Harper et al. 2011). This saves space and dramatically reduces the 

waste produced during testing by reducing the quantity of materials needed. The fish 

have well characterized phenotypic endpoints that make initial toxicity screening 

noninvasive and relatively high throughput. The embryonic zebrafish assay is run 

during embryogenesis and organogenesis which represents a sensitive time in the 
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organisms life where many biological processes and machinery are developed leaving 

the organism vulnerable and the assay robust. The zebrafish has been used to study 

nanomaterial and chemical insults to nearly every biological system (Stainier and 

Fishman 1994; Field, Dong et al. 2003; Ton, Lin et al. 2006; Lohr and 

Hammerschmidt 2011). Due to their genetic homology with humans, the toxicity data 

generated from experiments with zebrafish is often applicable to human health 

(Dooley 2000).  Information gathered from toxicity testing with zebrafish helps to 

inform both human and environmental risk assessments. The ease, reproducibility, 

and low cost nature of this assay make it ideal to compare data outputs between 

experiments with powerful statistics and determine what parameters of a nanomaterial 

contribute most to toxicity.  
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2.2. Abstract 
 
Carbon nanotubes (CNTs) are often suspended in Pluronic® surfactants by sonication, 

which may confound toxicity studies because sonication of surfactants can create 

degradation products that are toxic to mammalian cells.  Here we present a toxicity 

assessment of Pluronic® F-108 with and without suspended CNTs using embryonic 

zebrafish as an in vivo model.  Pluronic® sonolytic degradation products were toxic to 

zebrafish embryos just as they were to mammalian cells.  When the toxic Pluronic® 

fragments were removed, there was little effect of pristine multi-walled CNTs 

(pMWNTs), carboxylated MWNTs (cMWNTs), or pristine single-walled carbon 

nanotubes (pSWNTs) on embryo viability and development, even at high 

concentrations.  A gel electrophoretic method coupled with Raman imaging was 

developed to measure the bioaccumulation of CNTs by zebrafish embryos, and dose 

dependent uptake of CNTs was observed.  These data indicate that embryos 

accumulate pMWNTs, cMWNTs, and pSWNTs yet there is very little embryo 

toxicity. 
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2.3. Introduction 

Carbon nanotubes (CNTs) have potential uses in a wide variety of electronic, 

structural, and biomedical applications with worldwide production capacity of CNTs 

estimated to presently exceed 5 kilotons per year (De Volder et al. 2013).  There is 

ample evidence that CNTs may be toxic, raising concerns about what effects they 

may have on organisms and ecosystems [for recent reviews, see Jackson et al. 2013; 

Zhao and Liu 2012; Petersen et al. 2011; Kunzmann et al. 2011].  Zebrafish (Danio 

rerio) embryos  are an attractive whole-animal model for assessing the potential 

toxicity of CNTs and other nanomaterials(Rizzo et al. 2013; Lin et al. 2013; 

Gilbertson et al. 2015).  Zebrafish are prolific breeders, embryos are transparent, 

develop rapidly, and they offer multiple phenotypic and biochemical endpoints for 

assessing potential toxicity beyond general mortality (Bugel et al. 2014; Lin et al. 

2013; Truong et al. 2011; Fako and Furgeson 2009).  In addition, the zebrafish 

genome is closely related to the human genome and many biological pathways are 

conserved between the species (Giannaccini et al. 2014).  There have been numerous 

reports assessing the effects of CNTs on embryonic zebrafish development, but they 

often offer conflicting results and conclusions.  One of the earliest studies reported 

that single-walled carbon nanotubes (SWNTs) did not affect embryo development 

when the chorion was intact, but did delay hatching, and suggested that the effect was 

due to metal contaminates of the SWNTs (Cheng et al. 2007).  In work from the same 

group, less oxidized multi-walled carbon nanotubes (MWNTs) had little effect when 

injected directly into embryos, but shorter and more oxidized MWNTs were acutely 

toxic (Cheng et al. 2009; Cheng and Cheng 2012).  When present in embryo 
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fishwater, MWNTs functionalized to be water soluble caused significant 

developmental effects at 60 µg/mL (Asharani et al. 2008), whereas Adenuga et al. 

concluded that a panel of 7 different water soluble CNTs, including SWNTs and 

MWNTs, had no significant developmental effects on zebrafish embryos (Adenuga et 

al. 2013).  One possible explanation for differing results was offered by Gilbertson 

and colleagues who found that toxicity of MWNTs to embryos scaled closely with the 

surface charge that became more negative as oxidation of the CNT lattice increased 

(Gilbertson et al. 2015).  

 

Besides surface charge, other physiochemical and experimental parameters that may 

influence CNT toxicity include length, diameter, rigidity, type of functionalization, 

the presence of toxic contaminants, the type of dispersant used, if any, and the extent 

of suspension or aggregation of the material (Firme and Bandaru 2010; Jackson et al. 

2013).  Because pristine CNTs without chemical functionalization are highly 

insoluble, most studies with zebrafish embryos have used oxidized water-soluble 

materials.  Nevertheless, even oxidized CNTs tend to aggregate in exposure media 

and may accumulate in the mouth, intestines, and gills of fish that lead to adverse 

effects unrelated to any specific interactions of CNTs with fish at the molecular or 

cellular level (Gilbertson et al. 2015; Firme and Bandaru 2010; Jackson et al. 2013).  

In the present manuscript, we have explored the use of Pluronic® F-108 (PF108, also 

known as poloxamer 338), as a dispersant to solubilize and present CNTs to 

dechorionated zebrafish embryos.  PF108 is biocompatible and has been widely used 

in nanotoxicity studies with cultured cells and would have several advantages for use 
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in the zebrafish model (REFS).  One advantage is that PF108 is an excellent 

dispersant for CNTs that helps avoid aggregation.  Another is that both pristine and 

functionalized CNTs can be stable suspended in  PF108, which would allow for the 

comparison of the effects from different nanotube surface chemistries on embryo 

toxicity with the same surfactant platform.  A third advantage is that it would permit 

comparison of toxicity data collected using similar CNT suspensions for both 

mammalian cultured cells and fish embryos to evaluate cross-species impacts and 

improve translation from in vitro to in vivo outcomes.  

 

In support of toxicity data, it is important to understand the potential uptake, 

biodistribution, and retention of nanoparticles like CNTs in aquatic organisms to 

assess threats they may have on ecosystems through bioaccumulation and 

biomagnification, which have been emphasized in recent reviews (Jackson et al. 

2013; Scown et al. 2010).  However, measuring environmental CNT accumulation by 

fish is challenging and we are aware of only two approaches in the literature, both of 

which require a significant investment in methodology.  Maes et al. synthesized 14C-

MWNTs and noted that a small but significant amount of material was taken up by 

adult zebrafish and that a small fraction of the internalized radioactivity was detected 

in the  blood and muscle tissue (Maes et al. 2014).  This study was limited by the high 

statistical variation among replicates, which was presumably caused by CNT 

aggregation and uneven distribution in the water column.  Using an optical approach, 

Bisesi et al. monitored the inherent near infrared fluorescence of semi-conducting 

SWNTs that were suspended in gum arabic and introduced into fathead minnows by 
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single gavage.  They monitored the decline of fluorescent intensity after force 

feeding, but found  little intestinal absorption of the SWNTs from the gut (Bisesi et 

al. 2014).   

 

In previous work, we developed a simple method for extracting and quantifying 

CNTs from cultured mammalian cells based on the migration of CNTs in a sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Wang et al. 2009; 

Wang et al. 2011; Pantano et al. 2012).  The method has been adapted here to 

measure CNT uptake by zebrafish embryos. 

 

Four types of CNTs were used in this work, pristine and carboxylated MWNTs and 

pristine and carboxylated SWNTs.  The physical and chemical properties of these 

CNT preparations have been previously characterized in addition to their effects on 

cultured mammalian cells (Wang et al. 2013; Wang et al. 2011).  All the CNTs in 

PF108 suspensions studied here accumulated in zebrafish embryos in a concentration 

dependent manner but only the carboxylated SWNTs were toxic, similar to results 

found with cultured mammalian cells (Wang et al. 2011). 
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2.4. Methods 
 
2.4.1. Materials 
 
Dulbecco’s modified Eagle medium (DMEM) were purchased from Gibco (Grand 

Island, NY).  Fetal bovine serum (FBS) was purchased from HyClone (Logan, UT).  

pMWNT and cMWNT powders produced by a Fe/Co/Ni-catalyzed chemical vapor 

deposition process were purchased from Nanostructured & Amorphous Materials, 

Inc. (Houston, TX).  According to the manufacturer, the pMWNT powder (lot 

1236YJS-041709) was >95% in purity and contained nanotubes with outer diameters 

ranging from 10 – 20 nm, inner diameters of 5 – 10 nm, and lengths of 0.5 – 2 µm.  

The cMWNT powder (lot 1256YJF-070510) was functionalized using sulfuric acid 

and potassium permanganate, contained 1.9 – 2.1% by weight carboxylic acid groups, 

and had the same purity and sizes as the pMWNTs, as described by the manufacturer.  

We confirmed the manufacturers stated carbon content for both pMWNTs and 

cMWNTs by a combustion analysis (Braun and Pantano 2014).  The pSWNT and 

cSWNT powders, produced by a Ni/Y-catalyzed electric arc discharge method, were 

purchased from Carbon Solutions, Inc. (Riverside, CA).  The manufacturer purified 

the pSWNT product (P2 lot 02-419) by air oxidation plus HCl treatment and the 

cSWNT product (P3 lot 03-A010) was functionalized with nitric acid to contain 1.0 – 

3.0 atomic % of carboxylic acid groups.   The individual nanotubes of the pSWNT 

and cSWNT powders were 0.5 – 3.0 µm in length and approximately 1.4 nm in 

diameter, according to the manufacturer.  Both pSWNTs and cSWNTs were >90% in 

carbonaceous purity as measured by the manufacturer using an indirect method, 

solution-phase near-IR spectroscopy (Itkis et al. 2003).  We also assessed the carbon 
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content by direct combustion analysis and found that the pSWNTs and cSWNTs 

contained 89% and 74% carbon, respectively.  Caution: a fine particulate respirator 

and other appropriate personal protective equipment should be worn when handling 

dry MWNT or SWNT powders.  Pluronic® F-108 (PF108) was purchased from Sigma 

Aldrich (St. Louis, MO).  For enzymatic removal of the chorionic membrane of the 

zebrafish, Protease from Streptomyces griseus (Sigma-Aldrich, cat #81750) was used.  

At the termination of the zebrafish experiments, the fish were anesthetized with 3-

aminobenzoate ethyl ester methanesulfonate salt (tricaine, Sigma-Aldrich, cat # A-

5040) in deionized water.  All other chemicals were purchased from Sigma-Aldrich 

and were used as received. 

 
2.4.2. Zebrafish culture 
 
Zebrafish embryos (Danio rerio, wild type, 5D-Tropical strain) were obtained from 

Sinnhuber Aquatic Research Laboratory, Oregon State University, and were housed 

as described by Truong et al. 2011.  

 
2.4.3. Mammalian cell culture and in vitro toxicity assay   
 
Mouse macrophage RAW 264.7 (ATCC® TIB-71) cells were obtained from the 

American Type Culture Collection (Manassas, VA) and cultured in DMEM 

supplemented with 1.5 mg/mL sodium bicarbonate and 10% (v/v) FBS in a 37 °C 

incubator with 95% air and 5% CO2.  A standardized cytotoxicity assay used 

previously in our MWNT and SWNT toxicity work with cultured normal rat kidney 

(NRK) cells was adopted with minor modifications for RAW 264.7 cells.  4 × 104 

RAW 264.7 cells/well were seeded in 48 well plates and incubated at 37 ºC overnight 
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before the regular cell culture media was replaced with freshly prepared control or 

testing media and incubated for 24 h.  At the end of the incubation the cells were 

washed 3 times with fresh media, 2 times with phosphate buffered saline (PBS), air-

dried, and then fixed using a 4% (w/v) paraformaldehyde in PBS.  Cell proliferation 

was determined using a crystal violet assay, as described in our previous work (Wang 

et al. 2011). 

 
2.4.4. Sonication   
 
Sonication was done in a glass vial containing 10 mL of 0.2 mM (~0.3% w/v) PF108 

solution alone or with the addition of 10 mg of CNT powder.  The vial was secured in 

a hanging rack and immersed in the center of an ultrasonic bath sonicator (Elmasonic 

P30H, Elma Ultrasonic, Singen, Germany) that was operated at 120 W and 37 kHz 

frequency.  The temperature of the bath was kept below 18 °C throughout the 

sonication period by using a cooling coil connected to a refrigerated water bath 

circulator (Isotemp 1006S) in a 4 °C cold room.  The power delivered to the 

sonication bath was ~80 W for our sonication system determined by measuring the 

change in bath temperature (starting at 22 °C) as a function of sonication time, at 

room temperature without a cooling coil (Taurozzi et al. 2011; Murali et al. 2015).  

Non-sonicated PF108 solution was labeled as PF108-0h and PF108 sonicated for 1 h 

or 4 h were labeled as PF108-1h or PF108-4h, respectively.  

 
2.4.5. Preparation of CNT-PF108 suspensions   
 
Dry CNT powders were baked at 200 °C for 2 h to destroy potential endotoxin 

contaminants that could lead to ambiguous results in CNT toxicity tests.  The bath 
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sonication, centrifugation, and dialysis procedures described in our previous work 

(Wang et al. 2013) were used with slight modifications to disperse MWNT or SWNT 

powders in an aqueous 0.2 mM PF108 solution.  In general, 10 mL of 0.2 mM PF108 

solution was added to a glass vial containing 10 mg as-received pMWNT, cMWNT, 

pSWNT, or cSWNT powder and sonicated for 1 h at 37 kHz and 120 W.  After 

sonication, a 1 mL aliquot of each CNT suspension was diluted to various 

concentrations and the absorbance at 500 nm was measured using a BioTek 

SynergyMx plate reader (Winooski, VT) to construct a calibration curve of that 

particular CNT suspension.  The remaining suspension was centrifuged at 20,000 g 

for 5 min to remove CNT bundles, metal catalysts, and other impurities.  Due to the 

higher metal content of the SWNT powders, the supernatants of the pSWNT or 

cSWNT suspensions collected from the first centrifugation were centrifuged a second 

time at 20,000 g for 30 min.  The supernatants collected were marked as the 

undialyzed “pMWNT-unD”, “cMWNT-unD”, “pSWNT-unD”, or “cSWNT-unD” 

stock suspensions, accordingly, and stored at 4 °C.  The concentration of CNTs and 

related carbonaceous impurities in each resulting undialyzed CNT suspension was 

estimated from the absorbance at 500 nm based on the extinction coefficient of the 

respective calibration curve derived from the same CNT powder. 

 
2.4.6. Dialysis  
 
The removal of PF108 sonolytic by-products in the undialyzed CNT-PF108 

suspensions by dialysis is described in our previous work (Wang et al. 2013).  

Briefly, cellulose ester dialysis tubing (Float-A-Lyzer® G2) with a molecular weight 

cut off of 100,000 Daltons was purchased from Spectrum Labs (Rancho Dominguez, 
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CA).  The dialysis devices were pre-washed with 10% ethanol and water according to 

the instructions provided by the manufacturer.  Each dialysis device was filled with 

undialyzed CNT suspension and placed in a beaker filled with 1 L of 0.2 mM fresh, 

non-sonicated PF108 solution.  The samples were dialyzed in a 4 °C cold room and 

the PF108 solution was changed 6 times within 3 days.  After dialysis, the samples 

were collected and marked as the dialyzed “pMWNT-D”, “cMWNT-D”, “pSWNT-

D”, or “cSWNT-D” suspensions, and stored at 4 °C.  The concentration of CNTs and 

related carbonaceous impurities in each dialyzed suspension was determined based on 

the absorbance at 500 nm.  Both the undialyzed and dialyzed samples were analyzed 

for the presence and absence of PF108 degradation products by SDS-PAGE followed 

by BaI2 staining, as illustrated in Figure S1 and described in our previous work 

(Wang et al. 2013).  

 
2.4.7. Dynamic Light Scattering (DLS)   
 
The particle size distributions of polymers in the non-sonicated and sonicated PF108 

solutions and CNTs in the undialyzed and dialyzed CNT-PF108 suspensions were 

analyzed by DLS using a 633 nm laser source at a fixed angle of 173º (Zetasizer 

Nano-ZS 3600, Malvern Instrument, Worcestershire, UK).  All PF108 solutions were 

analyzed at a final concentration of 0.1 mM in MilliQ water.  Aliquots of CNT-PF108 

suspensions were diluted to a final concentration of 0.1 mM PF108 and 50 µg/mL 

CNTs with MilliQ water immediately prior to analysis.  500 µL of each sample was 

placed in a disposable polystyrene cuvette and 10 consecutive 30-s runs were taken 

per measurement at 25 °C.  Three independent DLS measurements were acquired per 

sample, and the average particle size and distribution, in terms of hydrodynamic 
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diameter (HDD) and polydispersibility index (PDI) values, were calculated for each 

sample (Table S1).  

 
2.4.8. Zeta potential analysis 
 
Net surface charges of various undialyzed and dialyzed CNT-PF108 suspensions 

were analyzed using a Malvern Instrument Zetasizer Nano-ZS 3600.  All samples 

were diluted to a final concentration of 0.1 mM PF108 and 50 µg/mL CNTs in MilliQ 

water.  The viscosity of the 0.1 mM PF108 was determined with a viscometer to be 

0.7327 cP and a transfer standard (DTS 1235, Malvern) was used to verify the correct 

operation of the instrument that measures zeta potential in a capillary cell where the 

temperature was equilibrated to 25 °C throughout the operation.  

 
2.4.9. In vivo toxicity assessments in zebrafish 
 
Exposure of zebrafish embryos to PF108 solutions or CNT-PF108 suspensions and 

the subsequent evaluations of the effects on the embryos were conducted according to 

established protocols (Truong et al. 2011).  Briefly, embryos were dechorionated at 

six hours post-fertilization (hpf) by Pronase enzyme digestion and at eight hpf were 

transferred to 96-well plates, one embryo per well.  Each well was filled with 150 µL 

of control, PF108, or CNT-PF108 suspension sample (n=24).  Plates were incubated 

at 26.5° C under a photoperiod of 14:10 hour light:dark cycle.  Effects were evaluated 

in binary notation as either present or not present at 24 hpf and 120 hpf.  At 24 hpf, 

the embryos were assessed for mortality, developmental progression, notochord 

malformation and spontaneous movement.  At 120 hpf, mortality and touch response 

were documented, as well as the presence of physical malformations including: 
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pericardial edema, yolk sac edema, circulation, pigment, snout, somites, caudal fin, 

pectoral fin, axis, jaw, otic, eyes, trunk, brain, and swim bladder.  After the 

completion of the 120 hpf mortality and morbidity observations, zebrafish in the 

control and CNT-treated groups were collected, rinsed vigorously by swirling in a 

clean petri dish with fresh with MilliQ water for 30 seconds, then transferred for a 

second 30 seconds rinse, and the amount of CNTs in the zebrafish were quantified, 

details described in the following sections. 

 
2.4.10. Quantitation of CNTs in zebrafish lysates by SDS-PAGE and optical 
image scanning 
 
Centrifuge tubes containing ten frozen zebrafish per tube were thawed at room 

temperature prior to the addition of 100 µL of a lysis buffer that contains 0.25 M Tris-

HCl (pH 6.8), 8% (w/v) SDS, and 20% (v/v) 2-mercaptoethanol.  The zebrafish were 

re-suspended in the lysis buffer by vortexing vigorously.  The centrifuge tubes were 

placed in a hot water bath and boiled for 2 h to ensure complete lysis.  After the 

boiling period, the zebrafish lysates were stored at 4 °C for later use (Figure S2).   

 

To measure CNTs in zebrafish embryo lysates, a modified SDS-PAGE protocol was 

used, developed previously for quantifying SWNTs extracted from cell lysates (Wang 

et al. 2009).  Briefly, a 4% stacking gel on top of a 10% resolving gel was prepared 

using a Hoefer Mini Vertical Gel Caster for 10 × 8 cm plates with 1.5-mm thick 

spacers and 10-well combs.  Aliquots of zebrafish lysate and known amounts of non-

centrifuged CNT suspension standards were mixed with 2X SDS sample loading 

buffer to a final buffer concentration of 2% SDS, 5% 2-mercaptoethanol, 10% 
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glycerol, and 62.5 mM Tris-HCl and boiled for 3 min.  Samples at various dilutions 

and volumes were subsequently loaded into the wells of the gel and an electric current 

was applied at a constant 100 V for 2 h.  CNTs in the lysates bind SDS, become 

negatively charged, and migrate to the buffer/gel interface where they accumulate in a 

sharp band because they are too large to enter the gel.  Following electrophoresis, 

optical images of the gels were obtained using a flatbed scanner (HP Scanjet G3110).  

The gels were treated with 3% H2O2 at room temperature overnight on an orbital 

rocker to bleach dark pigments from the embryos that could interfere with quantifying 

the dark CNT bands.  Subsequently, the gels were rinsed briefly with distilled water, 

optical images of the H2O2-treated gels were acquired, and the pixel intensity of each 

band was quantified using ImageJ software.  The known amount of CNTs loaded in 

lanes and their corresponding pixel intensities form a data set used to construct a CNT 

amount-versus-pixel intensity calibration curve.  The linear calibration curve was 

used to determine the unknown amount of CNTs in zebrafish lysates based on the 

pixel intensities of lysate bands in the same gel.  Figure 4 demonstrates the optical 

quantitation of pSWNTs in zebrafish embryos exposed to pSWNT-PF108 suspension 

at 0 – 200 µg/mL. 

 
2.4.11. Validation of CNTs in zebrafish lysates by laser scanning confocal 
Raman microscopy 

 

The quantitation of CNTs based on band intensities obtained by optical scanning of 

SDS-PAGE gels described in the previous section provides no structural information 

to verify that the signal arises from CNTs.  Raman imaging of the bands; however, 
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can provide both structural information, from the Raman spectral signature of the 

CNTs, and quantitative information from the signal intensities.  The H2O2-treated gels 

that contained embryo lysates and CNT standards, as described in previous section, 

were preserved between 2 sheets of cellophane and allowed to dry into a thin film.  

Sections of the bands in the gel were scanned with a confocal laser Raman 

microscope, described in details next and illustrated in Figure S3. 

 

All Raman images and spectra were acquired with a WITec Alpha300R confocal 

Raman microscope system equipped with a 532 nm laser as the excitation source, as 

described in our previous work (Wang et al. 2011) with slight modifications.  The 

known Raman signal of a silicon wafer at 520.5 cm-1 was used to calibrate the 

wavenumber of the system and the laser output power density was measured using a 

Newport model-1918-C power meter with an 818-SL photodetector and adjusted to 

10 mW/cm2.  Raman single point spectra were acquired using a 20× objective lens 

and an integration time of 0.1 s with 20 accumulation cycles.  Figure S4 shows four 

representative Raman spectra acquired from embryo lysates.   

 

To obtain a quantitative estimation of CNTs residing in a gel band, representative 

areas within the band were analyzed as described in Figure S3.  Raman area scans 

were acquired over a 160 × 160 µm area using a 20× objective lens.  A total of 1600 

spectra were acquired within a scan area at 4 µm intervals in both x- and y-directions 

with a 0.2 s integration time for each spectrum.  Each spectrum consists of 1600 data 

points and was scatter plotted with charge-coupled device (CCD) counts on the y-axis 
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and wavenumbers in cm-1 on the x-axis.  The relative abundance of CNTs in the 

scanned area was indicated by the integrated Raman G-mode (1540 – 1640 cm-1) 

intensities from each of the 1600 spectra and represented by a color scale map with 

yellow being the highest intensity and black the lowest.  In addition, the total CNT G-

mode intensity from all 1600 spectra within a scan area was calculated and the mean 

and standard deviation of CNT G-mode signal in a lane was calculated from eight 

scan areas serving as an indicator for the relative CNT abundance in that lane.  Figure 

6, panel A, shows four representative Raman area scan images acquired from embryo 

lysates.  The unknown amount of CNT in an embryo lysate was determined based on 

its G-mode signal intensity and the calibration curve constructed from the 

corresponding CNT standards in the same gel.  An example of pSWNT-PF108 

standard calibration curve and the quantitation of 3 embryo lysates were shown in 

Figure 6B.  All Raman data analysis, including background subtraction, peak area 

intensity integration, and scan area statistical analysis were performed using WITec 

Project 2.10 software.  
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2.5. Results  

 
2.5.1. Preparation and characterization of CNTs 
 
For in vivo CNT toxicity assessments using the zebrafish embryo model, four 

commercially available CNT products were selected: a pair of pristine and 

carboxylated MWNTs and a pair of pristine and carboxylated SWNTs.  These CNTs 

represent a spectrum of commonly-used nanotube types, diameters, and surface 

functional modifications.  The pMWNTs used here were previously characterized 

with respect to preparing suspensions of pMWNTs in Pluronic® surfactants and were 

not toxic to cultured NRK cells (Wang et al. 2013).  We also confirmed here that 

pMWNTs suspended in PF108 at 200 µg/mL had little effect on the proliferation of 

RAW 264.7 cells while a similar preparation of cMWNTs had only a mild effect.  We 

had previously characterized pSWNTs and cSWNTs suspended in bovine serum 

albumin solution and noted that the cSWNTs were toxic to cultured NRK cells, but 

that the pSWNTs were not (Wang et al. 2011) (pSWNTs are referred to as C2 and 

cSWNTs are referred to as C3 in this publication).  Similar results were found here 

using PF108 as surfactant where cSWNTs were toxic and pSWNTs were not toxic to 

RAW 264.7 cells.  Thus, the pMWNTs, cMWNTs, pSWNTs, and cSWNTs studied 

here offered the opportunity to assess whether their effects on mammalian cells would 

be replicated with an intact animal model, embryonic zebrafish.   

 

A general workflow for making stable aqueous suspensions of CNTs in PF108 

involves bath sonication, centrifugation, and dialysis (Scheme 2.1).  Previous work 

showed that sonication of Pluronic® dispersants generates degradation products that 
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are toxic to mammalian cells and may interfere with toxicity tests (Wang et al. 2013).  

The dialysis of CNT-PF108 suspensions against intact non-sonicated Pluronic® in 

Scheme 1 removes the potentially toxic sonolytic PF108 materials (Wang et al. 2013). 

 

Physicochemical tests were routinely performed on the intermediate and the final 

products of CNT-PF108 suspensions.  The CNT particle size distribution in various 

CNT-PF108 suspensions was analyzed by DLS.  As shown in Table S1, the 

pMWNT-PF108 and cMWNT-PF108 suspensions had mean hydrodynamic diameters 

(HDD) of 95 ± 4 nm and 91 ± 5 nm, respectively. However, small polydispersibility 

index (PDI) of 0.19 indicates that the suspended MWNT particles were homogeneous 

in size with no evidence of aggregation.  Similarly, the mean HDD of SWNT 

particles in pSWNT and cSWNT suspensions were 142 ± 3 nm and 115 ± 17 nm with 

corresponding PDI of 0.39 and 0.33.  The dialysis procedure in Scheme 1 did not 

induce CNT aggregation in the suspensions, indicated by the negligible differences in 

mean HDD and PDI values acquired before and after dialysis (Table S1).  Also, the 

CNTs remained well-dispersed in PF108 suspensions over time in storage, as 

validated by DLS analysis (data not shown).  The zeta potentials of dialyzed and 

undialyzed CNT nanoparticles were measured in 0.1 mM PF108 solutions (Table S1), 

a model for CNTs in the zebrafish embryo media.  cMWNTs and cSWNTs had 

mildly more negative zeta potentials than their pristine counterparts, as expected.  It is 

also interesting that there was a trend to slightly more negative zeta potentials in 

dialyzed material, which might be attributed to the removal of charged small 
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molecular weight Pluronic® sonolysis fragments that could shield the negative 

charges on CNTs. 

 
2.5.2. Generation and removal of toxic PF108 sonolysis products upon sonicating 
PF108 
 
Because Pluronic® sonolysis products are toxic to cultured mammalian cells (Wang et 

al. 2013), the possibility that sonication of PF108 alone produced materials toxic to 

zebrafish embryos was investigated prior to assessing the embryotoxicity of sonicated 

CNT-PF108 suspensions.  Dechorionated embryos at 8 hpf were exposed to different 

concentrations of PF108 sonicated for either 1 or 4 h.  Mortality of the control and 

test groups, 24 embryos each, were recorded at 24 and 120 hpf. At 1 h of sonication, 

there was little mortality at 0.1 mM PF108, but significant mortality at 0.2 mM 

(Figure 2.1).  After 4 h of sonication, mortality was 100% at both 0.1 and 0.2 mM 

PF108 during the first 24 h of exposure.  These data demonstrate that sonicating 

PF108 has the potential to generate degradation products that are toxic to developing 

zebrafish, but also suggests safe conditions for preparing suspensions of CNT-PF108; 

namely, 1 h of sonication with an exposure not exceeding 0.1 mM.  

 

To further ensure that Pluronic® sonolysis products would not impact the embryo 

toxicity analysis, the presence of PF108 fragments in the suspensions after sonication 

and their subsequent removal by dialysis were confirmed using SDS-PAGE and BaI2 

staining as previously described (Wang et al. 2013; Murali et al. 2015).  Figure S1, 

lanes 1 – 3, show PF108 sonicated for 0, 1, or 4 h and stained with BaI2 following 

electrophoresis to separate intact from degraded PF108.  With an increase in 
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sonication time, the intensity of the degradation fragments, indicated by a red arrow 

pointing to the low molecular mass L band in the gel, increased while the intensity of 

the intact PF108 material, primarily in the high molecular mass H band, decreased.  

Figure S1, lanes 4, 6, 8, and 10, show PF108 in various CNT-PF108 suspensions 

before dialysis, demonstrating that the prominent PF108 fragments are present in the 

L band region of the gel.  After dialysis (Figure S1, lanes 5, 7, 9, and 11), the PF108 

degradation fragments were greatly reduced in the L band region, indicating the 

successful removal of PF108 degradation by-products from CNT-PF108 suspensions.  

In summary, sonicating CNT-PF108 for an hour or more generated PF108 

degradation products that were visible in gels after electrophoresis and that were toxic 

to zebrafish embryos above PF108 concentrations of 0.1 mM.  CNT-PF108 

suspensions were nevertheless dialyzed to further ensure the removal of any toxic 

PF108 residual material prior to embryo toxicity studies.   

 
2.5.3. Toxicity assessment of CNT-PF108 suspensions with zebrafish embryos 
 
The effects of various CNT-PF108 suspensions on zebrafish embryos were assessed 

before and after dialysis.  At 8 hpf,  groups of 24 embryos were exposed individually 

to media that contained CNT-PF108 suspensions at 0, 50, 100, or 200 µg/mL CNT 

concentrations.  The CNT-PF108 suspensions had been sonicated for 1 h and diluted 

into water to achieve the desired CNT concentration while keeping the final 

concentration of PF108 in the suspensions at 0.1 mM, conditions developed in the 

previous section to minimize the toxicity of sonolytic PF108 degradation fragments, 

even in samples that were not dialyzed.  Results were compared to controls that were 

exposed only to PF108 using fisher exact statistical test.  At 120 hpf, the number of 
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embryonic zebrafish alive and well, with compromised health, or dead in each test 

group or in the control group were recorded and presented as color-coded bars (green 

for alive and well, yellow for compromised health, and red for dead), as shown in 

Figure 2.2.  Zebrafish that were necrotic or lacked a heartbeat were recorded as dead, 

those that were alive and fully developed with no sublethal malformations were 

counted as alive and well, and individuals that were alive but had pericardial edema 

(PE), axis curvature (AXIS), yolk sac edema (YSE), and/or cranial and facial 

abnormalities (CF) were considered to have compromised health (Figure 2.3).   

 

The results in Figure 2 for pMWNTs (Panel A) and cMWNTs (Panel B) revealed 

little or no effects on the embryos under the test conditions. Representative images of 

embryos further document the absence of developmental abnormalities with exposure 

to either pMWNTs or cMWNTs (Figure 2.3).  There was only 4% mortality with 

undialyzed pSWNTs until the highest concentration of 200 µg/mL, which resulted in 

38% mortality, but mortality dropped to 8% at this concentration after dialysis 

(Figure 2.2 Panel C and images in Figure 2.3).  In contrast, there was significant 

mortality in undialyzed samples of cSWNTs at 100 µg/mL and higher, whereas with 

dialyzed samples, mortality was rare, but developmental abnormalities were obvious 

(Figure 2.2 Panel D and Figure 2.3).  The toxicity of pSWNTs and cSWNTs used in 

these studies has been well-characterized with mammalian cells where cSWNTs, but 

not pSWNTs, were generally toxic (Wang et al. 2011).  However, the toxicity of the 

cSWNTs was not due to intact nanotubes but was correlated with the presence of non-

tubular amorphous carbon fragments apparently generated by the oxidizing 
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conditions used to carboxylate the CNTs (Wang et al. 2011).  Thus, it is possible that 

the embryo toxicity of the cSWNTs could also be attributed to the generation of a 

toxic by-product during the oxidation process.   

 

The results in Figures 2.2 and 2.3 suggest that there is very little effect of CNTs well-

suspended in PF108 on the development of zebrafish embryos, even at high CNT 

concentrations.  One explanation for this could be that the embryos did not take up 

the CNTs so there is little opportunity for the CNTs to adversely affect the embryos.  

To directly address this concern, we developed a method to measure the accumulation 

of CNTs by embryos that enables a direct comparison of CNT effects with the 

amount of CNTs associated with the embryos, as described next. 

 
2.5.4. Preparation of zebrafish embryo lysates and quantitation of CNTs by SDS-
PAGE 
 
Embryos exposed to dialyzed CNT-PF108 suspensions at different concentrations and 

unexposed control embryos were lysed in a buffer containing SDS and then processed 

for SDS-PAGE.  Embryos exposed to 0, 50, 100, or 200 µg/mL of pSWNT-PF108 

suspensions were used to illustrate the development of the approach.  Pigments in the 

embryos imparted an obvious brown color to the lysates (Figure S2), which were 

readily visible in SDS-PAGE gels and interfered with detecting CNTs in the lysates 

after scanning the gels with a flatbed optical scanner (Figure 2.4A, top gel, lanes 1-4).  

Soaking the gels in 3% H2O2 bleached the pigments, but not the CNTs (Figure 2.4A, 

bottom gel, lanes 1 – 9).  After scanning the gel with an optical flat-bed scanner, the 

intensities of the CNT bands from the lysates (Figure 2.4A, bottom gel, lanes 1 – 4) 
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and the CNT standards (Figure 2.4A, bottom gel, lanes 5 – 9) were readily quantified 

with ImageJ software.  As shown in Figure 2.4B, a calibration curve was constructed 

based on the known amount of pSWNTs loaded in lanes 5 – 9 and their 

corresponding pixel intensities.  The linear calibration curve was then used to 

estimate the amounts of pSWNT present in zebrafish lysate samples.  Note that 

negligible pixel intensity above background was detected in the lysate not exposed to 

CNTs (Figure 2.4A, bottom gel, lane 1), suggesting that bands in lanes 2 – 4 

represented above-background CNTs extracted from the embryos and that the 

intensities of these bands was a function of exposure concentration.  

 

Figure 5 summarizes the quantitation data for the accumulation of CNTs by embryos 

exposed to 0, 50, 100, or 200 µg/mL of dialyzed CNTs suspended in PF108 from 8 – 

120 hpf.  The accumulation of pMWNTs and cMWNTs (Figure 2.5A) is a function of 

concentration and is in the range of 10 – 15 ng/fish at an exposure concentration of 

200 µg/mL.  Similar results were found for both pSWNTs and cSWNTs (Figure 

2.5B), except that cSWNTs showed reduced accumulation compared to the other 

CNTs.  This is most likely because the health of the embryos was compromised 

(Figure 2.2D and Figure 2.3B) by the sublethal toxicity of the cSWNTs to the point 

that the active accumulation of CNTs from the environment was reduced. Weak 

respiration leading to less exchange through the gills, for example, could reduce CNT 

uptake.  

 

2.5.5. Identifying and quantifying CNTs in zebrafish lysates using laser scanning 
confocal Raman microscopy 
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The basis of CNT quantitation described in the previous section is the acquisition of 

pixel intensities from bands in an SDS gel using an optical flatbed scanner; however, 

this method provides no information about the structure of the material in the bands.  

An alternative approach is to analyze material in the bands by Raman scattering, 

which can provide structural information, based on the distinctive Raman signature of 

CNTs, and also provide quantitative information on the amount of material present.  

To validate the presence of CNT in zebrafish lysates, the same gel described in Figure 

4A containing pSWNTs was preserved between 2 sheets of cellophane and allowed to 

dry into a thin film.  A laser scanning confocal Raman microscope was used to 

analyze bands in the gel as described in the Methods section, including Figures S3 

and S4.  Figure S3 shows bands in the SDS gel, and an expanded view of one band to 

illustrate how the Raman scattering data were acquired.  Sample areas were defined 

for scanning at eight locations evenly spaced within the band.  Figure S3 also shows 

an expanded view of one of the eight 160 × 160 µm areas that were scanned for the 

band in lane 4.  A complete Raman spectra from each of the 1600 pixels in the area 

was collected and analyzed for the presence or absence of CNTs.  Four representative 

spectra for the bands in lanes 1 – 4 of the gel are presented in Figure S4.  CNTs have 

a characteristic peak at 1595 cm-1 (termed the G-mode) corresponding to tangential 

vibrations of the carbon lattice, and this peak is present in the Raman spectra acquired 

in lanes 2, 3, and 4 but absent in lane 1 (Figure S4), direct evidence that CNTs are 

present in embryos exposed to pSWNT-PF108 suspensions.   
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In addition, the area under the G-mode peak is proportional to the amount of material 

and Figure 2.6, panel A, shows the intensities of the integrated G-mode peak values 

for one of the eight 160 × 160 µm areas of each band in the gel plotted on a heat scale 

with yellow being the most intense.  The integrated total CCD counts for each of the 

areas is also provided in Figure 2.6, panel A.  A dose dependent accumulation of 

pSWNTs in zebrafish embryos is evident.  The mean and standard deviation of the 

pSWNT G-mode signal were calculated from eight scan areas in each lane, as 

described in Figure S3.  Figure 2.6, panel B, plots the accumulated data for the 

standards (lanes 5 – 10 in Figure 4A) and from this standard curve the amount of 

CNTs in lysates (lanes 1 – 4 in Figure 2.4A) is estimated.  For pSWNT exposure 

concentrations of 50, 100, and 200 µg/mL, the corresponding CNT amounts were 1.5 

± 0.6, 4.1 ± 0.6 and 6.0 ± 0.9 ng/fish, respectively.  These data are in reasonable 

agreement (within a factor of about 2) with the quantitation data obtained for 

pSWNTs in Figure 2.5, Panel B, and provide a clear demonstration that CNT 

accumulation by zebrafish embryos is a function of exposure concentration. 

 

In summary, the data in Figure 2.5 shows the dose dependent accumulation of CNTs 

by zebrafish embryos.  Independent analysis of pSWNT accumulation by Raman 

spectroscopy in Figure 2.6 (and supporting figures) directly verified the presence of 

CNTs in the SDS gel bands for this sample, and validated the quantitative data 

obtained by the optical scanning method used in Figure 2.5.    
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2.6. Discussion 

One objective of the present work was to evaluate the use of the Pluronic®-based 

surfactant PF108 for suspending CNTs in toxicity studies using the zebrafish embryo 

model.  PF108 is a very effective dispersant for CNTs, allowing the presentation of 

bioavailable unbundled CNTs to embryos.  Bioavailability is promoted in natural 

ecosystems by organic matter and surfactants such as humic acid that are known to 

help disperse CNTs (Hyung et al. 2007; Kennedy et al. 2009; Kennedy et al. 2008).  

There is a large body of work in which Pluronic® surfactants have been used to study 

the toxicity of CNTs in mammalian cell culture systems and the availability of data 

with fish using the same surfactant enables comparison of results across animal 

models and in vitro to in vivo.  We are aware of only two reports in which Pluronic®-

based surfactants have been use in CNT toxicity studies with zebrafish.  Filho et al. 

prepared a MWNT network using Pluronic® F-127 and assessed the effect on adult 

zebrafish (Filho et al. 2014).  They purposely did not prepare well suspended 

MWNTs as their objective was to study MWNT networks, and they found no 

genotoxic effects of the MWNTs.  Pan et al. suspended amide functionalized SWNTs 

in Pluronic® F-68 by sonication overnight and observed dose dependent toxicity to 

zebrafish embryos (Pan et al. 2011).  However, it is not clear to what extent the 

results may have been influenced by the generation of potentially toxic Pluronic® 

degradation products upon extended sonication (Wang et al. 2013).  In the work 

reported here, sonication of PF108 did produce surfactant solutions that were toxic to 

zebrafish and care was taken to remove the toxic material by dialysis prior to CNT 

toxicity testing, avoiding potential artifacts.  
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Of the four CNTs tested, the pMWNT and cMWNT suspensions in 0.1 mM PF108 

had little effect on embryo development, whether or not the suspensions had been 

dialyzed to remove low levels of potentially toxic PF108 sonolysis products.  The 

results with pMWNTs are significant because, to our knowledge, this is the first 

report of toxicity studies where embryos have been presented with well-solubilized 

pMWNTs at such high concentrations.  The results with cMWNTs are consistent with 

data in the literature that oxidized MWNTs with low levels of carboxylation are also 

not toxic to zebrafish embryos (Adenuga et al. 2013; Gilbertson et al. 2015).  The 

undialyzed pSWNT suspensions caused significant mortality but only at the highest 

concentration of 200 µg/mL, whereas there was very little effect in the dialyzed 

samples.  In contrast, cSWNTs affected multiple parameters of embryo development.  

With the undialyzed cSWNT samples there was significant mortality at 100 µg/mL, 

while the dialyzed samples had adverse effects on development at all concentrations 

tested, but little mortality.  Since the PF108 degradation products present in the 0.1 

mM PF108-1h solution were not toxic to embryos in the absence of CNTs (Figure 

2.1), the difference observed between the undialyzed and dialyzed SWNT 

suspensions, regardless of carboxylation, suggests that PF108 degradation products 

may become toxic in the presence of SWNTs, perhaps synergistically with material 

derived from the SWNT samples. This finding emphasizes the importance of 

removing potentially toxic Pluronic® sonolysis products by including the dialysis step 

after sonication, as shown in Scheme 2.1.   
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In previous work, we found that the cSWNTs were toxic to mammalian normal rat 

kidney (NRK) epithelial cells, whereas pSWNTs, and pMWNTs were not (Wang et 

al. 2011).  Here we confirmed this toxicity pattern using mouse macrophage RAW 

264.7 cells where only cSWNTs exerted significant reduction in cell proliferation at 

all concentrations tested.  These observations lend confidence to the results since 

similar results are observed in both cultured mammalian cells and the whole animal 

zebrafish embryo model (Wang et al. 2011; Wang et al. 2013).  The toxicity of the 

cSWNTs with mammalian cells in prior work correlated with the presence of small 

oxidized carbon fragments, and we hypothesize that these fragments may be why the 

cSWNTs were also toxic to embryonic zebrafish (Wang et al. 2011).   

 

The absence of significant toxicity with CNT exposure inevitably raises the question 

of whether the CNTs were bioavailable and accumulated by the organisms exposed.  

To directly address this concern, we adapted the SDS-PAGE procedure for extracting 

and measuring CNTs in mammalian cells to zebrafish embryos. Many studies report 

on the toxicity of exposure concentrations; however, the SDS-PAGE method provides 

a way to assess uptake, and therefore bioaccumulation, after a water-borne 

nanomaterial exposure.  The dynamic nature of nanomaterials in aquatic 

environments can drastically affect bioavailability to test organisms and our method 

provides a toxic response matched with an internal dosage of material, further 

supporting the non-toxic nature of the CNTs.  Based on quantitation by optical 

scanning and Raman imaging, there was a dose-dependent accumulation of all CNTs 

by the embryos. The CNT uptake results acquired using the faster and easier optical 
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scanning method were confirmed by the presence of the signature CNT G-mode by 

the Raman imaging method.  This is the first time to our knowledge that quantitative 

Raman analysis has been used to address the uptake of CNTs by zebrafish.  

Accumulation of pMWNTs, cMWNTs, and pSWNTs by embryos was significant but 

nevertheless not toxic, even after increasing the vulnerability of the embryos by 

removal of the chorionic barrier before exposure.   Although these data do not 

provide information about where the CNTs accumulated in the developing zebrafish, 

reasonable possibilities are the gills, mouth, gut or exterior surface.  While the current 

study shows increasing CNT bioaccumulation by zebrafish embryos after an acute 

exposure has little toxic effect, the approach is applicable in future research to assess 

the potential CNT toxicity to aquatic organisms after long term chronic exposure. 

 

2.7. Conclusions 

Sonication of CNTs with Pluronic® surfactants produces Pluronic® sonolysis by-

products that are toxic to zebrafish embryos, similar to what has been demonstrated 

for mammalian cells (Wang et al. 2013).  When the toxic Pluronic® fragments were 

removed, there was little effect of pMWNTs, cMWNTs, or pSWNTs on embryo 

viability and development, even at 200 µg/mL.  Interestingly, cSWNTs were toxic, 

likely the result of carbonaceous oxidation products in the cSWNT preparations, as 

noted previously with mammalian cells (Wang et al. 2011).  The accumulation of 

CNTs by embryos was measured using an SDS-PAGE method adapted to zebrafish 

embryos, and the dose dependent uptake of the CNTs was observed.  The overall 

conclusion of this work is that, except for cSWNTs that contain carbon oxidation 
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products hypothesized to be toxic, CNTs accumulate in zebrafish embryos over a 5 

day period but are nevertheless not overtly toxic.   
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2.11. Figures  

 

 

Scheme 2.1.  Sonication, centrifugation, and dialysis procedures to 
prepare CNT-PF108 suspensions.  
 

 

Figure 2.1.  Zebrafish embryotoxicity of PF108 as a function of sonication 
time and concentration.  Percent mortality in dechorionated zebrafish 
embryos (n = 24 per group) exposed to 0.1 or 0.2 mM PF108 after sonication 
for 0, 1, or 4 hours.  Control embryos not exposed to PF108 were alive and 
well throughout the experiment.  Solid bars represent mortality at 24 hpf and 
patterned bars represent mortality at 120 hpf.  
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Figure 2.2.  Effect of CNT type, concentration, and dialysis on zebrafish 
embryotoxicity of CNT-PF108 suspensions.  All CNT-PF108 suspensions 
were prepared by 1 h sonication in 0.2 mM PF108, and centrifuged with or 
without subsequent dialysis to remove PF108 degradation by-products, as 
described in the Methods section.  The undialyzed and dialyzed  CNT-PF108 
suspensions were first diluted in 0.2 mM sonicated (PF108-1h) and fresh not-
sonicated (PF108-0h) PF108 solutions, respectively, prior to 1:1 dilution with 
MilliQ water to achieve a final 0.1 mM PF108 and CNT concentration of 50, 
100, or 200 µg/mL.  Groups of 24 dechorionated zebrafish embryos were 
exposed to CNT-PF108 suspensions at increasing concentrations at 8 hpf.  
The control group was incubated in DI water that contained no PF108 or 
CNTs.  The number of embryos that were alive and well (green), with 
compromised health (yellow), or dead (red) at 120 hpf after exposure to (A) 
pMWNTs (B) cMWNTs (C) pSWNTs or (D) cSWNTs suspensions at 50, 
100, and 200 µg/mL before or after dialysis.  Green indicates fish that were 
alive with no sublethal malformations, yellow indicates fish that were alive, 
but had a combination of pericardial edema, axis curvature, and yolk sac 
edema, and red indicates fish that were dead.  
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Figure 2.3.  Impact of PF108 and CNT-PF108 suspensions on zebrafish 
embryonic development.  Representative images of zebrafish exposed to (A) 
0.1 mM of sonicated or unsonicated PF108, and (B) various undialyzed or 
dialyzed CNT-PF108 suspensions at 50, 100, or 200 µg/mL at 120 hpf.  Panel 
A shows fish exposed to PF108 alone that were asymptomatic while panel B 
shows fish exposed to various CNT-PF108 suspensions that were either 
asymptomatic or with compromised health.  Sublethal malformations listed 
under developmental abnormalities include pericardial edema (PE), yolk sac 
edema (YSE), axis curvature (AXIS), and cranial and facial abnormalities 
(CF). 
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Figure 2.4.  Quantitation of CNTs extracted from zebrafish by SDS-PAGE/H2O2 
treatment and optical image scanning.  (A) A representative gel was loaded with 
zebrafish lysates in lanes 1 – 4 (each lysate prepared from 10 embryos exposed to 
dialyzed pSWNT suspensions at 0, 50, 100, or 200 µg/mL pSWNT concentrations 
during the interval from 8 to 120 hpf), with known standards of pSWNTs in lanes 5 – 
9 (50, 75, 100, 125, and 150 ng, respectively), and with a blank in lane 10 that 
contains no CNTs or lysate.  After electrophoresis, an optical image of the gel on the 
top without H2O2 (labeled “No H2O2”) treatment was acquired with a flatbed scanner.  
The optical image of the same gel on the bottom (labeled “H2O2 treated ”) was 
acquired after the gel was treated with 3% H2O2 overnight to bleach pigments in the 
zebrafish lysates.  (B) The circles (●) show the linear relationship between pixel 
intensities summed from the pSWNT bands of the pSWNT-PF108 standards (shown 
in panel A, bottom gel image, lanes 5 – 10) and the known amount of pSWNTs 
loaded in the corresponding lanes.  The calibration curve, shown as best-fit linear 
equation, was used to estimate the unknown amounts of CNTs in the lysate bands 
(lanes 1 – 4) in the same gel image.  The diamond-shaped data points (◊) show the 
calculated CNT amounts and corresponding pixel intensities summed for the lysate 
bands in lanes 2 – 4.  Negligible pixel intensity above background level was detected 
in lane 1. 
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Figure 2.5.  Accumulation of CNTs in zebrafish exposed to various 
concentrations of dialyzed pristine and carboxylated CNT-PF108 
suspensions.  Zebrafish lysate samples were prepared from dechorionated 
zebrafish embryos exposed to (A) dialyzed pristine or carboxylated MWNT-
PF108 suspensions at 0, 50, 100, or 200 µg/mL MWNT concentrations, or (B) 
dialyzed pristine or carboxylated SWNT-PF108 suspensions at 0, 50, 100, or 
200 µg/mL SWNT concentrations during the interval from 8 to 120 hpf.  Each 
lysate sample was prepared from 10 embryos at 120 hpf and the amount of 
CNTs in the lysate was quantified by SDS-PAGE after H2O2 treatment of the 
gel, as described in Methods and illustrated in Figure 4 for pSWNTs.  Each 
data point is the mean from at least three independent trials, and the error bars 
show the standard deviations.   
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Figure 2.6.  Quantitation of CNTs in zebrafish lysates validated by laser 
scanning confocal Raman microscopy of SDS gels.  (A) Representative 
Raman scan area images acquired from the CNT bands in lanes 1 – 4 of the 
H2O2 treated gel shown in Figure 4A.  A total of 1600 Raman spectra were 
acquired within a 25600 µm2 scan area and the integrated intensity, in CCD 
counts, of the CNT-specific G-mode signal between 1540 – 1640 cm-1 of each 
spectrum was quantified, background subtracted, and plotted on a map using a 
color intensity scale (0 – 2×105 CCD counts) where yellow is the brightest and 
black is the lowest.  The scale bars are 30 µm.  The total G-mode signal 
intensity from all the 1600 spectra in each scan area was calculated and listed 
below the corresponding image.  Identical Raman analysis was performed on 
all 10 lanes, 8 scan areas per lane, using the same laser power density and 
integration time, as described in Figure S3.  The average and standard 
deviation of the total G-mode Raman intensity per scan area was calculated 
from all 8 scan areas acquired from the same lane.  (B) The circular data 
points (●) show the average total G-mode Raman signal intensity per scan 
area acquired from lanes 5 – 10 that contained pSWNT standards of known 
amounts as described in Figure 4A.  A calibration curve shown as best-fit 
linear equation was used to estimate the amounts of CNTs in the lysates 
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loaded in lanes 1 – 4 of the same gel.  The diamond-shaped data points (◊) 
show the calculated CNT amounts and the average integrated Raman G-mode 
intensities of the lysate bands in lanes 2 – 4 with the corresponding amounts 
of pSWNT extracted from these zebrafish lysates. 
 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 



 

 

 

55 

Chapter 3 

 
The influence of size on the toxicity of an encapsulated pesticide: a comparison of 
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3.1. Highlights  

• Nanocapsules were detected in a commercial pesticide formulation 

• Toxicity of the nanocapsules to zebrafish was compared to that of 

microcapsules 

• The acute toxicity of the nano- and micron-sized capsules was similar  

 

3.2. Keywords 
Encapsulation, pyrethroid, toxicity, nanoscale, zebrafish, nanotechnology-based 
pesticides 

3.3. Graphical Abstract  
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3.4. Abstract 

Encapsulation technology involves entrapping a chemical active ingredient (a.i.) 

inside a hollow polymeric shell and has been applied to commercial pesticide 

manufacturing for years to produce capsule suspension (CS) formulations with 

average particle sizes in the micron-scale. The few literature sources that investigate 

the environmental fate and toxicity to non-target organisms of encapsulated 

commercially available pesticide products with regard to capsule size report on 

average sizes between 20-50μm. Here, we have identified a CS formulation with an 

average capsule size of approximately 2μm with some capsules extending into the 

nanometer scale (~200nm).  Determining how carrier size influences toxicity is 

important to understanding if current pesticide risk assessments are sufficient to 

protect against products that incorporate encapsulation technology. Here, a 

commercial pyrethroid CS pesticide with lambda-cyhalothrin (λ-Cy) as the a.i. was 

separated into two suspensions, a fraction consisting of nano-sized capsules 

(~250nm) and a fraction of micron-sized capsules (~2200nm) in order to investigate 

the influence of capsule size on toxicity to embryonic zebrafish, Danio rerio. Toxicity 

was evaluated 24 hours after exposure to equivalent amounts of a.i. by the presence 

and severity of pyrethroid-specific tremors, 14 sublethal developmental impacts and 

mortality. Fish exposed to greater than 20 μg a.i. L-1 technical λ-Cy or formulated 

product experienced curvature of the body axis, pericardial edema, craniofacial 

malformations, and mortality. Exposure to the unfractionated formulation, micro 

fraction, nano fraction and technical a.i. resulted in no significant differences in the 

occurrence of sublethal impacts or mortality; however, the technical a.i. exposure 
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resulted in significantly less fish experiencing tremors and shorter tremors compared 

to any of the formulated product exposures. This suggests that the capsule size does 

not influence the toxic response of the entrapped λ-Cy, but the presence or absence of 

the capsules does. Testing across other encapsulated products is needed to determine 

if size does not have influence on toxicity regardless of encapsulation technology.  
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3.5. Introduction 

Nanotechnology’s involvement in agriculture is not limited to nanoparticulate active 

ingredients (a.i.), but includes a wide array of formulation chemistries and 

nanocarriers intended to better protect and disperse already on the market chemical 

a.i. Nanotechnology-based pesticides include formulations that incorporate nanoscale 

shells, capsules, coatings, particulate materials such as nano clays, inorganic additives 

and others (Kah, Beulke et al. 2013). Pesticides engineered to utilize such complex 

formulation chemistries have the potential for unforeseen consequences to the 

environment and public health (Stone, Harper et al. 2010; Grillo, Clemente et al. 

2015; Mehrazar, Rahaie et al. 2015).  

 

In pesticide risk assessment, toxicity and exposure are often well understood for the 

chemical a.i. alone, with little environmental data required to assess the risk of the 

complete formulation (Surgan and Cox 2006; Kookana, Boxall et al. 2014; Mullin, 

Chen et al. 2015). Meanwhile, many pesticide formulations are being developed with 

novel chemistry and nanotechnology to change the way the a.i. interacts with the 

environment and biota, limiting the applicability of a.i. specific partitioning 

coefficients (like Kow) and degradation rates for estimating environmental persistence, 

mobility, bioconcentration potential and other risks after formulated.     

  

Encapsulation technology involves entrapping a chemical a.i. inside a hollow 

polymeric shell and has been applied to commercial pesticide manufacturing for years 
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to produce capsule suspension (CS) formulations with average particle sizes in the 

micron-scale. The few literature sources that investigate the environmental fate and 

toxicity to non-target organisms of encapsulated commercially available pesticide 

products with regard to capsule size report on average sizes between 20-50μm 

(Jarvinen and Tanner 1982; Sibley and Kaushik 1991; Stejskal, Aulicky et al. 2009). 

Here, we have identified a CS formulation with an average capsule size of 

approximately 2μm with some capsules extending into the nanometer scale 

(~200nm). Pesticide toxicity, partially due to capsule rigidity and release, can be 

dependent on particle size (Tsuji 2001; Roy, Singh et al. 2014; Mehrazar, Rahaie et 

al. 2015), yet little data exists on the toxicity or fate of nano-scale capsules from 

commercial pesticides. Entrapping the chemical a.i. in a nano-sized polymer capsule 

has the potential to change the biological distribution and persistence of the chemical, 

even relative to micron-sized particles of the same composition.  

 

Size is known to influence biological mobility in terms of adsorption, distribution, 

metabolism and excretion (ADME) (Zolnik and Sadrieh 2009). For example, the 

subcellular fate of particles is size dependent with particles greater than 500 nm being 

engulfed by phagocytes, while smaller particles are taken up by pinocytosis (Zhao, 

Zhao et al. 2011; Oh and Park 2014). Polymeric microspheres with diameters 

between 2-3 µm have been shown to exhibit maximal phagocytosis compared to 

larger and smaller particles of the same composition (Champion, Walker et al. 2008). 

It is likely that entrapping a chemical in a nano-sized organic carrier can result in 
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altered uptake, biodistribution and toxicity compared to submicron-sized organic 

carriers and the non-encapsulated chemicals. 

 

The growing body of literature on nanoencapsulations for the targeted delivery of 

therapeutics supports the hypothesis that the toxic response of a chemical can be 

influenced by the size of its polymeric carrier (Kowalczuk, Trzcinska et al. 2014). 

The Food and Drug Administration (FDA) requires extensive research and 

development to bring a drug reformulated with a nanocarrier to clinical trials 

including reevaluation of ADME and toxicity (Zolnik and Sadrieh 2009). An 

equivalent safety assessment is not required for nano-sized carriers in pesticide 

formulations (USEPA). This is problematic considering the widespread use of these 

formulations and their inevitable increased presence in surface water and sediment 

(Stone, Gilliom et al. 2014; Tu, Lu et al. 2014; Stehle and Schulz 2015) and as 

residues on crops intended for consumption (Ripley, Ritcey et al. 2001).    

            

Size dependent toxicity for inorganic nanoparticles is well documented in the 

literature (Jiang, Kim et al. 2008; Jin, Heller et al. 2009; Oh and Park 2014), but there 

has yet to be efforts to understand the relative toxicological differences of micron- 

and nano-sized polymeric capsules of commercial pesticide formulations. Extraction 

and concentration of nanocapsules from existing pesticide products allows for 

experimentation into both the risks and benefits of nanoencapsulation technology in 

relation to currently employed microencapsulation technology. Here, a pyrethroid CS 

insecticide was separated into two fractions, differing only in size, to investigate the 
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influence of carrier diameter on the toxicity of λ-cyhalothrin (λ-Cy) to embryonic 

zebrafish. The aim of this paper is to provide some of the first data on the relative 

toxicity of micro- and nano-sized polymeric capsules that are commercially used as 

carriers for agricultural pesticides. 

 

Chemical λ-Cy was first marketed in 1985 and in addition to its current use as an 

agricultural pesticide, it also has registered uses for controlling public health pests 

(Farmer, Hill et al. 1995; WHO 2013). According to the Environmental Protection 

Agency (EPA), there are an additional 3500 pyrethrin and pyrethroid products 

registered in the United States, many of which are also encapsulated formulations and 

are used globally. Therefore, contamination by encapsulated pyrethroids, including 

nano-size capsules, in surface water is plausible. Currently, pyrethroids can be 

detected in natural waters throughout the world after agricultural, urban and 

residential applications (Weston, Holmes et al. 2009; Domagalski, Weston et al. 

2010; Weston and Lydy 2012; Jabeen, Chaudhry et al. 2015; Stehle and Schulz 2015) 

Class II pyrethroids, including λ-Cy are known to have detrimental neurotoxic effects 

on aquatic organisms (Toumi, Boumaiza et al. 2013; Tu, Lu et al. 2014), including 

fish (Bradbury and Coats 1989; Haya 1989). As such, we are performing our toxicity 

assessments with embryonic zebrafish (Danio rerio). Zebrafish are commonly 

utilized for nanotoxicology studies (Harper, Carriere et al. 2011; Lin, Zhao et al. 

2013; Rizzo, Golombek et al. 2013) and as a developmental model for nervous 

system physiology and neurotoxicity studies (Ton, Lin et al. 2006; Chopra, Stroud et 

al. 2010).   
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3.6. Materials and Methods  

3.6.1. Materials  

An EPA registered capsule suspension insecticide with 22.8% λ-cyhalothrin was used 

(EPA Reg. Number 100-1295, Greensboro, NC, USA). Analytical standard grade λ-

cyhalothrin [3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-dimethyl-cyano(3-

phenoxyphenyl)methyl cyclopropanecarboxylate], 97.8% purity (CAS number 

91465-08-6) was purchased from Sigma-Aldrich (St. Louis, MO, USA). For 

enzymatic removal of the chorionic membrane of the zebrafish, protease enzyme 

from Streptomyces griseus (cat #81750) was purchased from Sigma-Aldrich. 3-

aminobenzoate ethyl ester mehtanesulfonate salt (tricaine, cat # A-5040 and dimethyl 

sulfoxide (DMSO) (CAS number 67-68-5) were also purchased from Sigma-Aldrich. 

 

3.6.2. Isolating and concentrating capsules by size  

In order to isolate and concentrate the nano-sized capsules in the commercial CS 

formulation, the formulation (2.08 lbs a.i. /gallon per product label) was diluted to 

1000 mg a.i. L-1 with Milli-Q water (Milli-Q Gradient A10 water purification system 

equipped with a Q-Gard® 2 and a Quantum™ IX Ultrapure Organex cartridge, 

Millipore Corp., Billerica, MA, USA).  Three 10 mL aliquots of the diluted stock 

were placed in 15 ml tubes and centrifuged for 7 minutes at 1454g with a benchtop 

Eppendorf 5430 centrifuge. For two of the aliquots, the supernatants were collected to 

represent the nano fraction (NF). The remaining pellets in the two aliquots were 
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resuspended in Milli-Q water, combined and labeled the micro fraction (MF). The 

pellet and the supernatant of the remaining aliquot were mixed back together to 

provide an unfractioned formulation (UF) control that contained both the nano and 

micron sized capsules which had been subjected to the same centrifugation process as 

the other fractions. The UF, MF and NF were diluted with Milli-Q water to similar 

opaqueness and stored in the dark at 4 oC in glass vials.   

 

3.6.3. Fraction characterization  

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential of the 

three suspensions (UF, NF and MF) were measured in triplicate using a Zetasizer 

Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) at 25°C after dilution to 50 

mg a.i. L-1. Statistical differences between fractions were determined with a one-way 

ANOVA. To quantify the amount of a.i. in the three suspensions, λ-Cy was extracted 

from the capsules by mixing with toluene and continually agitating for 1 hour. Gas 

chromatography (GC) analysis was performed on a 1 µL sample with a Varian 3800 

GC equipped with an electron capture detector and a 15 m x 0.53 mm ID RTX-200 

column. Standard grade λ-Cy was run at 0.02, 0.1, 0.5, 1.0, and 2.0 mg L-1 and a 

calibration curve was generated before analysis of the samples.  Samples were diluted 

to fit within the curve. The primary size and capsule morphology was examined using 

a FEI Quanta 600 FEG (FEI Co., Hillsboro, OR, USA) scanning electron microscope 

(SEM) operating at 15 kV using samples prepared by dropping 20 µL of each 

suspension onto a Si substrate and drying before imaging.  
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3.6.4. Embryonic zebrafish assay  

Adult zebrafish (Danio rerio) were maintained at the Sinnhuber Aquatic Research 

Laboratory at Oregon State University. Zebrafish embryos were collected from group 

spawns of wild-type 5D fish. To eliminate possible exposure differences from the 

pores of the chorionic barrier, at 6 hours post fertilization (hpf) the embryos were 

dechorinated with protease in fish water (FW) (Truong, Harper et al. 2011).  FW 

exposure media was prepared by dissolving 0.26 g L-1 Instant Ocean salts (Aquatic 

Ecosystems, Apopka, FL) in reverse osmosis water and adjusting pH to 7.2 ± 0.2 

using ~0.1 g sodium bicarbonate (conductivity 480-600 µS cm-1). The dechorinated 

embryos were group housed at 26.5 oC under a 14:10 h light:dark photoperiod. At 24 

hpf, embryos were staged according t Kimmel, Ballard et al. (1995) to ensure all 

embryos were at the same developmental time point.  Embryos were exposed 

individually in clear 96-well plates (n=12 per concentration per suspension) to150 

µL/well of 0, 20, 40, 60, 80, 400 and 2000 µg a.i. L-1 of the UF, NF and MF. This 

non-linear range in concentrations was selected to get good responses for both 

morbidity and mortality endpoints. In the same manner and at matched a.i. 

concentrations, embryos were exposed to technical λ-Cy in 0.1% dimethyl sulfoxide 

(DMSO) carrier solvent, a concentration known to not induce toxicity in the zebrafish 

embryos. FW and 0.1% DMSO controls were also prepared. All exposures were kept 

at 26.5 oC under a 14:10 h light:dark photoperiod. Parafilm was placed under the lid 

of each plate to prevent volatilization and evaporation. In entirety, 2 experimental 

replicates on two separate days were performed for a total n=24.To ensure that λ-Cy 

was contained in the capsules and not free in solution, and to account for the potential 
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toxicity of the other ingredients in the product, the UF stock was centrifuged at 

10,000g for 15 minutes to remove all capsules, both nano- and micron-sized. 

Embryos were exposed to the supernatant to ensure no toxicity was present from the 

solution alone. In addition, a stock solution of λ-Cy at an equivalent a.i. concentration 

underwent the same centrifugation treatment. This control was to ensure that a force 

of 10,000g for 15 minutes did not force free chemical out of solution or promote the 

chemical adhering to the plastic centrifuge tubes. Embryos exposed to the resulting 

supernatant had a similar toxicological response as those exposed to the same solution 

not centrifuged. Free a.i. above the water solubility of λ-Cy (0.005 mg L-1) is not 

expected for the capsule exposures used in this study. This amount contributed 

minimally and equally to the toxicity assessments.  

   

3.6.5. Toxicological evaluation of embryonic zebrafish   

At 56 hpf (day 1 of exposure), a 30 second video was taken of each embryo to 

quantify the occurrence and duration of embryonic tremoring. At 56 hpf, control 

embryos remained still with no spontaneous movement and there was 100% 

survivability in all exposures providing a good time point for behavioral analysis. 

Total time spent tremoring during each 30 second video was calculated and the mean 

time for each concentration within each treatment group was calculated. Fish were 

categorized as non-tremoring if no motion was detected for the complete duration of 

the 30 second video. Fish not tremoring but unresponsive to touch were considered 

paralyzed. The results were analyzed by a 3-way ANOVA to look for differences 

between experiments, exposure concentration and material. Results from experiment 
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1 and 2 were pooled because there were no statistical differences between 

experimental replicates (p=0.266). At 120 hpf (day 4 of exposure), embryos were 

assessed for 14 developmental sublethal impacts including malformations to the body 

axis, brain, eyes, caudal and pectoral fins, jaw, ears, snout, trunk and somite. 

Abnormal circulation, pericardial edema, yolk sack edema and pigmentation were 

also evaluated. Mortality was assessed on day 5 of exposure (144 hpf) and embryos 

were determined to be dead by the visual absence of cardiac activity. LC50 and EC50 

values were derived by linear extrapolation of the dose-response curves. The 

significant occurrence of tremors, tremor duration, pericardial edema, jaw and axis 

malformations and mortality between control and pesticide exposures was determined 

by Fisher’s exact statistical test. The significance level in all calculations was set at 

p<0.05. Representative images were taken at 144 hpf of each exposure condition 

before experiment termination, when zebrafish were euthanized with 4mg/mL 

tricaine.   

 

3.7. Results and Discussion  

3.7.1. Pesticide fractionation and characterization  

The UF had an average hydrodynamic diameter (HDD) of 1925 ± 153 nm and a 

polydispersity index (PDI) of 0.71 indicating a broad particle size distribution within 

the suspension (Table 3.1). After removal of the nano-sized capsules, the average 

HDD increased to 2188 ± 145 nm and the PDI lowered to 0.48, suggesting a more 

homogeneous size distribution. The NF had an average HDD of 251 ± 13 nm, had the 

lowest PDI of 0.34 and was significantly smaller than the MF (p=0.0001). The 
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average zeta potential of the UF, MF and NF were -54±9, -48±9 and -52±8 mV 

respectively (Table 3.1), indicative of good particle stability and low potential to form 

agglomerates (Clogston and Patri 2011). This was expected considering the necessary 

shelf life of a concentrated product and is desirable to create a flowable formulation.  

 

SEM images were taken in order to confirm the capsules were spherical and to justify 

the use of HDD measurements from dynamic light scattering where calculations are 

based on this assumption. The capsules of this formulation are specifically engineered 

to break open upon drying, so the spherical nature is assumed based on the images 

acquired (Figure 3.1) although some capsule shells are collapsed from sample 

preparation for SEM microscopy.  

 

3.7.2. Embryonic tremoring  

In order to compare the toxicity of non-encapsulated and encapsulated a.i. with nano- 

or micro-sized capsules using the zebrafish, we focused on the pyrethroid-specific 

response of physical tremoring after exposure to λ-Cy. This response is due to 

disruption of the voltage-gated sodium channels of the peripheral nervous system by 

λ-Cy and has been observed by others investigating the toxicity of class II pyrethroids 

with zebrafish (DeMicco, Cooper et al. 2010; Yang, Ma et al. 2014). Alterations to 

the nerve from the prolonged opening of the voltage-gated sodium channels and 

repetitive discharge of nerve signals results in convulsions or tremors and eventually 

paralysis (Soderlund and Bloomquist 1989). Since we do not have access to a capsule 

only control in our experimental design, looking at an endpoint specific to the a.i. 
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allows us to link the toxic response to the active chemical and not the other 

ingredients of the commercial formulation. 

 

The proportion of fish experiencing tremors increased (Figure 3.2A) as concentration 

of a.i. increased for all exposures with exception of the two highest concentrations, in 

which the fish were beginning to reach paralysis (Figure 3.2B). For the exposures to 

formulated products, the NF at 2000 μg a.i. L-1 was the only condition to result in a 

statistically lower percent of fish tremoring compared to the UF and the MF due to 

the high percent having reached paralysis. The λ-Cy exposures resulted in a 

significantly lower percent of fish tremoring at 40, 60 and 80 μg a.i. L-1 compared to 

the capsule suspensions. At 2000 μg a.i. L-1, the λ-Cy exposure resulted in a 

significant decrease in tremoring fish, but only compared to the UF and MF. The NF 

could be behaving similar to the non-encapsulated chemical, only slightly more toxic, 

because the smaller capsules may release their contents more rapidly after being taken 

up by the fish compared to larger capsules (Perrin 2000; Mehrazar, Rahaie et al. 

2015).  

 

Average total time spent tremoring was also quantified (Figure 3.3). A significant 

increase in total time spent tremoring (s/30s) was observed as concentration 

increased; however, the embryos were reaching paralysis at the two highest 

concentrations (400 and 2000 μg a.i. L-1) (Figure 3.2B) resulting in a decrease in time 

spent tremoring (Figure 3.3). For average total time spent tremoring, no significant 

differences were noted between UF, MF or NF; however, embryos exposed to λ-Cy 
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spent significantly less time tremoring than the UF (p=<0.001), MF (p=<0.001) and 

NF (p=0.002). Tremors were not present in any of the control exposures (FW, DMSO 

and UF filtrate). The no observable adverse effect level (NOAEL) for tremoring was 

20 μg a.i. L-1 for all exposures and the lowest observable adverse effect level 

(LOAEL) was 40 μg a.i. L-1, the onset of  significant tremoring for all technical and 

formulated λ-Cy exposures (Supplemental Table 1).  

 

3.7. Sublethal impacts and mortality 

On day 4 of exposure, embryos were assessed for 14 developmental sublethal 

endpoints. Surviving embryos experienced a significant increase in curved body axis, 

pericardial edema, and jaw malformations at 40 μg a.i. L-1 for the technical and 

formulated a.i. exposures compared to controls (Figure 3.4). Embryonic tremoring 

decreased at the two highest exposure concentrations as the fish reached paralysis on 

day 1 of exposure, yet on day 4 nearly 100% of the embryos at these concentrations 

had malformed jaws, pericardial edema and severely curved body axis for technical 

and formulated λ-Cy exposures (Figure 3.4). After disruption of the voltage-gated 

sodium channels, ionic balance is disrupted throughout the organism, likely resulting 

in the swelling of the pericardium and abnormal axis curvature. More variability was 

observed at the lower concentrations between the percent of fish experiencing the 

sublethal responses, but at 80 μg a.i. L-1 and higher, there were no significant 

differences between UF, MF, NF and λ-Cy exposures. For the 4 exposures, the fish 

had visually similar patterns of malformations and similar degree of axis curvature as 

displayed in Figure 3.6. There was no difference in the acute toxicity of nano- and 
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micron-sized capsules of λ-Cy, even considering that more nano-capsules are needed 

to reach an equivalent amount of a.i. compared to micron-sized capsules with greater 

relative volume.  

 

On day 5, significant mortality was observed at 60 μg a.i. L-1 for the formulated 

exposures, but not until 80 μg a.i. L-1 for the technical a.i. exposure (Figure 3.5). At 

80, 400 and 2000 μg a.i. L-1 there was no significant differences in mortality for the 4 

exposures. There was no mortality and no sublethal impacts observed in control fish 

(FW, 0.1% DMSO and UF supernatant).  

 

Table 3.2 provides a summary of the approximate EC50 and LC50 values for the 

technical and formulated λ-Cy exposures. The encapsulated formulation exposures 

(UF, NF, MF) caused pyrethroid-specific effects in the fish at slightly lower 

concentrations than the technical a.i. exposure. This could be due to efficacy 

differences from the presence of the capsule improving the biological persistence of 

the a.i. or from preventing the degradation of the chemical in the exposure media by 

light, microorganisms and other factors (Tsuji 2001). Therefore, the capsule may not 

have a direct influence on the toxicity of the chemical inside, but rather change the 

dynamics of the organism’s exposure over the duration of the experiment.  

 

We noticed significant differences in tremor response between the technical and 

formulated a.i. exposures, yet compared to the toxicity differences between other non-

capsule containing formulations and the corresponding a.i., here, the differences in 



 

 

 

72 

mortality and sublethal responses are minor (Beggel, Werner et al. 2010; Mesnage, 

Defarge et al. 2014). This is likely due to CS formulations containing low solvent 

concentrations (Perrin 2000; Shirley, Scher et al. 2001) and having relatively non-

toxic other ingredients at the concentrations tested, which can cause drastic 

differences in the toxicity of formulations versus their corresponding a.i. For this 

pesticide we can conclude that capsules with diameters between 200-2500 nm do not 

result in significant acute toxicological differences to zebrafish when exposures are 

normalized for a.i. concentration. However, it is uncertain if capsule size will affect 

chronic toxicity and bioconcentration of the pyrethroid in aquatic organisms. To 

better understand the influence of size on the toxicity of pesticides to aquatic non-

target species, it is necessary to test across other pesticides that implement different 

encapsulation technology to see if our observed trend holds true regardless of 

crosslinker chemistry, shape, surface charge, stabilizers and capsule wall thickness. 

Working with other encapsulated a.i. chemicals, including other pyrethroids with 

unique modes of action, can also determine if capsule size becomes an influence on 

toxicity when dealing with a site of action less ubiquitous than the voltage-gated 

sodium channels, such locations across the blood-brain barrier. 

 

Although differences in toxicity presented here are small between various sized 

capsules and the corresponding technical a.i., exposure differences from differential 

environmental fate through air, soil and water could be significant. To achieve the 

same application of a.i., more nano-capsules are needed compared to micron-sized 

capsules because of loading capacity differences based on volume. The result of 
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formulations with average particle sizes in the nano range is a greater propensity to be 

more easily transported through the small pore spaces of soil and through the air as 

drift. The colloidal properties are expected to differ for larger particles versus their 

smaller counterparts also and could result in greater bioavailability to aquatic 

organisms as the water stable capsules remain suspended in the water column. 

 

3.8. Conclusions 

Pesticides are among the most well-studied chemicals in the world, yet little 

information is available to assess possible elevated risks after formulated. For the 

pesticide presented here, the nano-sized capsules only account for a small percent of 

the total capsules in the formulation, with the rest of the capsules in the submicron 

size range. Investigations into the toxicological risks and benefits of pesticides that 

incorporate nanotechnology will allow for the precautious engineering and 

application of any products coming to market in the near future and to assess whether 

a unique evaluation is needed under Federal Insecticide, Fungicide and Rodenticide 

Act (FIFRA), Food and Environment Protection Act (FEPA) or other similar agencies 

worldwide for pesticides that contain nanoscale capsules. After isolating and 

concentrating the nano-sized capsules of a commercial pesticide, we found no 

difference in the acute toxicity compared to larger particles of the same composition. 

However, studies investigating the fate and persistence of nano-capsules of pesticides 

in the environment relative to the a.i. alone and to their larger sized counterparts are 

necessary to understand the environmental risks associated with implementing 

nanotechnology in agriculture. 
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3.11. Figures 

 

 
 
Figure 3.1.  
Representative SEM images showing both nano- and micron-sized capsules. A) 
unfractioned formulation with broken capsule. Photo credit: Dr. Louisa Hooven B) 
NF and C) MF at 5 mg a.i. L-1. Scale bars are 1, 5 and 5 μm respectively.  
 

 
 
Figure 3.2.  
Pyrethroid-specific tremor response on day 1 of exposure (48 hpf). All responses 
above 20% are significantly different from control. A) Percent of fish experiencing 
tremoring. a and b indicate significant differences compared to the formulated 
exposures (UF, MF and NF). B) Percent of fish experiencing paralysis. A indicates 
significant differences compared to the other exposures at the same concentration 
(n=24).   
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Figure 3.3. 
Average total duration of tremoring after analysis of 30 second videos (n=24). A, B, 
C and D depict a concentration dependent increase in average time spend tremoring 
for all exposures from 20 to 80 ug a.i. L-1. Average total time spent tremoring 
decreased at the two highest concentrations as fish began to reach paralysis.   
 
 
 

 
Figure 3.4.  
Occurrence of sublethal developmental endpoints as a function of exposure 
concentration on day 4 of exposure (120 hpf). A) Jaw Malformation B) Axis 
Curvature and C) Pericardial Edema. * indicates significantly less fish with toxic 
response compared to other exposures at the same concentration.  
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Figure 3.5.  
Cumulative percent mortality on day 5 of exposure (144 hpf) as a function of 

exposure concentration. * indicates significantly differences in the λ-Cy exposure 

compared to the formulated exposures (UF, MF, NF) at 60 µg a.i. L-1. # indicates 

significant differences between all exposures and control, (but not each other) at 80, 

400, and 2000 µg a.i. L-1.          

 

 
 
Figure 3.6.  
Representative images of embryos on day 5 of exposure (144 hpf).  
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3.12. Tables 
 
Table 3.1.  
Capsule characterization. Average hydrodynamic diameter (HDD), zeta potential 
(ZP) and polydispersity index (PDI) for the UF, MF and NF. a indicates significant 
difference compared to the MF and UF. b indicates significant difference compared to 
UF and NF.  
 

 
 
 
Table 3.2.  
Summary EC50 values for tremor response and pericardial edema (PE) and LC50 
values for the UF, MF, NF and λ-Cy exposures. a indicates a significant difference 
compared to other exposures. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 HDD (nm) ZP (mV) PDI 

UF 1925 ± 153 -54 ± 9 0.71 

MF 2188 ± 145 -48 ± 9 0.48b 

NF 251 ± 13a -52 ± 8 0.34a 

 

 24 h Tremor EC50 (µg 
L-1) 

96 h PE EC50 ( µg L-1) 144 h LC50 ( µg L-1) 

UF 37 31 150 
MF 42 39 216 
NF 32 43 212 
λ-Cy 66a >80a 273 
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Chapter 4.  

Final Conclusions 

 The low risk and sustainable implementation of nanotechnology requires 

understanding how nanomaterial physicochemical properties influence their toxicity. 

Major drivers of toxicity need to be avoided while maximizing product efficacy so 

nanomaterials can be produced to best serve their applications and be of low risk 

when intentionally or unintentionally released into the environment. The two chapters 

of this thesis investigated how surface chemistry, structure, and size influence the 

toxicity of two high production organic nanomaterials: carbon nanotubes (CNT) and 

polymeric nanocapsules.  

 Our toxicity analysis of CNTs involved four unique materials that were each 

stabilized with Pluronic® surfactant (PF108). Sonication is a common sample 

preparation technique to better suspend particles and reverse agglomeration before 

toxicity experiments or before the general use of the materials. Here, we found that 

sonolytic degradation products were produced after sonication of PF108. These 

byproducts were toxic to the zebrafish and were confounding the toxicity of the 

CNTs. Dialysis was used to remove the impurities before zebrafish exposure to the 

nanomaterial suspensions. After dialysis, the pMWCNTs, cMWCNTs, and 

pSWCNTs were not toxic to the fish at any concentrations tested. However, exposure 

to the cSWCNTs resulted in toxicity at even the lowest concentration tested. These 

data suggest that the CNT’s structure and surface chemistry alone do not 

independently impact toxicity and that non-functionalized CNTs are acutely low in 
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toxicity to the zebrafish. Instead, it appears that surface chemistry in combination 

with structure can influence material hazard. The toxicity of the cSWNTs could have 

been due to chemical impurities or byproducts from the unique chemical synthesis 

method used to make this material or from the combination of the single-wall tube 

structure and the negative surface chemistry resulting in the greatest cellular uptake, 

even though this material resulted in the lowest total body burden as indicated by our 

SDS-PAGE accumulation assessment.  

 Stabilizers and surfactants can significantly impact toxicity and care should be 

taken when deciding what chemical is best considering the intended product’s 

application and lifecycle. Details on synthesis and sample preparation protocols, such 

as sonication procedures and dialysis, should also be included in a materials 

characterization to evaluate the associated influence of common or uncommon 

manufacturing methods on material toxicity. As CNTs and any other nanomaterial get 

incorporated into a diverse group of products on the market, it is important to 

intentionally design and utilize the safest and most appropriate version of the material 

after anticipating where the substance will amass during it’s lifecycle.  

 Evaluating the impact of size on the toxicity of polymeric capsules helped to 

fill an important data gap in the literature considering the limited information on this 

pressing subject. We found that capsule size did not influence the toxicity of the 

entrapped pyrethroid insecticide to the zebrafish; however, encapsulation in general 

had a significant impact on toxicity when compared to free chemical. Pyrethroids are 

highly water insoluble and a benefit of their encapsulation is better suspension and 

dispersion in water. Capsules can be used to prevent the premature degradation of the 
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chemical in the environment, increasing persistence and half-life. During the toxicity 

experiment, the capsules could have prevented degradation by light and microbes and 

improved water solubility, increasing bioavailability and eliciting a greater toxic 

response. All in all, encapsulation formulations are able to avoid high toxic stabilizers 

and surfactants by the physical entrapment of the chemical and can dramatically 

reduce the contribution of the other ingredients to formulation toxicity. 

 We did not see toxicity differences between nano- and micron-sized capsules, 

but were we do expect to see major differences in environmental fate and transport. 

Due to the small size of the nanocapsules we expect them to behave as colloids in 

water not subjected to the same gravitation forces as larger particles, and transport to 

unexpected environmental compartments carrying highly toxic agrochemicals along 

the way. As for movement through soil, it is predicted that size will play a major 

factor in the lateral and bilateral mobility of the capsules, due to the correspondingly 

small pore spaces of soil. This area of research is in need of investigation.  

 Evaluating toxicity on the basis of a nanomaterial’s physicochemical 

properties is important for toxicological efforts to keep pace with the implementation 

of nanotechnology. Physicochemical properties not only help predict material 

toxicity, but can also provide clues to environmental fate and transport over a 

material’s lifecycle. Premeditated steps to reduce the risk of nanomaterials will make 

their incorporation into household and consumer goods more positively perceived by 

the public and promote a sustainable future for nanotechnology.    
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6. Appendix 
 
6.1. Supplemental information for Chapter 2 
 
Table A1.  CNT particle size distribution and zeta potential in various 

CNT-PF108 suspensions before and after dialysis.  All the undialyzed and 

dialyzed CNT-PF108 suspensions were diluted to a CNT concentration of 100 

µg/mL in 0.2 mM sonicated (PF108-1h) or fresh unsonicated (PF108-0h) 

PF108 solutions, respectively.  All samples were further diluted 1:1 with 

MilliQ water to a final solution with 0.1 mM PF108 and 50 µg/mL CNT 

immediately prior to DLS or zeta potential measurements at 25 °C, according 

to procedures described in the Methods section.  

 

 
 
Figure A1.  Removal of PF108 sonolytic degradation products by dialysis 

in sonicated PF108 solutions and various CNT-PF108 suspensions.  

Pristine and carboxylated MWNT and SWNT powders were sonicated in 0.2 

mM PF108 at 37 kHz and 120 W for 1 h followed by centrifugation at 20,000 

g for 5 min.  The pristine and carboxylated SWNT sample were subjected to 

an additional centrifugation at 20,000 g for 30 min.  The suspensions were 

dialyzed against fresh non-sonicated 0.2 mM PF108 for 3 d using a dialysis 
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membrane with a 100 kDa molecular weight cut-off, as described in the 

Methods section.  A representative gel was loaded with non-sonicated PF108 

solution in lane 1, PF108 sonicated for 1 or 4 h were loaded in lanes 2 and 3, 

and various CNT-PF108 suspensions before and after dialysis were loaded in 

lanes 4 – 11.  PF108 molecules in the samples were detected by SDS-PAGE 

followed by BaI2 staining.  BaI2 stained bands were denoted H, M, and L 

corresponding to the high, medium, and low molecule mass, respectively.  

The red arrow points to PF108 fragments that appear only in sonicated 

samples and disappears after dialysis, mainly in the L band region of the gel.   

 

 
 
Figure A2.  Zebrafish lysates prepared from dechorionated embryos 

exposed to dialyzed pSWNT suspensions at various concentrations.  
Zebrafish embryo whole body lysates were prepare from a control group of 

embryos  that were not exposed to CNT-PF108 suspensions and three 

experimental groups of embryos that were exposed to pSWNT-PF108 

suspensions from 8 – 120 hpf at increasing pSWNT concentrations of 50, 100, 

and 200 µg/mL.  Ten dechorionated embryos at 120 hpf were collected from 

each group and lysed in a microcentrifuge tube containing 100 µL of lysis 

buffer (0.25 M Tris-HCl (pH 6.8), 8% (w/v) SDS, and 20% (v/v) 2-

mercaptoethanol) and heated in a 100 °C bath for 2 h to ensure complete lysis.  

The brownish color in the lysates arises from zebrafish embryo pigments.  
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Figure A3.  Schematic representation of detecting CNTs in zebrafish 

lysates by SDS-PAGE and confocal Raman microscopy.   The same SDS 

gel as described in Figure 4A was preserved between 2 sheets of cellophane 

and allowed to dry into a thin film.  Sections of the gel were scanned using a 

confocal laser Raman microscope.  For illustration, a 5 × 0.5 mm gel section 

corresponding to the band in lane 4 was enlarged to show the 8 Raman 

scanned areas, 160 × 160 µm per area, evenly-spaced within the band.  Below 

the enlarged gel band, a schematic representation of one of the scan areas is 

shown where 1600 Raman spectra were acquired at 4 µm intervals in both x- 

and y-directions, using a 0.2 s integration time, a laser power intensity of 10 

mW/cm2, and a 20× objective lens. Raman analysis was performed on all 10 

lanes throughout the horizontal section of the gel using the same laser power 

density and integration time.  The black dot in the center of a Raman scan 

square represents the position where a representative single point Raman 

spectrum was acquired (spectra are shown in Figure S4).    
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Figure A4.  Representative Raman spectra acquired from various 

zebrafish lysates in a H2O2 treated SDS-PAGE gel.  Raman single point 

spectra were acquired using a 20× objective lens, an integration time of 0.1 s 

with 20 accumulation cycles, and a laser power density of 10 mW/cm2, and 

one representative spectrum each was taken from lanes 1 – 4 of the same gel 

described in Figure S3.  CNTs have a characteristic peak around 1595 cm-1 

(called the G-mode) corresponding to tangential vibrations of the carbon 

lattice.  The inset shows the background-corrected G-mode (1540 – 1640 cm-

1) region and the integrated intensity is generally proportional to the 

abundance of CNTs.  The presence of the CNT Raman G-mode in lanes 2, 3 

and 4 but not in lane 1 is a direct evidence that lysates of embryos exposed to 

pSWNT-PF108 suspensions contain CNTs while the control embryos do not.   
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6.2. Supplemental information for Chapter 3 
 
Supplemental Table B1. 
Corresponding p-values for each endpoint measured that was present in the embryos 
at each concentration. p<0.05 indicates significance relative to control.  
 

 μg a.i. 
L-1 

UF MF NF λ-Cy 

Pe
rc

en
t 

tr
em

or
in

g 
20 1 1 1 1 
40 1 1 1 1 
60 <0.0001 0.0002 <0.0001 0.489 
80 <0.0001 <0.0001 <0.0001 0.1092 
400 <0.0001 <0.0001 <0.0001 0.0002 
2000 0.0002 <0.0001 0.489 0.234 

D
ur

at
io

n 
of

 
tr

em
or

s 

20 0.798 1 1 1 
40 0.003 0.193 0.002 0.94 
60 <0.001 <0.001 <0.001 0.606 
80 <0.001 <0.001 <0.001 <0.001 
400 <0.001 <0.001 0.011 0.001 
2000 0.252 0.046 0.977 0.782 

Ja
w

 
M

al
fo

rm
at

io
ns

 20 0.489 1 1 1 
40 <0.0001 0.0094 <0.0001 1 
60 <0.0001 <0.0001 0.0034 0.0006 
80 <0.0001 <0.0001 <0.0001 <0.0001 
400 <0.0001 <0.0001 <0.0001 <0.0001 
2000 <0.0001 <0.0001 <0.0001 <0.0001 

Pe
ri

ca
rd

ia
l  

Ed
em

a 

20 0.489 1 1 0.2232 
40 <0.0001 <0.0001 0.0002 1 
60 <0.0001 <0.0001 <0.0001 0.0039 
80 <0.0001 <0.0001 <0.0001 <0.0001 
400 <0.0001 <0.0001 <0.0001 <0.0001 
2000 <0.0001 <0.0001 <0.0001 <0.0001 

A
xi

s C
ur

va
tu

re
  20 1 1 1 1 

40 0.0496 1 0.1092 1 
60 0.0016 0.1092 0.4783 0.489 
80 <0.0001 0.0016 0.0002 0.1092 
400 <0.0001 <0.0001 <0.0001 <0.0001 
2000 <0.0001 <0.0001 <0.0001 <0.0001 

M
or

ta
lit

y 

20 1 1 1 1 
40 0.234 1 1 0.489 
60 0.1092 0.0496 0.0496 1 
80 0.0006 0.1092 0.0219 0.0219 
400 <0.0001 0.0001 <0.0001 0.0001 
2000 <0.0001 0.0001 <0.0001 0.0001 

 


