


AN ABSTRACT OF THE THESIS OF 
 

Crystal Y. Usenko for the degree of Master of Science in Toxicology presented on May 
29, 2007. 
Title: In Vivo Assessment of Nanomaterial-Induced Toxicity Using Embryonic Zebrafish 
 
Abstract approved: 
 
_____________________________________________________________ 

Robert L. Tanguay 
 
Due to their unique physical, chemical, and magnetic properties, nanomaterials have 

great potential for industrial development.  There is a pressing need to develop rapid 

whole animal-based testing assays to assess the potential toxicity of engineered 

nanomaterials. To meet this challenge the embryonic zebrafish model was employed to 

determine the toxicity of fullerenes. Embryonic zebrafish were exposed to graded 

concentrations of C60, C70, and C60(OH)24 during early embryogenesis and evaluated for 

morphological and behavioral responses. Exposure to C60 and C70 induced a significant 

increase in malformations, pericardial edema, and mortality; while the response to 

C60(OH)24 exposure was less pronounced at concentrations an order of magnitude higher. 

Cell death was determined to be the most sensitive physiologic response.  Oxidative 

stress was examined as a mechanism through which C60 elicited a response.  This was 

probed through chemical manipulation of glutathione and antioxidant levels.  Finally, the 

global gene expression following C60 exposure was evaluated.  These results further 

implicate glutathione depletion as a result of oxidative stress as a mechanism of action.  

Analytical chemistry methods were developed to determine the dose of C60 that induced 

toxicity in zebrafish embryos.  These results indicate only a small portion of C60 in the 

water was actually absorbed by the embryo to elicit a response.  The versatility and 

efficiency of the embryonic zebrafish model demonstrated its usefulness for screening 

nanomaterials for toxicity as well as a model organism for probing pathways through 

which a nanomaterial may elicit a toxic response. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

©Copyright by Crystal Y.  Usenko  
May 29, 2007 

All Rights Reserved 



IN VIVO ASSESSMENT OF NANOMATERIAL-INDUCED TOXICITY USING 
EMBRYONIC ZEBRAFISH 

 
 
 
 

by 
Crystal Y. Usenko 

 
 
 
 

A THESIS 
 

submitted to  
 

Oregon State University 
 
 
 

In partial fulfillment of  
the requirements for the  

degree of 
 

Master of Science 
 
 
 

Presented May 29, 2007 
Commencement June 2008 



Master of Science thesis of Crystal Y. Usenko 
Presented on May 29, 2007. 
 
APPROVED: 
 
 
 
Major Professor, representing Toxicology 
 
 
 
 
 
Head of the Department of Environmental and Molecular Toxicology 
 
 
 
 
Dean of the Graduate School 
 
 
 
 
 
I understand that my thesis will become part of the permanent collection of Oregon State 
University libraries.  My signature below authorizes release of my thesis to any reader 
upon request. 
 
 
 

Crystal Y. Usenko, Author



ACKNOWLEDGEMENTS 
 
 
 

The author expresses sincere appreciation to Sascha Usenko, Ron and Carrolyn Tucker 

for their support and unending encouragement.  In addition, the author is grateful to her 

major professor, Robert Tanguay, for providing guidance, insight, and the opportunity to 

work in an exciting new area of research.  The author would also like to thank Stacey 

Harper for all assistance and guidance throughout the project.  Other individuals who 

provided valued assistance include Lijoy Mathew, Sumitra Sengupta, Kerri Stanley, 

Kristine Robinson, Caprice Rosato, Carl Isaacson, and Dr. Jennifer Field.  The author 

would like to thank Jane LaDu for keeping the lab running and the fish happy and 

healthy.  In addition, the author would acknowledge the Oregon State University 

Research Office, The Safer Nanomaterials and Nanomanufacturing division of the 

Oregon Nanoscience and Microtechnologies Institute and NIEHS grants ES03850 and 

ES07060. 

 

 



CONTRIBUTION OF AUTHORS 
 

Dr. Robert L. Tanguay provided guidance in all aspects of this research project.  Dr. 

Stacey Harper provided guidance in the design and editing of a significant portion of 

Chapter 3.  Carl Isaacson and Dr. Field provided chemistry expertise in developing 

methods for detecting and analyzing C60 in samples.   



TABLE OF CONTENTS 

 Page 

CHAPTER 1: INTRODUCTION…………………………………. 1 

CHAPTER 2: LITERATURE REVIEW…………………………... 3 

 Nanotechnology…………………………………………… 3 

 Nanotoxicology……………………………………………. 4 

 Oxidative Stress Pathway of Toxic Action……………….. 6 

 Administration, Distribution, Metabolism, and Excretion…. 9 

 Environmental Uses, Relevance, and Concern…………….. 10 

 Whole Animal System……………………………………... 11 

CHAPTER 3: METHODS…………………………………………. 15 

 Concentration Response…………………………………… 15 

  Solution Preparation……………………………….. 15 
  Exposure Protocol…………………………………. 15 
  Water Quality ……………………………………… 16 
 
 Cell Death Assays………………………………………….. 16 

  In vivo Cell Death Assay…………………………… 16 
  TUNEL Assay……………………………………… 17 
  Cell Proliferation…………………………………… 17 
 
 Oxidative Stress Assays……………………………………. 18 

  Dark Exposure ………………………………...……18 
  Carboxy-H2DCFDA ………………………………..18 
  Co-incubation with glutathione……………………..18 
  Co-incubation with NAC…………………………... 19 
  H2O2 exposure……………………………………… 19 
  Co-Incubation with antioxidants…………………… 19 
  Chemical depletion of glutathione…………………. 19 
  GCL morpholino…………………………………… 19 
  Immunohistochemistry…………………………….. 20 
   



TABLE OF CONTENTS (Continued) 

      Page 

  Western blots……………………………………….21 

 Global Gene Expression Analysis…………………………. 21 

  Custom Array Chip………………………………… 21 
  Isolation of RNA…………………………………… 21 
  Hybridization………………………………………. 22 
  Scanning……………………………………………. 22 
  Data Analysis………………………………………. 22 
 
 Quantitative real-time PCR…………………………………23 

 Characterization of Nanomaterials………………………… 23 

  Photon Correlation Spectrometry………………….. 23 
  Uptake and Mass Balance………………………….. 24 
  Microinjection…………………………………….... 25 
 
 Statistical Analysis…………………………………………. 25 

CHAPTER 4: RESULTS…………………………………………... 29 

 Developmental Perturbation Due to Fullerene Exposure…. 29    

 Cellular Death Induction by Fullerene Exposure………….. 30 

 Cellular Proliferation………………………………………. 31 

 Oxidative Stress Pathway Investigations…………………... 32 

  Light Activation of C60.............................................. 32 
  DCFDA Localization of Oxidative Stress…………. 33 
  MitoSOX Localization of Oxidative Stress………... 33 
  Role of Glutathione………………………………… 34 
  NAC Co-Incubation to raise GSH Levels………….. 34 
  Role of Antioxidants……………………………….. 35 
  Glutathione Chemical Depletion…………………… 36 
  Antioxidative Potential of Fullerenes……………… 36 
  Genetic Reduction of GSH………………………… 37 
  Lipid Peroxidation Detection………………………. 37 
      
 Global Gene Expression…………………………………… 38 



TABLE OF CONTENTS (Continued) 

  Page 

 Material Characteristics, Uptake and Mass Balance……….. 40 

 PCS Characterization………………………………. 40 
 Dose Determination………………………………... 40 
 C60 Concentration in Water Over Time……………. 41 
 Cell Death in response to Dose…………………….. 41 
 Uptake through chorion……………………………..42 
 Microinjection Exposure…………………………… 42 
 
CHAPTER 5: DISCUSSION………………………………………. 78 

 Zebrafish Model for Nanotoxicity…………………………. 78  

 General Toxic Response…………………………………… 79  

 Cell Death…………………………………………………...81 

 Oxidative stress……………………………………………. 82 

 Lipid Peroxidation…………………………………………. 85 

 Global Gene Expression…………………………………… 85 

 Material Characteristics……………………………………. 87 

 Future Directions…………………………………………... 90 

  Develop zebrafish as a model for oxidative stress….90 
  Localization of C60 and targeted cells……………… 92 
  Determine Factors of Environmental Relevance…... 93 
 
 Summary…………………………………………………… 94 

Bibliography……………………………………………………….. 96 

Appendix: Differentially Regulated Genes…………………………104 



LIST OF FIGURES 

Figure Page 

1. Downstream effects of lipid oxidative stress………………… 14 

2. Light activation of C60 resulting in reactive oxygen species… 14 

3. Proposed overview of method design……………………….. 24 

4. Microinjection technique……………………………………. 24 

5. Micro Array labeling and hybridization……………………... 25 

6. 6 hpf chorion exposure………………………………………..43  

7. 24 hpf chorion exposure………………………………………44 

8. 24 hpf dechorionated exposure……………………………… 45 

9. SWNT Exposure……………………………………………... 46 

10. C60(OH)24 exposure without solvent…………………………. 46 

11. C60-exposure induced cellular death…………………………. 47 

12. C60-induced apoptotic cell death……………………………... 48 

13. C60(OH)24 cell death………………………………………….. 49 

14. Caspase-3 labeled apoptosis…………………………………. 50 

15. Cell proliferation……………………………………………... 51 

16. C60 concentration-response: dark exposure………………….. 52 

17. Chemical reactions of fluorescent dyes……………………… 53 

18. DCFDA fluorescence………………………………………… 54 

19. Mitosox labeling of oxidative stress…………………………. 54 

20. C60 co-incubation with GSH response……………………….. 55 

21. NAC concentration-response………………………………… 55 

22. NAC co-incubation with C60…………………………………. 56 

23. NAC + H2O2 concentration response………………………… 57 

24. C60 co-incubation with ascorbic acid………………………… 58 

25. C60 co-incubation with antioxidants in embryo buffer………. 59 

26. DEM and BSO concentration response……………………… 60 

27. Cell death in co-exposures…………………………………… 61  

28. H2O2 and C60 co-incubation……………………………......... 62 



LIST OF FIGURES (Continued) 

Figure Page 

29. C60 + C60(OH)24 co-incubation response……………………...63 

30. GCL morpholino response…………………………………… 64 

31. IHC of lipid peroxidation markers…………………………… 65 

32. Evaluation of CYP1A and CYP1B…………………………... 66 

33. 4-HNE and MDA western blot analysis……...………………66 

34. Vinn diagrams of micro array data…………………………... 67 

35. Pie chart of categories of gene regulation alterations………... 68 

36. PCR validation of differentially expressed genes…………….69 

37. HSP70 and TTP protein level analysis………………………. 70 

38. In vivo neurogenin expression evaluation…………………… 70 

39. Fullerene agglomeration characterization……………………. 71 

40. Analysis of C60 Dose and Concentrations……………………. 72 

41. Cell death with increasing lengths of exposure……………… 73 

42. Chorion and aggregation exposures…………………………. 74 

43. Aggregation concentration-response……………………… 75 

44. Microinjection of C60 and C60(OH)24………………………… 75  

 

 



LIST OF TABLES 

  Page 

1. Sequences of primers for target genes of interest …………… 28 

2. Fold change in gene expression of select genes ……………... 76 

3. Comparison of C60 exposures ……………………………...... 96 

 



CHAPTER 1: INTRODUCTION: 

The rapid expansion of nanotechnology will eventually affect every aspect of 

our daily lives.  The phenomenon that is sometimes referred to as the “Nano 

Revolution” is a gaining concern for possible human health risks and environmental 

impact.  These materials have unique physical-chemical properties compared to their 

bulk counterparts, which may result in different toxicities.  It is important to rapidly 

assess new materials for toxic potential in order to ease public concern and to assist 

regulators in determining environmental and health risks of commercial 

nanomaterials [1-3].  Nanomaterials are defined as having at least one dimension in 

the 1-100 nm range [4].  Currently, it is estimated that over 700 types of 

nanomaterials are being manufactured at about 800 facilities in the US alone.  Few 

studies have investigated the toxicological effects of direct and indirect exposure to 

nanomaterials and clear guidance is currently unavailable to quantify effects [5].  A 

methodical, integrative approach to investigate the biological activity and potential 

toxicity of nanomaterials is essential and urgent.  Many nanomaterials are already in 

production and countless others are being developed for diverse applications such as 

electronics, cosmetics, clothing, and drug delivery.  

 In answer to the increasing need, we have proposed the use of the embryonic 

zebrafish model as a screening tool for novel nanomaterials.  Much of the 

nanotechnology attention has been on the carbon nanomaterials, particularly 

concerning the toxicity of carbon nanomaterials.  To establish the zebrafish as a rapid 

assay for testing nanomaterial toxicity, three carbon fullerenes were thoroughly 

evaluated for adverse nanomaterial-biological interactions: C60, C70, and C60(OH)24.  

C60, otherwise known as “bucky balls” or “Buckminster fullerenes” have been 

postulated for use in fuel cells, groundwater remediation, cosmetics, and drug 

delivery.  C70 is a common by-product of C60 synthesis and is likely to be found in 

products containing C60, unless extensive purification steps are taken.  The lack of 

solubility of C60 in water has limited its research within biological systems [6].  

Hydroxylated C60 is readily solubilized in water.  Similarly to C60, it is proposed for 

use in groundwater remediation and drug delivery [6-8].  Functionalization of the 

outer shell of the fullerenes can alter their specific functions which may also result in 
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unique interactions with biological systems [6, 9].   Currently, much of data on the 

effects of fullerene exposure has been gained using in vitro methods.  These data may 

be of limited use in predicting in vivo responses especially since these results may be 

dependent on the cell culture system chosen for the experiment.   

 The embryonic zebrafish has previously been utilized as a model for assessing 

toxicity of many different chemical classes.   Despite the additional challenges, the 

embryonic zebrafish may be useful for determining toxic potential and potential 

mechanisms of action of nanomaterials.  Proposed mechanisms of toxicity of 

fullerenes has been limited to oxidative stress induction resulting in lipid 

peroxidation.  While many studies have demonstrated these phenomena, other studies 

have determined fullerenes to act as powerful anti-oxidants leading to discrepancies 

in the literature.  The goals of these studies were to 1) develop the embryonic 

zebrafish as a tool for rapid assessment of nanomaterial toxicity, 2) determine lethal 

and sublethal effects of fullerene exposure using a whole organism platform, and 3) 

determine pathways through which fullerenes induce toxicity.  The underlying 

hypothesis of this research project is that nanomaterials will have different toxicities 

based on their functionalization, and that oxidative stress is an important pathway of 

fullerene-induced toxicity. 
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CHAPTER 2 - LITERATURE REVIEW: 

Nanotechnology: 

 Since the early 1980s, nanotechnology has been growing at an exponential 

rate.  In 1998, President Clinton established the Nanotechnology Initiative.  Through 

this initiative, billions of dollars have been invested in research and development of 

nanomaterials.  According to this initiative:  

“Nanotechnology is concerned with materials and systems whose structures 
and components exhibit novel and significantly improved physical, chemical, 
and biological properties, phenomena and processes due to their nanoscale 
size.  The goal is to exploit these properties by gaining control of structures 
and devices at atomic, molecular and supramolecular levels and to learn to 
efficiently manufacture and use these devices” (www.nano.gov/nni2.htm).   
 

Unique physicochemical properties of nanomaterials make them attractive for a wide 

range of novel applications in the electronics, healthcare, cosmetics, technologies and 

engineering industries [7, 10-14].  The possibilities of nanotechnology appear endless 

with current research and development in the areas of electronics and optics, drug 

delivery, cosmetics, and clothing, as well as groundwater remediation and energy 

sources.  Some nanomaterials have been used for years, such as titanium dioxide 

which has been used in sunscreens and aluminum oxide which is used in deodorants.  

Dendrimers are being developed for uses in solar energy antennae and drug delivery 

mechanisms.  Other nanomaterials are being added to clothing for permanent 

waterproofing and superior stain resistance compared to popular products such as 

Gore-Tex®.  These are a few of the many examples of how nanotechnology is being 

developed and will affect our every day life.  At this time, companies are not required 

to disclose the use of nanomaterials in their products.   

 The NNI will triple its budget for 2008 compared to 2001 [15].  This increase 

demonstrates the rapid expansion and interest in nanotechnology.  Of the $1.39 

billion to be spent in FY 2007, only 3.29% will be spent on environmental health and 

safety, which includes production of nanomaterials for environmental remediation 

[15].  The proportion of money to be spent in 2008 is not much greater.  It is critical 

at the inception of technology to assess the potential positive as well as negative 

impacts on society and the environment. 
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Nanotoxicology:   

Most nanotoxicity studies have focused on carbon nanomaterials, such as C60 

and its derivatives.  There have been some reports of natural sources of carbon 

fullerenes, which generally include high energy events, such as a lightening strike, 

meteor collisions, volcanoes, or possibly wildfires [16].  Carbon fullerenes have been 

proposed for biomedical applications such as enzyme inhibitors [17], anti-oxidants 

for cytoprotection [9, 18], photodynamic therapy [9, 19-21], selective diagnostic 

imaging [22], antimicrobial/antibacterial agents [9, 23], drug delivery systems [22, 

24] and anticancer therapy [9].  In order for these applications to succeed, sufficient 

data concerning the toxicity of fullerenes and their derivatives should be compiled 

and evaluated.    C70 is a common by-product of C60 synthesis and is likely to be 

found in products containing C60, unless extensive purification steps are taken.  The 

low water solubility of C60 has limited its research within biological systems [6].  To 

overcome the limitations posed by the insolubility of C60, hydroxylated C60 was 

developed and is readily solubilized in water.  With the commercialization of novel 

applications, human and environmental exposure to fullerenes will increase.   

Intelligently engineering fullerenes to be industrially beneficial and 

environmentally benign is proving more and more difficult due to the sparse research 

and conflicting reports on elicited responses. Current literature on the effects of 

fullerene exposure appears contradictory for at least three notable reasons.  First, the 

term fullerene is used to refer to C60, C70, and their derivatives, as well as other 

clusters with high numbers of carbon atoms.  Consequently, summary statements that 

report on the effects of “fullerenes” become a source of confusion [21].  It is 

important to take into consideration the functionalization of the material when 

making toxicity statements as well as the type of toxicological assay, age of the 

organism and route of exposure.   

Second, the purity of the fullerene material affects its toxic potential.  Catalyst 

metals and residuals contained in the prepared materials can modify their toxic 

potential [25].   Impurities for C60 are reported as being higher forms of fullerenes 

(i.e. C70, C84, C104), and C60(OH)24 impurities have been defined as trace amounts of 

water and sodium by the manufacturer (MER, Arizona).  Fiorito and others reported 
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that highly purified C60 does not appear to be cytotoxic to murine or human 

macrophages [25].  Purified C60 did not cause human platelet aggregation in vitro or 

rat vascular thrombosis in vivo [22].  Nevertheless, purified samples are rare and 

costly, and will not likely be utilized for mass production except for specific 

purposes.  As such, the toxic potential of commercially available fullerenes is 

important since some variations are already being manufactured by the ton.     

Third, the method of solublizing the C60 or its derivatives plays a large role in 

the toxicity of the fullerene [26].  C60 is highly lipophilic but can be solubilized by 

use of solvents and sonication, or by stirring in water for prolonged periods in direct 

sunlight [27, 28].  Both methods result in water-stable nanocrystalline aggregates of 

approximately 100 nm in diameter, termed nano-C60 or nC60 [26, 29-31].  nC60 

aggregates are formed by the addition of C60 dissolved in organic solvent to water; 

although then the effects of residual solvent must be corrected for with proper 

controls [32].  Solvents that have been used include tetrahydrofuran, DMSO, 

methanol, benzene, ethanol, and toluene [27, 33, 34].  Although the water-stirred 

method takes more time, it is likely more environmentally relevant as it more 

similarly replicates the action of moving water and direct sunlight, and does not 

contain organic solvents [26].  Essentially, the outer shell of the nC60 aggregate is 

hydroxylated and therefore soluble in water.  In waterborne exposures of fathead 

minnow and Daphnia, solvent-solubilized nC60 was significantly more lethal than 

water-stirred-nC60 [26].  Other studies have found water-stirred C60 to be more toxic 

than ethanol solubilized C60 in human lymphocytes based on LC50 and single-cell gel 

electrophoresis  [27]. 

In cell culture studies of C60 and C60(OH)24, Sayes et al. reported that 

underivatized fullerenes were at least three orders of magnitude more toxic than their 

hydroxylated counterpart [31].  In addition, the cytotoxic action of underivatized C60 

was much faster and more effective than its hydroxylated derivative [31].  The 

cytotoxicity of nC60 (n number of C60 molecules agglomerated together) to human 

dermal fibroblasts, human liver carcinoma cells (HepG2) and neuronal human 

astrocytes was dependent on cell type [32].  Some in vivo tests have been conducted 

on organisms such as mice [35, 36], large mouth bass [37], and a variety of EPA 
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recommended ecologically relevant organisms [26, 28].  Most studies have been 

conducted on C60 or derivative of C60, including hydroxylated C60.  There is almost no 

information regarding the toxicity of C70.   

In addition, the cytotoxic potential of nanomaterials is dependent on factors 

such as functionalization, geometry, and material.  One study evaluated a variety of 

carbon nanomaterials and found single walled nanotubes (SWNT) to be much more 

cytotoxic than fullerenes or multi-walled nanotubes (MWNT) [38].  Conversely, 

another study evaluating MWNT, carbon nanofibers, and carbon black found the 

smaller the size of the nanomaterial, the greater the toxicity [39].  Increasing 

functionalization, such as hydroxylation, often decreases the cytotoxicity of fullerenes 

[30, 31]; however if the carbon nanomaterial is pre-treated with acid, the cytotoxcity 

may be enhanced upon functionalization [39].  These contrasting reports make it 

difficult for researchers and policy makers to determine which nanomaterials to study 

and how to regulate the industry.  These studies, as others, have primarily been tested 

in vitro and the results may not accurately translate to in vivo interaction [40].   

Oxidative Stress Pathway of Toxic Action: 

Currently, the only proposed pathway of toxic action is through oxidative 

stress.  The unique electrochemical properties of fullerenes allow them to function as 

oxidants or anti-oxidants depending on their surface functionalization and 

environment.  An organism can undergo oxidative stress through several different 

mechanisms.  First of all, it may be induced by an oxidative agent, such as H2O2, 

resulting in cyclic oxidation [41].  Secondly, it may be produced through cytochrome 

P450 induction, as is the case with many polycyclic aromatic hydrocarbons (PAHs) 

[42].  Thirdly, a xenobiotic may inhibit the GSH machinery resulting in a loss of 

function of that particular antioxidant pathway [43].  It has yet to be determined 

through which of these pathways fullerenes may act.  Oxidative stress can lead to a 

variety of detrimental downstream effects such as lipid peroxidation, DNA and 

protein adduction, cell signaling, and cellular death (figure 1).  Nanomaterial induced 

oxidative stress may occur through the interaction of the nanomaterial with specific 

cells, an innate immune response, or a combination of both.   
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 One possible result of oxidative stress is lipid peroxidation, in which reactive 

oxygen species (ROS) react with lipids forming a large variety of lipid peroxide 

products that can lead to detrimental downstream effects, such as increased cellular 

permeability [44].  Lipid peroxidation is a common endpoint for toxicity testing of 

nanomaterials; however, this endpoint is usually detected using in vitro methods and 

colorimetric assays.  Lipid peroxidation products have cytotoxic effects at high 

concentrations, and can alter cellular proliferation and prevent nuclear factor-ĸB 

activation at lower concentrations as tested in different cell types  [45].  The 

aldehydic products of lipid peroxidation may be involved in several 

neurodegenerative diseases and chronic inflammatory diseases through protein and 

macromolecule adduction by reactive aldehydes [46].  Most C60 studies have tested 

for lipid peroxidation as an indicator of oxidative stress [32, 37, 47, 48]. 

 Another potential downstream effect of oxidative stress is DNA mutagenesis. 

DNA adduction could result through reaction of C60-generation of singlet oxygen and 

H2O2 leading to further reactive oxygen species, through formation of C60
•-, or via C60 

binding of DNA forming DNA adducts [49, 50].  Photoirradiation of C60 was found to 

lead to DNA adduction as a function of temperature, while complementary studies 

conducted in the dark did not lead to DNA fragmentation [51].  Functionalized 

fullerenes cleave DNA more efficiently than pristine C60 if the functionalization is 

able to interact with the DNA [6].  In contrast, water-solubilized C60 to damage DNA 

at lower concentrations (2.2 µg/L) than ethanol-solubilized C60 (4.2 µg/L) [27].  It is 

important to note that there has yet to be a study that demonstrates C60-induced 

formation of tumors or cancers.  Furthermore, fullerenes do not induce chromosomal 

aberrations [36].   

 In the event of extensive oxidative stress, cellular death may occur.  Although 

cell death is a normal process, it can also be induced by environmental stressors.  

There are two categories of cell death: apoptosis and necrosis.  Apoptosis is 

commonly known as “programmed cell death” which is regulated by a variety of 

signaling pathways [52].  As part of this pathway, caspases are activated by either 

death receptor ligation or the release of apoptotic mediators from the mitochondria 

[53].  Both pathways of apoptosis require ATP.  Necrosis is generally the result of 



 8

ATP depletion often initiated by toxic insults or physical damage.  Necrosis can also 

be the result of cellular signaling, such as ligation of the death receptor when 

apoptosis is blocked [52]. 

Fullerenes have been described as free radical scavengers by some [36, 54, 

55] and, conversely, have been observed to generate oxygen free radicals within and 

outside of biological systems [20, 31].  With few exceptions, the underivatized C60 

and nC60 are reportedly more toxic due to pro-oxidant behavior that results in 

cytotoxicity [31].  In cell culture, nC60 synergized the effects of oxidative stress-

inducing agents and elicited cytotoxic action through ROS-mediated cell membrane 

lipid peroxidation [31, 32].  In vivo, nC60 induced oxidative stress and lipid 

peroxidation in the brain of juvenile largemouth bass [37].  In contrast, a recent report 

questioned whether derivations of C60 really are less toxic than their pristine 

counterparts, and it suggested that C60 acted as a powerful antioxidant in vivo in rats 

with no acute or subacute toxicities [56].  Despite the disagreement amongst 

researchers, oxidative stress is currently the main proposed mechanism through which 

nanomaterials induce toxicity.   

 C60 is composed solely of C-C bonds, indicating a lack of innate 

electronegativity that would make oxidative potential possible.  However, due to the 

unique spherical structure and large size, C60 has the ability to accept up to 6 electrons 

[57].  These electrons essentially race around the structure through dipole moments, 

and are available to initiate oxidative stress.  Furthermore, when the C60 molecule is 

acted upon by light, its energy level is increased, leading to singlet C60 which reacts 

with O2 to form singlet oxygen (1O2) (figure 2) [58].  The generation of singlet 

oxygen can then lead to further oxidative damage within the cell [59].  The amount of 

UV absorption necessary to raise the molecule to the triplet state varies with surface 

functionalization [60].  In general, more functional groups added to the fullerene 

requires more energy to move to the excited state, resulting in lower triplet and 

singlet oxygen quantum yields [60]; however, both visible and ultraviolet light were 

shown to generate reactive oxygen species, particularly singlet and superoxide [61].  

When photoexcited, both C60 and hydroxylated C60 can induce membrane damage in 

rat hepatic and tumor microsomes by generation of ROS in a time- and concentration-



 9

dependent manner [19, 48].  Although this feature of fullerenes would be undesirable 

for healthy living cells, it may be applicable for treatment of certain tumors [19].  

Conversely, surface modifications, such as hydroxylation, have also been shown to 

impart cytoprotective activity by eliminating ROS and antagonizing the effects of the 

oxidative stress-dependent cytotoxicity [31, 62, 63].  In fact, carboxylated-C60 has 

been patented as a method to increase a metazoan’s lifespan presumably through 

these same mechanisms [64].  By understanding the physicochemical properties of 

these materials, predicting the potential toxicity based on structure may become 

possible.   

Administration, Distribution, Metabolism, and Excretion: 

 Nanomaterials may enter an organism via inhalation, ingestion, dermal 

uptake, or injection [2].  Most studies assessing the distribution of fullerenes have 

been done using functionalized C60, which allows for solubility in biological media.  

This makes correlation to pristine C60 difficult because it alters the solubility 

properties and the in vivo interaction and distribution.  Ingestion of C60 molecules 

resulted in rapid elimination (within 2 hours of administration) via the feces in mice 

[33].  Intravenous application lead to C60 primarily accumulating in the liver as well 

as passing through the blood brain barrier [33].  After several weeks, fullerenes had 

accumulated in the hair and skeletal muscle rather than be excreted [33].  Elimination 

from intravenous exposure was slow and took two weeks for 2% elimination [33].  

C60 and hydroxylated C60 injected into mice also concentrated in the liver and spleen 

[24, 65].   

 Cellular uptake of underivatives, 14C-doped C60 demonstrated C60 

incorporated into the lipid bilayer [55, 57].  In this study, C60 did not affect 

proliferation rate of the keratinocytes and human fibroblasts [57].   Studies have 

demonstrated rapid uptake into dermal cells [66].  Importantly, large C60 

agglomerations have been found to pass through cellular membranes [34, 66].  In 

addition to the uptake information of this study, it also implies the need for extreme 

caution and personal protection equipment when handling these materials.  Three 

dimensional analyses demonstrate C60 is internalized by monocyte macrophages and 
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are contained in secondary lysosomes, the nuclear membrane, and inside the nucleus 

of the cell [67].   

 Few studies have been conducted on the metabolism of fullerenes, and those 

few used functionalized C60.  Many organic compounds are metabolized in the liver; 

however the fullerenes and their derivatives have remained unchanged in the liver 

[57].  Hydroxylated fullerenes suppress cytochrome P450 response to known 

xenobiotic exposure [68].  It is possible that fullerenes, particularly hydroxylated 

fullerenes, are not metabolically activated due to the lack of activation of cytochrome 

P450s.  The authors fail to evaluate the possibility of interaction between the 

xenobiotic and the fullerenol itself.  If there is an interaction between hydroxylated 

fullerenes and benzo[a]pyrene, there would be a reduced bioavailability during 

exposure. C60 metabolism has yet to be demonstrated, particularly the metabolism of 

functional groups resulting in accumulation of the parent compound.  Further 

investigations into the interaction of C60 and its derivatives in vivo are necessary. 

Environmental Relevance, Uses, and Concern: 

 The infancy of nanotechnology makes it difficult to determine the potential 

environmental impact.  Materials will react differently in the environment, depending 

on material, functionalization, and charge.  Some materials are biologically benign 

while others have the ability to elicit a toxic effect with no generalizations emerging 

thus far.  The use, ability for transport through environmental media, and 

environmental conditions will affect the environmental concern of each.  It is 

important to understand that, as with chemicals, the toxicity of one does not condemn 

all, nor does the lack of toxicity of one material adjudicate all. There are several 

pathways through which nanomaterials, particularly fullerenes, may be released into 

the environment.  They could be intentionally released for groundwater remediation 

purposes, or unintentionally released through consumer products such as landfill 

leachate or wastewater.  They can be released into the atmosphere during combustion 

(i.e. industrial combustion).  Several studies have begun to theorize the fate and 

transport of nanomaterials as well as examine the potential usefulness for remediation 

of heavy metals and chlorinated compounds.  Carbon nanomaterials have been shown 

to adsorb heavy metals, chorobenzenes, and PAHs [8, 69-72].  Most of these studies 
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have used carbon nanotubes as sorbents.  Adsorption of PAHs by carbon 

nanomaterials was evaluated to be nonlinear [69, 70].  PAH adsorption can also 

increase the toxicity of the materials, as found when ambient ultrafine particles were 

tested against carbon black [70].  One study evaluated the ability of hydroxylated C60 

to form complexes with metal salts across a large pH gradient that quickly precipitate 

from solution once bound [8].  The potential transportation of carbon nanomaterials 

in environmental media has been evaluated [7, 10, 11].  Size and functionalization 

were found to effect the potential transport [7].  The potential transport of single 

walled carbon nanotubes in environmental media is low presumably due to its low 

water solubility.  These will be important factors for groundwater remediation and 

should be taken into consideration.     

 Environmental conditions, such as pH and ionic strength, also play a role in 

the characterization of C60 agglomerations.  Previous studies demonstrated that as the 

pH increases, the colloid size decreases [73].  A change in colloid size shifts the 

UV/Vis spectrum [73].  The environmental fate of carbon nanomaterials in high 

salinity environments, such as estuaries and the ocean, will greatly alter their ability 

to form colloids.  The size of colloid, therefore, may affect the toxicity of the 

material. 

 The risk associated with a particular product is dependent on the exposure and 

hazard [2].  Little is known about the exposure of nanomaterials; however, it is 

imminent that the exposure will increase as this technology expands.  It is important 

to acknowledge that not all materials will impact the environment that they are 

released into; however, the potential should be investigated to ensure human and 

environmental health are not at risk.  As the number of different types of 

nanomaterials produced expands, it will be essential to determine which materials 

have the ability to interact with biological systems.  This information will assist 

engineers to develop environmentally safe materials as well as assist researchers in 

monitoring environmental transport, fate, and impact of “high risk” nanomaterials. 

Whole Animal Model System.   

Much of data on the effects of fullerene exposure has been gained using in 

vitro methods.  These data may be of limited use in predicting in vivo responses 
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especially since those results may be dependent on the cell culture system chosen for 

the experiment.  The cytotoxicity of nC60 to human dermal fibroblasts, human liver 

carcinoma cells (HepG2) and neuronal human astrocytes was dependent on cell type 

[32].  However, the toxicity of nC60 and C60(OH)n are neither species nor cell 

specific, nor selective for primary or transformed cell lines [31].  Given the confusion 

in the literature over the effects of carbon fullerenes in cell culture studies, it is 

difficult to foresee how this information may translate to whole animal systems [26].  

In vitro studies using different cell lines have produced contradictory results 

indicating the need for in vivo testing.  Furthermore, in vivo testing has the benefit of 

intact physiologic processes, feedback mechanisms, and intercellular signaling that 

are not accommodated for in vitro systems.       

In vivo studies assessing toxicity for human health often employ mice as a 

vertebrate model.  These studies can take several years and are very costly.  With the 

rapid growth of the nanotechnology industry, it is clear that there is a need to develop 

rapid, relevant and efficient testing strategies to assess these emerging materials of 

concern.  Zebrafish have been successfully used as an in vivo model organism for 

predictive toxicology and are now proving invaluable for the pharmaceutical and 

biotechnology industries for evaluating integrated system-level effects [74].  

Zebrafish are vertebrates that share many cellular, anatomical and physiological 

characteristics with higher vertebrates.  Their small size, rapid development and short 

life cycle make them logistically attractive for rapid toxicity evaluations [75, 76].  

Females produce hundreds of eggs weekly, providing large sample sizes for 

statistically powerful dose-response studies.  Embryos develop rapidly with most 

body organs formed by 48 hours post-fertilization (hpf) [77]. Additionally, the 

transparent nature of the embryos permits numerous effects to be assessed non-

invasively over the course of development.    

Early development is perhaps the ideal life stage to determine if nanomaterials are 

toxic since embryos are often uniquely sensitive to environmental insult during that 

period [78-84].  The probable molecular explanation for increased embryonic 

susceptibility is that there is no other period in an animal’s life span when the full 

repertoire of molecular signaling is necessary and active.  It has been postulated that 
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overall there are only 17 general molecular signaling pathways in vertebrates, and 

that each of these is active during early development.  Each of these pathways is 

essential for other cells and tissues later in life [85].  If carbon fullerenes are toxic to 

cells or disrupt their highly coordinated cell-to-cell communications and interactions, 

then development would be expected to be perturbed [86].  
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Figure 1.  Downstream effects of lipid oxidative stress.  Oxidative stress can lead 
to detrimental effects such as protein damage, depletion of antioxidants, which could 
result in protein dysfunction, lipid peroxidation, cell death, and DNA adduction.  
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Figure 2. Light activation of C60 resulting in reactive oxygen species.  (A) UV 
light raises the energy state of C60 where it is able to accept up to six electrons.  (B) 
Oxygen can also interact with C60 after acted upon by light thereby generating 
reactive oxygen species through the Fenton reaction. 
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CHAPTER 3 - MATERIALS AND METHODS: 
Concentration-Response: 

Solution Preparation: Fullerenes C60 and C70 were obtained from Sigma 

Aldrich, WI (98+% and 99% purity respectively) and hydroxylated C60 was obtained 

from MER Corporation, Arizona (99.98% purity) and dissolved in 100% DMSO.  

DMSO was used as a solvent due to the complete lack of solubilization of C60 and C70 

in water.  Stock solution of 50 ppm (C60 and C70) and 100 ppm [C60(OH)24] were 

based on the maximum achievable concentration of nanomaterials to dissolve in 

DMSO.  The highest exposure concentration was made by adding 1% of the DMSO-

fullerene solution to water.  Previous experiments in the lab demonstrated DMSO 

does not interfere with biological functions at this concentration.  Dilutions were 

made at 100 ppb increments with ranges of 100 to 500 ppb for C60 and C70 and 500 to 

5000 ppb for C60(OH)24. C60 and C70 solutions were sonicated for 1.5 hours to ensure 

a uniform concentration and size distribution.  Only 5 minutes of sonication was 

necessary to uniformly distribute C60(OH)24 in solution.  Another stock solution of 

C60(OH)24 was made in water to investigate the effects of the solvent on the particles 

in this system.  A solution of 100 ppm in water was made. 

 Single walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs) 

were obtained from Sigma Aldrich, WI.  SWNTs had an average diameter of 1.1 nm 

and lengths of 0.5-100 µm according to the distributor.  The MWNT’s average 

diameters and lengths ranged from 2-5 nm and 0.5-200 µm, respectively.  SWNTs 

functionalized (65/35) with polyaminobenzene sulfonic acid (PABS) were also 

purchased from Sigma.  Stock solutions were made by sonicating in DMSO with 

stock concentrations of 4 µg/ml SWNT, 10 µg/ml SWNT+PABS, and 4 µg/ml 

MWNT.  Solutions were sonicated daily for a week then one hour immediately prior 

to exposure.  Exposure solutions were made by diluting stock solutions 1:100 in 

water. 

Exposure Protocol:  Embryonic zebrafish were obtained from the AB strain of 

zebrafish (Danio rerio) reared in the Sinnhuber Aquatic Research Laboratory (SARL) 

at Oregon State University. Adults were kept at standard laboratory conditions of 28 

°C on a 14 h light/10 h dark photoperiod with a conductivity of 500 siemens per 
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meter.  Fish water consisted of reverse osmosis (RO) water supplemented with a 

commercially available salt solution (0.6% Instant Ocean®).  Zebrafish were group 

spawned and embryos were collected and staged as described by Kimmel et al. [77].  

The chorion, an acellular envelope surrounding the embryo, was removed via 

enzymatic reaction with pronase.  Briefly, embryos at 24 hpf were placed in 25 ml of 

water with 50 µl of 50 mg/ml pronase for 10 minutes.  Embryos were then rinsed with 

water for 10 minutes and then exposed at 24 hours post fertilization (hpf) individually 

in wells of a 96-well plate to 100 µl of nanomaterial solution.  A 1% DMSO in water 

solution was used as a control, which previous lab experiments found to have no 

effect on the embryos at this concentration.  Embryos were waterborne exposed from 

24 to 96 hpf and then changed to pure fish water.  Exposure solutions were changed 

and embryos were scored every 24 hours for morphological malformations and 

developmental delays for 5 days (figure 3).  Mortality rates were graphed and 

analyzed to estimate the LC50 of exposure.  Embryos were also exposed at 6 hpf to 

C60 or C60(OH)24 and scored to determine early exposure effects.  Furthermore, 

embryos were also exposed in the chorion at 8 hpf and 24 hpf to determine whether 

the chorion altered fullerene sensitivity. 

Water Quality Assurance:  All solutions used for exposure were tested to 

ensure proper pH, and conductivity.  Water purity was maintained through the RO 

system.  A pH of 7.0-7.5 was maintained.  Any outlying variation between the pH 

was adjusted to be within this range. 

Cell Death Assays: 

In vivo Cell Death Assay:  Cell death was detected in live embryos using 

acridine orange staining, a nucleic acid selective metachromatic dye that interacts 

with DNA and RNA by intercalation or electrostatic attractions.  Acridine orange 

stains cells with disturbed plasma membrane permeability so it preferentially stains 

necrotic or very late apoptotic cells.  Dechorionated embryos waterborne exposed to 

carbon fullerenes at 24 hpf were analyzed for cellular death at 36 hpf, prior to the 

formation of overt morphological toxicity (N=8).  Embryos were rinsed with water 

and then incubated in 100 µl of 5µg/ml acridine orange for one hour in the dark at 28 

°C.  Embryos were rinsed again with water, mounted in low melt agarose (1% w/v, 
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Promega, Madison, WI) and imaged using an Axiovert 200M Zeiss microscope (Carl 

Zeiss International, Germany) with a 546 nm filter.  Images were captured using 

AxioVision software (Carl Zeiss International, Germany). For each captured image 

the initial focal plane was the otolith, and a 50 member z-series was collected and 

merged into one plane corresponding to approximately 300 µm thick section of the 

embryo.  Whole-embryo fluorescence was measured and quantified using Image Pro 

Plus software (Media Cybernetics, Inc., Silver Spring, MD). 

TUNEL Assay: To determine the amount of cellular death due to apopotosis, 

terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling 

(TUNEL) assays were performed on whole mount 36 hpf embryos exposed at 24 hpf 

(N=8).  TUNEL fluorescently labels the blunt ends of double-stranded DNA breaks 

which are indicative of programmed cell death.  Embryos were fixed overnight in 4% 

paraformaldehyde and stored in phosphate buffered saline (PBS) + 0.01% sodium 

azide at 4 °C until analysis.  Embryos were incubated in proteinase K (1 mg/ml) for 

30 minutes at 37 °C to permeabolize the tissue. Then the embryos were rinsed in PBS 

and incubated in 25 µl of 1X TTase buffer + 25 mM CoCl2 + dH2O (sterile miliQ 

H2O) for 15 minutes at 37 °C.  Embryos were transferred to a reaction solution (10 µl 

5X TTase buffer, 4 µl 25 mM CoCl2, 0.2 µl FL-dUTP, 0.25 µl TTase enzyme and 

35.6 µl sterile milliQ H2O) on ice, in the dark, for 60 minutes and incubated an 

additional 60 minutes in the dark at 37 °C.  Embryos were washed three times in 

PBS, mounted in 50% glycerol and analyzed on the fluorescent microscope (488 nm) 

as described for the acridine orange assay.  Total fluorescence output for TUNEL 

positive cells was quantified using ImagePro Plus software (Media Cybernetics, Inc., 

Silver Spring, MD). 

Cell Proliferation:  The effect of C60 was measured using bromodeoxyuridine 

(BrdU) labeling.  This method had been developed previously in the Tanguay lab.  

Dechorionated 24 hpf embryos were co-exposed to 200 ppb C60 and 10 mM BrdU for 

8 hours then fixed in 4% paraformaldahdye overnight at 4°C.  Embryos were washed 

with methanol and incubated in methanol for 1hour at -20°C.  They were placed in 

PBST and digested with 10µg/l proteinase K in PBST for 20 min at room 

temperature.  Next, they were rinsed several times in PBST and then fixed in 4% 
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PFA.  The embryos were then rinsed with water, then with 2N HCl and incubated one 

hour in 2N HCl.  Embryos were rinsed in PBST, incubated in blocking solution for 10 

min, then incubated 3 hours at RT in anti-BrdU (1:100), rinsed with PBSDT, then 

incubated 2 hours in goat-anti-mouse (1:1000).  Embryos were rinsed several times in 

PBSDT before mounted and imaged under the rhodamine filter (546 nm). 

Oxidative Stress Assays: 

Dark Exposure:  Embryos were dechorionated at 24 hpf and incubated in a 

C60 concentration gradient for five days.  The 96 well plate was wrapped in aluminum 

foil to inhibit light exposure to the embryos.  Embryos were evaluated and scored 

daily.  

Carboxy-H2DCFDA:  OxyBurst® reagent (Molecular Probes, Eugene, 

Oregon) was used to detect ROS in live zebrafish embryos.  Embryos were exposed 

to 200 ppb C60 or 2 mM H2O2 (30% H2O2, Sigma Aldrich, WI) for 12 or 1 hour(s) 

respectively.  Embryos were rinsed and then incubated in 25 µM carboxy-H2DCFDA 

reagent for 1 hour in the dark.  Prior to imaging, embryos were thoroughly rinsed and 

mounted in low melt agarose and viewed using an Axiovert 200M Zeiss microscope 

(Carl Zeiss International, Germany) with a FITC filter.  Images were captured using 

AxioVision software (Carl Zeiss International, Germany).  This was repeated at 36, 

48, 72, and 96 hpf to determine the optimal time point for detection.   

MitoSOX Red:  MitoSOX Red® reagent was acquired from Molecular Probes 

(Eugene, Oregon).  Embryos were exposed to either 200 ppb C60 or 1% DMSO at 24 

hpf for 2-4 hours or 15 µM antimycin A (Sigma Aldrich, 90% purity) for 1 hour.  

Embryos were rinsed and incubated with 0.5 µM MitoSOX dye for 20 minutes in the 

dark, then rinsed again thoroughly.  Embryos were mounted in low melt agarose after 

tricaine treatment and viewed using an Axiovert 200M Zeiss microscope (Carl Zeiss 

International, Germany) with a 546 nm filter.  Images were captured using 

AxioVision software (Carl Zeiss International, Germany). Z-stack images were taken 

and compressed into one picture. 

Co-incubation with glutathione:  Embryos were dechorionated at 24 hours and 

exposed simultaneously to graded concentrations of C60 and 100 µM glutathione 

(GSH) (Sigma-Aldrich).  One hundred µM GSH was used for other experiments in 
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the lab at this concentration and found to be non-lethal and effective for blocking 

effects from various chemical exposures [87] (Tilton, in preparation).  Endogenous 

intracellular concentrations range from 1-10 mM.  Embryos were scored daily for 6 

days for malformations and behavioral abnormalities.  A 1% DMSO and 100 µM 

GSH control was used. 

Co-incubation with NAC: Due to the low cellular permeability of GSH, N-

acetylcysteine (NAC) was used as an alternative.  NAC is the rate-limiting substrate 

in GSH synthesis.  First, the concentration-response of graded concentrations was 

determined to eliminate toxicity due to NAC exposure.  Embryos were dechorionated 

at 24 hpf and simultaneously exposed to 50 µM NAC (Sigma-Aldrich, WI) and 

graded concentrations of C60 (50, 100, 200, 300 ppb) to determine if NAC altered C60 

responsiveness.  Additionally, embryos were exposed to 200 ppb C60 and graded 

concentrations of NAC (50 µM-500 µM).  Embryos were scored daily until 6 dpf.   

H2O2 exposure:  Many of these techniques have not been developed in the 

whole animal system; therefore, H2O2 was used as a positive control for response.  A 

concentration-response was determined.   

Co-Incubation with antioxidants:  Previous reports found the maximum 

tolerable concentration (MTC) of lipoic acid in zebrafish embryos to be 100 µM, 

ascorbic acid to be 250 µM, and trolox to be 100 µM [87].  24 hpf embryos were co-

incubated with 50 µM lipoic acid, 75 µM ascorbic acid, or trolox (VWR, Brisbane, 

CA) and graded concentrations of C60 (50-300 ppb).  Exposures were done in embryo 

media rather than water to buffer the pH.   Embryos were scored daily until 144 hpf.  

The experiment was repeated with the MTC’s of each antioxidant. 

Co-incubation with glutathione depletors: Buthionine sulfoximide (BSO) and 

diethyl maleate (DEM) were purchased from Sigma Aldrich.  A concentration-

response was conducted to determine the maximum tolerable concentration.  

Embryos were co-exposed at 24 hpf to either BSO or DEM and graded concentrations 

of C60 (50-300 ppb).  Embryos were scored daily until 144 hpf. 

GCL morpholino:  The embryos were microinjected with the zf-GCS 

sequence (Gene Tools) 5’- GTGTGACAGCAAGCCCATAGCACAA- and the 3’ end 

was tagged with fluorescein to assess the success of the microinjection (figure 4).  
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The morpholino was designed to overlap the translation start site of glutamate 

cysteine ligase (GCL).  GCL is the rate-limiting enzyme in glutathione synthesis.  

Morpholinos were diluted to 2.8 mM in 1µM Danieau’s solution [58 mM NaCl, 0.7 

mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, and 5 mM HEPES, pH 7.6], as 

described previously [88].  To ensure observed effect was not from the injection, a 

standard control morpholino (SRM) (Gene Tools) (5’-

CTCTTACCTCAGTTACAATTTATA-3’) was used as a control morpholino. The 

embryos were injected with morpholino at the 1-4 cell stage with approximately 1-3 

µl and observed at 24 hours to determine if fluorescence was evenly distributed 

throughout the embryo (figure 2).  These embryos were then exposed to graded 

concentrations of C60 (20, 100, 500 ppb).  Embryos were scored daily until 6 dpf. 

Immunohistochemistry:  Immunohistochemistry (IHC) is a valuable technique 

for examining specific cells or proteins within the whole organism.  This method was 

used for analyzing various neurons as well as detecting lipid peroxidation products.  

For all IHC experiments, embryos were exposed at 24 hpf after dechorionation to 200 

ppb C60 or 1% DMSO and then fixed in 4% paraformaldehyde (PFA) at either 36 hpf 

or 48 hpf.  Lipid peroxidation and caspase-3 assays were done on 36 hpf embryos, 

and neuron evaluations were done on 48 hpf embryos.   IHC methods followed as 

developed and previously described [89].  Briefly, embryos were fixed overnight at 4 

°C in 4% PFA.  Embryos were rinsed with PBST and permeabolized using 0.5% 

trypsin in PBS on ice.  Embryos were rinsed, blocked with 10% normal goat serum 

(NGS) and then incubated in the primary antibody overnight at 4°C.  Embryos were 

rinsed, incubated with the secondary antibody, rinsed four times with PBST for 30 

minutes, mounted and imaged under a 540 nm rhodamine filter.  The antibodies used 

are as follows: monoclonal nitrotyrosine and polyclonal nitrotyrosine (Beckman 

Laboratory, Oregon State University), and malondialdehyde (MDA) (1:1000) and 4-

7,8-hydroxynonenol (4-HNE) (1:1000) (Dennis Patterson, University of Colorado) 

were used for lipid peroxidation detection and α-acetylated tubulin (1:500), znp1 

(1:1000), and zn5 (1:1000) were used for neuron evaluation.  Antibodies to 7,8-

dihydro-8-oxodeoxyguanosine  (8-oxo-dG) (Sigma Aldrich) (1:500) and super oxide 

dismutase (SOD) (Beckman Lab, Oregon State University) (1:1000) were used to 
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detect oxidative stress products.  Hsp70 (Sigma Aldrich) (1:5000) was used to detect 

stress response genes.  Caspase-3 (Sigma Aldrich) at a concentration of 1:500 was 

used to label cells undergoing apoptosis.  Lipid peroxidation evaluations used 1% 

DMSO as a control and tert-butylhydrogen peroxide (TBHP) (Invitrogen, Oregon) as 

a positive control.  Antimycin A (Sigma Aldrich) was used as a positive control for 

SOD and 8-oxodeoxyguanesine.  An N=8 was used for all immunohistochemistry 

evaluations.   

Western Blot:  Embryos were exposed to 100 ppb or 200 ppb C60 for 12 or 24 

hours then pooled and the protein was extracted and purified.  Briefly, approximately 

40 embryos of the same exposure treatment were pooled together, tricained, and 

water removed.  Next, the extraction buffer was added to each tube.  Tissues were 

minced with a tissue homogenizer, and then sonicated on ice for 30 seconds.  The 

slurry was centrifuged at 4°C at 13,000 rpm for 10 minutes.  The supernatant was 

removed and saved and quantified using the Bradford Assay.   

 Proteins were separated on a 10% gel, and 20 µg of protein were loaded into 

each lane.  The gel was transferred to a PDVF membrane which was incubated with 

heat shock protein 70 kD (hsp70) (1:5000), α-tocopherol transfer protein (TTP) 

(1:1000), MDA (1:1000), or 4-HNE (1:1000) overnight then rinsed and incubated 

with the anti-rabbit HRP or anti-mouse HRP, as appropriate, (both 1:5000) for 2 

hours at 23 °C.  The ECL reagents were added and the blot was imaged and 

developed in a dark room for 10 minutes, 5 minutes, and 1 minute.   

Global Gene Expression Analysis: 

Custom Array Chip:  Oligonucleotides were purchased from MWG (High 

Point, NC) and are 50 base pairs each.  Zebrafish custom arrays of 14,000 genes were 

spotted by the Eric Johnson Laboratory (University of Oregon).    Epoxy-coated 

slides were used and crosslinked to prevent smearing and migration of the 

oligonucleotides.  Slides were kept at room temperature in a dessiccator until use. 

Isolation of RNA:  Embryos were exposed to 200 ppb C60 or 1% DMSO at 24 

hpf until 36 or 48 hpf.  Embryos were pooled into groups of 40 embryos, tricained, 

and rinsed.  Extraction was done of individual groups to make biological replicates 

rather than technical replicates.  Using TriReagent, the RNA was extracted according 
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to standard lab protocol. Briefly, all water was removed from the embryos and 100 µl 

of TRIzol Reagent was added.  The embryos were homogenized using a pestle on ice 

and stored at -80 °C until all samples had been collected.  The homogenates were 

thawed and an additional 900 µl of TriReagent was added to each and vortexed.  

Next, the homogenates were centrifuged at 12,000 g at 4 °C and 200µl chloroform 

was added to each.  The samples were centrifuged again and the supernatants 

aliquoted into new vials.  Five hundred µl of isopropanol was added to each sample, 

and the sample was centrifuged.  All liquid was removed and the pellet was washed 

several times with 70% ethanol: H2O.  The pellets were then air dried and then 

resuspended in 30µl DEPC-water.  The extractions were flash frozen using liquid 

nitrogen and stored at -80 °C.  RNA was quantified using NanoDrop sensor and the 

quality verified using BioAnalyzer (CGRB Core) (Bioanalyzer 2100, Agilent, Palo 

Alto, CA). 

Hybridization: Labeling and hybridization were done by the Center for 

Genomic Research and Biocomputing (CGRB) lab.  A Genisphere 950 labeling kit 

(Hatfield, PA) was the hybridization label for the samples using a dye swap.  A dye 

swap for each sample was done in order to eliminate variability between dye affinities 

for the nucleotides.  One microgram of RNA of each sample was reverse-transcribed 

with Superscript II (Invitrogen) using the Genisphere olido d(T) primer containing a 

capture sequence for the Cy3 or Cy5 labeling reagents.  See figure 5 for a schematic 

representation of the hybridization process. 

Scanning:  Slides were scanned using a GenePix Scanner at 543 nm for Cy3 

and 633 for Cy5 at 80% power.  The data was extracted using Gene Pix Software.  

The color and the intensity of the color of the spot detected by the scanner was 

analyzed against the background to determine the ratio of up- or down-regulation of 

the gene as determined by the amount of RNA.   

Data Analysis: A dye swap was done and results were averaged between 

individual samples to obtain a single value for each sample.  Treatments were 

conducted in triplicate.  Image files were quantified using QuantArray (PerkinElmer) 

and the raw data was imported into BASE software.  The raw mean backgrounds 

were subtracted from the intensity to eliminate dye-related artifacts using LOWESS.  
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Genes induced or repressed by greater than twofold were selected.  All three 

replicates needed to have a twofold change for selection.  Genes selected were then 

placed into categories based on function.     

qRT-PCR:  cDNA was made from the RNA isolated for the microarrays.  Briefly, 

cDNA was synthesized from 1 µg of total RNA per group using Superscript II (Life 

Technologies, Gaithersburg, MD) and oligo(dT) primers in a 20 ml volume. Primers 

were designed and ordered from MWG (High Point, NC) for several targeted genes, 

and the sequences are shown in table 1.  Quantitative RT-PCR was conducted using 

gene specific primers with the Opticon-2 real-time PCR detection system (MJ 

Research, Waltham, MA). For each PCR reaction, 1 µl of cDNA was used in the 

presence of SYBR Green, using DyNAmo SYBR green qPCR kit according to the 

manufacturer’s instructions (Finnzymes, Espoo, Finland). A temperature gradient (54 

°C-58 °C) was used to determine the appropriate annealing temperature for the 

reaction for each primer set.  All primers were had an annealing temperature of 58 °C 

and ran for 35 cycles.  The PCR product was separated using gel electrophoresis to 

ensure size and purity.  Briefly, the PCR product was mixed with 6x SDS dye and 

loaded onto a 1.5% agarose gel with 0.05% ethidium bromide.  The gel 

electrophoresis was run at 110 V and 80 mA for 1 hour.  The gel was viewed on an 

Ultraviolet Transilluminator and imaged with a Polaroid photo documentation 

camera.  PCR data was analyzed against an adult cDNA calibrator using the GAPDH 

primer set by the Opticon Monitor 3.1 software (MJ Research, Waltham, MA).  Each 

sample PCR product was analyzed against a GAPDH control for that sample.   

Characterization of nanomaterials: 

Photon Correlation Spectroscopy:  Particle size distributions were obtained 

using photon correlation spectroscopy on an N4 Plus submicron particle sizer 

(Beckman Coulter, Fullerton, CA).  An autocorrelation function (ACF) was computed 

as: 

G(τ) = <I(t) x I(t + τ)> 

where, G(τ) is the ACF, I(t) is the intensity at time t, I(t + τ) is the intensity at time t + 

τ, τ is delay time and < > indicates that the quantity enclosed is a time average.  

Unimodal analysis was performed on the calculated ACF to determine mean particle 
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size and standard deviation.  Size distribution processor analysis was used to 

determine particle size distribution.    

Uptake and mass balance:  Uptake of C60 into the organism is difficult to 

detect using conventional methods.  As an attempt to determine the uptake of C60 into 

the embryos, 100 embryos were dechorionated at 24 hpf and exposed in 10 ml of 

dosing solution (50 ppb, 200 ppb, and 500 ppb) in capped glass vials.  Extraction 

procedures were refined from those described by Xia et al for biological samples [90].  

Embryos were exposed for 2, 6, and 12 hours.  The embryos were removed and 

placed in centrifuge tubes, rinsed, and the rinsate added to the exposure water.  

Embryos were tricained and rinsed, then sonicated using the Sonic Dismembrator 

(Fisher Scientific, Pittsburg, PA) in 50 µl of water to burst apart embryos forming an 

embryo homogenate.  Next, 200 µl glacial acetic acid and 300 µl toluene were added.  

At this point, 5 ng of 13C-labeled C60 (20-30% labeled) (MER Corp, Tucson, AZ) 

were added as surrogates for quantification correction for method loss, and mixture 

was vortexed for 2 minutes.  The homogenates were then centrifuged at 1400 g for 10 

minutes.  The toluene phases were collected into labeled bottles and capped, and the 

extraction process was repeated.  A portion of this was added to methanol and 

extracts were separated using an Agilent 1100 LC (Santa Clara, CA) with a 900 µL 

injection loop of stainless steel connected to a 4 mm X 2 mm guard column 

(Phenomenex, Torrance, CA) which was subsequently attached to a 150 mm X 2 mm 

Targa C18 column (Higgins Analytical, Mountain View, CA) with a toluene:methanol 

(55:45) mobile phase.  The LC was attached to a Waters Quatro Micro mass 

spectrometer (Beverly, MA) with an electrospray ionization source.  All 

concentrations were done in triplicate.  Controls were used to determine the detection 

and extraction of C60 from the water phase using 400, 200, 100, and 50 ppb.  

Furthermore, to determine the concentration replication of the stock solution, equal 

amounts of 0.05 µg/µl stock solution in DMSO was added to toluene in gas 

chromatography (GC) vials and analyzed on the HPLC-MS.  The 13C60 surrogate was 

used to back calculate the concentration with regards to loss over the extraction and 

analysis methods. 
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 Additionally, embryos were exposed in the chorion for 12 hours and 

mechanically dechorionated in fresh water. The chorions and the embryos were 

analyzed for C60 concentrations.  In addition, the dead embryos in the chorion were 

also analyzed.  Finally, exposure solutions were made and placed into wells and 

incubated for 24 hours.  Next, dechorionated embryos were placed in the wells and 

incubated 12 hours.  The embryos and the water concentrations were extracted and 

analyzed. 

Microinjection:  Embryos were microinjected with C60 or C60(OH)24 at 24 hpf.  

Embryos were paralyzed using a low dose of tricane and injected into the yolk (figure 

4).  C60-DMSO stock solution was sonicated for 1 hour, and C60(OH)24 was sonicated 

5 minutes, then diluted 1:100 in water.  Neutral red was added, then the solutions 

were loaded into the microinjection needles.  Approximately 2 nl (0.001 ng) of C60 or 

(0.02 ng) C60(OH)24 was injected into each embryo.  Developmental effects were 

measured daily until 144 hpf. 

Statistical Analysis:  All statistics were compiled using SigmaStat and plotted using 

Sigma Plot (SPSS Inc, Chicago, IL).  Fischer’s exact test was used to determine 

significance between control and treated groups at a p<0.05.  All exposure studies had 

an N of 24 with 80% confidence of significant difference.  Significance was 

determined for cell death assays using one-way ANOVA (p<0.05), N=12.  PCR 

analysis used triplicate biological samples and significance was determined also using 

one-way ANOVA (p<0.05). 
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Figure 4. Morpholino injection technique. (A) 
Single cell stage embryos placed in channels 
prior to microinjection of morpholino (suspended 
in phenol red solution) with finely pulled needles. 
(B) Close-up image of a single one-cell embryo 
just after single injection with morpholino. (C) 
Typical fluorescent pattern in 1000-cell embryo 
following microinjection. 

3 hpf

A B C

3 hpf

A B C

Figure 4. Morpholino injection technique. (A) 
Single cell stage embryos placed in channels 
prior to microinjection of morpholino (suspended 
in phenol red solution) with finely pulled needles. 
(B) Close-up image of a single one-cell embryo 
just after single injection with morpholino. (C) 
Typical fluorescent pattern in 1000-cell embryo 
following microinjection. 

3 hpf

A B C

3 hpf

A B C

 
 

 

 

 

evaluations
@24,48,72,96, 

120, 144hpf

Evaluate
• morphological 
effects 
• LC50 and NOAEL 
• oxidative stress
• cell death

Results

Toxicity Non-toxic:

Further testing:

•Anti-oxidants

•Transgenic fish

Record and move 
to next material

Expose 4 hpf
embryos

96 well plate1 embryo per 
well

Nanomaterial

Inject 
nanomaterial 

4 hpf

96 well plate

Nanomaterial

evaluations
@24,48,72,96, 

120, 144hpf

Evaluate
• morphological 
effects 
• LC50 and NOAEL 
• oxidative stress
• cell death

Results

Toxicity Non-toxic:

Further testing:

•Anti-oxidants

•Transgenic fish

Record and move 
to next material

evaluations
@24,48,72,96, 

120, 144hpf

Evaluate
• morphological 
effects 
• LC50 and NOAEL 
• oxidative stress
• cell death

Results

Toxicity Non-toxic:

Further testing:

•Anti-oxidants

•Transgenic fish

Record and move 
to next material

Expose 4 hpf
embryos

96 well plate1 embryo per 
well

Nanomaterial

Inject 
nanomaterial 

4 hpf

96 well plate

Nanomaterial

Expose 4 hpf
embryos

96 well plate1 embryo per 
well

Nanomaterial

96 well plate1 embryo per 
well

Nanomaterial

Inject 
nanomaterial 

4 hpf

96 well plate

Nanomaterial

Inject 
nanomaterial 

4 hpf

96 well plate

Nanomaterial

 
Figure 3: Proposed overview of method design.  Exposure results (waterborne or 
microinjection) evaluated leading to further testing. 
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Figure 5.  Microarray labeling and hybridization.  RNA is isolated and reverse 
transcribed to make cDNA, incorporating capture sequences for the Cy5 or Cy3 dyes.  
Each sample is separated and labeled with both dyes.  Controls and samples of 
contrasting dyes are mixed together and hybridized to the slide.  Both cDNA sets are 
then incubated on the slide, attaching to its “capture sequence.”  The slides are then 
scanned and the color of the spot determines whether the gene expression has been 
altered to the control.  Adapted from Benninghoff and Williams (2006) [91]. 
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Table 1.  Sequences of primers for target genes of interest.  All sequences are in 

the 5’ to 3’ direction.  Product sizes range from 200-300 base pairs. 

Gene Sequence 
ferritin heavy chain forward  AGACACACTACTTGGACGAG 
ferritin heavy chain Reverse  AACAAGCTAGGAGGTTCTGC 
HSP70 forward GACCAAAGACAACAACCTGC 
hsp70 reverse ATGTTGAAGGCGTAAGACTCC 
GCLc forward CTATCTGGAGAACATGGAGG 
GCLc reverse CATTTTCCTCTGTTGACCGG 
GAPDH forward  GAATTCTGGGATACACGGAG 
GAPDH reverse AAAGGGGTCACATCTACTCC 
GST-pi forward TTCAGTCCAACGCCAGC 
GST-pi reverse ATGAGATCTGATCGCCAACC 
tocopherol transport protein forward  GTGTTTTGCTCATGCTCTGC 
tocopherol transport protein reverse  ACTTCATCTACGCTGGGTCC 
e-cadherin forward TCTTCTGCTCATGTTCCTGC 
e-cadherin reverse CAATGAATGTGCCGATCTCC 
neurogenin forward  ACAGCTACCGCAACTTCGTG 
neurogenin reverse  TTTCTCTAACGGGGTTCTGG 
Beta actin forward AAGCAGGAGTACGATGAGTC 
beta actin reverse TGGAGTCCTCAGATGCATTG 
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CHAPTER 4 – RESULTS: 

Developmental Perturbation Due to Fullerene Exposure  

Carbon nanomaterials have been the focus of much attention in the 

nanotechnology industry, particularly in the emerging field of nanotoxicology.  As 

such, they are ideal model nanoparticles to establish the zebrafish as a rapid assay for 

testing nanomaterial toxicity. Three carbon fullerenes were evaluated in this study: 

C60, C70, and C60(OH)24.  In our system, an adverse biological response to 

nanomaterial exposure can result in delayed development, morphological 

malformations (i.e. body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, 

somite, and fins) and/or behavioral abnormalities (i.e. hyperactivity, hypoactivity, 

paralysis).  Embryos were exposed at either 6 or 24 hpf in the chorion and scored 

until 144 hpf (figures 6, 7).  For both exposures, there was delayed hatching in C60 

and C70-exposed at 100 ppb, and none hatched in the 500 ppb concentration group 

due to 100% mortality (figures 6, 7).  Sublethal malformations elicited by both 

materials were pericardial edema and caudal fin malformations.  C60(OH)24 did not 

induce a response when exposed in the chorion (figure 6c, 7c).  It is possible that the 

chorion blocked uptake of C60(OH)24.  Without a difference in toxicity, all subsequent 

studies were conducted at 24 hpf to reduce background mortality. 

Embryos were dechorionated at 24 hpf to eliminate hatching as a factor for 

eliciting malformations and to determine if the chorion blocked uptake of the 

material.  Concentrations above 200 ppb C60 and C70 resulted in 100% mortality 

during the first 48 hours of exposure (Figure 8 a,b).  Due to this response, other 

malformations did not have time to develop.  For example, pericardial edema is not 

apparent until 72 hpf.  C60(OH)24 exposure did not result in significant mortality until 

the exposure concentration was above 4000 ppb (Figure 8 c).  The estimated LC50 for 

C60/C70- and C60(OH)24-exposures were 200 ppb and 4000 ppb, respectively.  

Sublethal morphological and developmental effects are presented in figure 3 as 

cumulative values for the 5 day scoring period, not accounting for mortality that may 

have occurred before or after scoring the effects.  Representative pictures of the 

malformations resulting from exposure are shown in figure 8 (d,i).  Embryonic 

exposure to 200 ppb of C60 and C70 resulted in delayed development (approximately 
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12-20 hours according to staging of embryogenesis) and a specific caudal fin 

malformation (figure 8 d,e).  Exposure to C60 also resulted in significant pericardial 

edema and yolk sac edema at 200 ppb (figure 8 h,i).  Neither C60 nor C70 induced 

sublethal effects at concentrations higher than 200 ppb due to the high mortality 

observed at these concentrations within the first 24 hours of exposure.  

Concentrations less than 2500 ppb of C60(OH)24 did not elicit a significant response; 

whereas, concentrations over 2500 ppb induced pericardial edema, yolk sac edema 

and pectoral fin malformations (figures 8 f,g).  Exposure to 5000 ppb C60(OH)24 

resulted in an overall swelling of embryos and delayed development (approximately 

15-20 hours).   

 Single walled carbon nanotubes and multi-walled carbon nanotubes were also 

evaluated for toxic effect.  The maximum concentration achievable through the 

sonication in DMSO method was 4 ppb for each.  This concentration did not elicit a 

physiologic response (figure 9).  Embryos were also exposed 10 ppb SWNTs 

functionalized with PABS (35%).  Again, no significant effect on development was 

observed (figure 9). 

The use of solvents in determining the toxicity of nanomaterials has been 

debated extensively.  Due to the complete lack of solubility in water of C60, all C60 

studies were done using DMSO.  C60(OH)24, however, is able to dissolve in water, 

and therefore a comparison was made between solvent and no-solvent exposures.  

When C60(OH)24 was dissolved in water, there was no response at the concentrations 

tested.  While C60(OH)24 had an LC50 of approximately 4 ppm, C60(OH)24 without the 

solvent did not elicit an effect, even at 20 ppm (figure 10).   

Cellular Death Induction by Fullerene Exposure 

Cellular death assays were performed to determine if fullerene-induced cell 

death localized in specific cells and tissues prior to overt signs of toxicity.  C60-

exposed embryos exhibited a concentration-dependent increase in overall cellular 

death, significant at 100 ppb and higher (Figure 11).  Cell death was detected 

throughout the head region (Figures 11 a-d) and down the notochord to the region of 

the caudal fin malformations (figures 11 e-h).  Acridine orange staining for cellular 

death is a more sensitive endpoint than any morphological malformations. 
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In addition to total cell death, apoptotic cell death was specifically identified 

and measured.  Similar to the results of the acridine orange staining, there was a 

concentration-dependent increase in apoptotic cellular death detected in the head 

(figures 11 a-d) and caudal fin region (figures 12 e-h) of C60-exposed embryos.  

Fluorescence of TUNEL+ cells was approximately half of the total fluorescence 

measured using acridine orange staining suggesting that at least a portion of overall 

C60-induced cell death was attributed to induction of apoptotic pathways (figures 11 i, 

12i).   

Previous studies have demonstrated that C60 and C60(OH)24 induce cell death 

through different pathways [31].  C60(OH)24 was also evaluated for total cell death 

and apoptosis.  In contrast to C60, embryos exposed to C60(OH)24 only exhibited 

significant overall cell death in the head region at a concentration of 5000 ppb (figure 

13c).    There was not a significant difference in apoptotic cells between control and 

C60(OH)24-treated embryos even at 1000 ppb in the TUNEL assay (figure 13d-f).  

C60(OH)24 did not induce apoptosis, therefore all cell death identified by acridine 

orange must be due to necrosis. Cellular death is suspected to be a result of swelling 

following exposure to C60(OH)24.   

For apoptotic cell death to occur, one of several signaling pathways must be 

activated, resulting in the activation of caspases.  The final caspase activated during 

apoptosis is caspase-3, which is used as a method for identifying cells undergoing 

apoptosis.  Caspase-3 labeling via immunohistochemistry validated the TUNEL 

results, further demonstrating the ability of C60 to induce apoptosis.  The antibody 

specific for caspase-3 also elucidated a concentration-dependent response for C60-

exposed embryos and no apoptosis in C60(OH)24-exposed embryos (figure 14).  The 

caspase-3 results further demonstrated C60-induced apoptotic cell death.    

Cellular Proliferation 

 In addition to inducing cell death, cell proliferation was also investigated.  C60 

solubilized with polyvinylpyrrolidone (PVP) can lead to increased cell proliferation 

and chondrogenesis [92].  BrdU as used to fluorescently cellular proliferation in the 

embryonic zebrafish.  Embryos were exposed to 50 ppb C60, 200 ppb C60, or 1000 

ppb C60(OH)24 along with BrdU for 8 hours.  In the head region, there was decreased 
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cellular proliferation in C60-exposed embryos, most likely due to the increase in cell 

death (figure 15 a-d).  Interestingly, there was not a decrease in cellular proliferation 

in the trunk and fin region of C60-exposed embryos, despite the increased cell death 

(figure 15 e-h).  There was not a difference between controls and C60(OH)24-treated 

embryos in the head or fin regions.  There was, however, a difference in cellular 

proliferation in the fin region between controls and C60-exposed (figure 15 e-h).   

There was concentrated fluorescence in the area of the fin malformation (figure 15 

g,h). 

Oxidative Stress Pathway Investigations 

Initial studies demonstrated the ability of C60, as well as C70 and C60(OH)24 to 

elicit a toxic responses.  Next, investigations were conducted into oxidative stress as 

the mechanism of C60 induced toxicity.  All nanomaterial research to date has 

implicated oxidative stress as the mechanism of action.  Most oxidative stress-related 

assays have been performed in cell culture or in homogenates of tissue samples.  

Method development for several assays was attempted, not only to evaluate oxidative 

stress as a mechanism of C60 toxicity, but also to develop the embryonic zebrafish as 

a model organism for studying oxidative stress.  Previous studies in the lab attempted 

to measure GSH:GSSG ratios in whole zebrafish embryos; however the amount of 

GSSG was never quantified.   

Light activation of C60: First, the oxidative stress was probed at the physical-

chemical level, since C60 can be photoactivated thereby generating reactive oxygen 

species [58].  If this is the case, then reduced light exposure should result in a 

reduction of response to C60 exposure.  To test this hypothesis, the stock solution was 

kept in the dark using aluminum foil and the 96-well plate was covered during the 

exposure.  Embryos were evaluated after 24 hours of exposure for developmental 

responses.  There was a significant reduction in fin malformations, pericardial edema, 

and mortality in the 200 ppb exposure group (figure 16).  Mortality was reduced by 

30% at 200 ppb; however 500 ppb still induced 100% mortality within the first 24 

hours of exposure (figure 16a).  Fin malformations were reduced by approximately 

40%, and pericardial edema was reduced by 85% at 200 ppb (figure 16b, c).  
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Although protection from light was not complete, it did reduce the physiologic 

responses to C60 exposure. 

DCFDA Localization of Oxidative Stress: Methods currently being developed 

to fluorescently detect ROS in vivo were applied to the embryonic zebrafish model in 

attempt to localize the stress in these transparent animals.   To attempt to detect 

oxidative stress in situ, OxyBurst was purchased from Molecular Probes.  The 

carboyx-H2DCFDA dye is hydrolyzed upon reaction with reactive oxygen to release 

fluorescein (figure 17 a).  This product is then detected and measured using a FITC 

filter.  Positive controls of TBHP and H2O2 were used to specifically induce oxidative 

stress in the organism.  The dye was found to be induced by photoexcitation and the 

by-product was detected under the filter of the microscope.  The fluorescence of the 

embryo grew more intense with increasing time under the microscope until the entire 

embryo was illuminated (figure 18).  This was observed in fish water controls as well 

as C60-exposed embryos.  Due to the highly reactive nature and nonspecificity of the 

dye, this could not be used to reliably measure oxidative stress. 

Method development of this assay was useful in determining the appropriate 

developmental stage to assess the zebrafish embryos.  At 48 hpf, embryos begin to 

develop chromatophores.  These regions had the tendency to sequester the fluorescent 

dye, and thus all following studies only used 36 hpf embryos where the embryos are 

fully transparent.   

MitoSOX Localization of Oxidative Stress: An alternative to using H2DCFDA 

dyes is MitoSOX®, otherwise known as dihydrorhodamine, available from Molecular 

Probes.  The dye reacts with reactive species to form the fluorescent product (figure 

17 b).  Antimycin A, a known mitochondrial uncoupler, was used as a positive 

control.  At all concentrations, fluorescence was not detected in C60-exposed embryos 

after 12 hours of exposure.  There was some specific fluorescence in antimycin-

exposed embryos (figure 19 b).  A shorter exposure of 2 hours was also conducted, 

and slight fluorescence was detected in C60-exposed embryos (19 c,f).  A shorter 

exposure length and immediate analysis evaluate the immediate response rather than 

the downstream response.  Because ROS is highly reactive, it is suspected to 

dissipate.  Further investigation needs to be conducted to determine time windows for 
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O2
•- production after exposure.  These results demonstrate the need to determine 

critical windows of analysis following exposure, however they are not strong enough 

to state that C60-induced oxidative stress was localized.   

Role of Glutathione:  In order for cells to protect themselves from oxidative 

stress and its consequences, cells have adapted several mechanisms such as increased 

glutathione production.  Glutathione can be oxidized to GSSG from hydrogen 

peroxide resulting in two water molecules (figure 17 c).  GSH is an endogenous 

tripeptide that is present in most cells at mM concentrations [59].  It is an important 

antioxidant, reductant, and radical scavenger as well as the co-substrate for 

glutathione-S-transferase and peroxidase, and thus, a critical enzyme for detoxifying 

electrophilic metabolites [93].  Glutathione has been previously used in the lab for 

inhibiting response of zebrafish to oxidative insult.  Chemically increasing GSH for 

protection has been accomplished in zebrafish against ethanol (20% inhibition) [87] 

and sodium metam at 100% inhibition (Tilton and Tanguay, in preparation).  A series 

of GSH concentrations were tested to determine the concentration at which the GSH 

does not elicit a toxic response, which was found to be 100 µM GSH.  Embryos were 

co-incubated with GSH and graded concentrations of C60 to determine if GSH could 

protect against C60 toxicity.  No inhibition or induction of toxicity was detected in the 

C60 co-incubation exposure (figure 20).  There was a slight difference between GSH 

controls and the 200 ppb C60 exposure, however, it was not statistically significant.   

NAC Co-Incubation to raise GSH Levels: GSH is often unable to permeate the 

cell membranes; therefore, it may be unavailable to block effects of the toxin.  To 

attempt to increase cellular GSH levels, the rate limiting substrate in GSH synthesis, 

N-acetylcysteine (NAC), was co-incubated with C60.  First, a concentration response 

of NAC was conducted to determine appropriate concentration for co-incubation 

studies.  NAC can induce toxicity at high concentrations >300µM (figure 21 a).  

Second, a concentration-response was conducted with NAC using 200 ppb C60-

exposed embryos.  There was a significant decrease in mortality and fin 

malformations at 50 µM and 100 µM NAC co-exposed to C60 than C60 only.  At 200 

µM NAC with 200 ppb C60 there was an increase in mortality which continued to 

increase with increasing NAC concentration (figure 21 b).  A third exposure was 
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conducted using 50 µM NAC against a concentration gradient of C60 (50-300 ppb 

C60) (figure 22 a-c).  The low concentration of NAC reduced mortality by 

approximately 35%, and pericardial edema by 50% compared to C60 only (figure 

22a,c)  There was an increase in pericardial edema at 300 ppb; however, this is most 

likely due to the lack of mortality which would otherwise occur within the first 24 

hours of exposure at this concentration.  Interestingly, it did not reduce fin 

malformations at any concentration (figure 22b).  H2O2 was investigated as an 

oxidative positive control and concentration gradient was tested against 50 µM NAC 

to determine a shift in response (figure 23).  There was not a shift in the concentration 

response.  NAC reduced the physiologic response to C60; however it did not affect 

H2O2-induced mortality. 

Role of Antioxidants: Another way to block ROS-induced toxicity is to 

increase intracellular antioxidant levels.  Ascorbic acid (vitamin C) was used to try to 

block C60-elicited responses.  This antioxidant was previously investigated for 

protection against ethanol-induced toxicity in zebrafish as well as in many other 

models and human studies [87].   The maximum tolerable concentration of ascorbic 

acid is 250 uM in zebrafish embryos.  Embryos were co-exposed to 250 µM ascorbic 

acid and 100, 200, and 300 ppb C60.  At 200 ppb, there was a significant reduction in 

mortality, fin malformations and pericardial edema (figure 24). 

Next, antioxidant exposures were made in embryo buffer in order to increase 

the concentrations to the maximum tolerable concentrations (MTC) without affecting 

the pH.  A C60 concentration-response was also determined in embryo buffer to 

account for any alterations in uptake. One hundred µM lipoic acid, 240 µM ascorbic 

acid, and 100 µM trolox were each co-incubated with graded concentrations of C60 to 

determine if a shift in concentration-response occurred.  There was not a significant 

decrease in mortality between C60 and any of the antixoidants (figure 25).  All 

antioxidants offered some protection from pericardial edema, and trolox reduced 

incidence of fin malformations at 200 ppb by approximately 25% (figure 25).  

Furthermore, the embryo buffer lowered the mortality rate of C60 at 200 and 300 ppb 

compared to previous studies conducted in fish water.   
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Glutathione Chemical Depletion: BSO and DEM are known to inhibit 

glutathione production and were used to determine if C60 exerts a toxic response 

through depletion of glutathione.  First, the concentration-responses of BSO and 

DEM were determined (figure 26 a).  DEM was found to have a MTC of 100 nM and 

BSO had a MTC of 5 µM.  These concentrations were then co-incubated with graded 

concentrations of C60 (50-300 ppb) to determine if a shift in the concentration-

response occurred.  Both DEM and BSO increased the embryos’ sensitivity to C60 

with increased fin malformations, mortality, and pericardial edema at lower 

concentrations (figure 26 b-d), suggesting that the chemical depletion of glutathione 

increased the sensitivity of zebrafish embryos to C60 exposure. 

Since DEM and NAC significantly shifted the C60 concentration-response, 

cellular death was also evaluated.  Embryos were co-incubated with 100 ppb C60 and 

50 nM DEM, 5 uM BSO, or 100 µM NAC.  DEM and BSO significantly increased 

cell death, while NAC reduced cell death (figure 27).  NAC-C60 exposed embryos 

still had higher cell death than controls, but the response was reduced.  DEM and 

BSO did not lead to increased cell death compared to DMSO controls.  Ascorbic acid 

had no effect on cell death.  These results indicate that NAC offers protection from 

C60-induced toxicity, while DEM and BSO potentiate the effect. 

Antioxidative Potential of Fullerenes: It was suggested that C60 can be a 

powerful antioxidant, even more powerful than vitamin E [55].  So far, high levels of 

C60 have been investigated for oxidative potential; however, there are maximum 

concentrations which the embryos can tolerate of all of the antioxidants tested, and 

thus, perhaps the antioxidant potential is only at very low concentrations.  Low levels 

of C60 and C60(OH)24 were co-incubated with two concentrations of H2O2 (500 µM 

and 1 mM) to determine if they offer protection from H2O2-induced oxidative stress 

leading to mortality.  Both fullerenes increased mortality after 48 hours of exposure 

compared to H2O2 exposed and controls (figure 28), thus neither fullerene acts as an 

antioxidant at the tested concentrations. 

Much of the literature supports C60(OH)24 as an antioxidant, whereas C60 is 

proposed to be an oxidant.  To test these hypothesis, zebrafish embryos were co-

exposed to 1 ppm C60(OH)24 and 100-300 ppb C60.  The C60(OH)24 concentration, 



 37

although it appears high, was chosen because it is well below the no observable 

effects level (NOEL) as determined earlier.  In all embryos tested, there was not an 

effect.  The concentration-response surprisingly found a synergistic effect (figure 29).  

There was an increase in mortality at the 100 ppb and 300 ppb concentrations (figure 

29a).  There was not a statistical difference between the 200 ppb and controls.  There 

was also an increase in fin malformations at 100 ppb exposure, however there was a 

reduction in fin malformations at 200 ppb (figure 29b).  The lowered pericardial 

edema is most likely due to the increase in mortality prior to the onset of pericardial 

edema during development (figure 29c).  C60(OH)24 did not reduce the response of 

C60, rather it enhanced the response. 

Genetic Reduction of GSH:  Another way to determine if glutathione 

depletion is a primary route through which C60’s elicit toxicity, is to knock out the 

glutamate cysteine ligase (GCL) gene, resulting in reduced glutathione in the entire 

animal.  Glutamate cysteine ligase is an enzyme that catalyzes the production of 

GSH.  The GCL morpholino was designed in the lab to knockout the GCL gene, 

limiting the amount of GSH that will be produced, thus theoretically making embryos 

more sensitive to oxidative insult.  A standard reference morpholino (SRM) was used 

as a non-specific morpholino control that should not interfere with GSH production or 

biological function.  The morpholinos were fluorescently tagged to determine the 

morpholino distribution.  The GCL morpholino did not have a significant effect on 

the toxicity of C60 or C60(OH)24 (figure 30).  There was an increase of fin 

malformations and pericardial edema between SRM-injected embryos and the GCL-

injected embryos, although the mortality and fin malformation rates were lower than 

observed in non-injected embryos (figure 30a).  Further studies are necessary before 

interpretation of these results can be made. 

Lipid Peroxidation Detection: Immunohistochemistry is an established 

method in the lab for labeling specific proteins in vivo, such as primary and secondary 

motor neurons and CYP1A and CYP1B induction.  To date, immunohistochemistry 

has not been developed in situ for whole mount zebrafish for lipid peroxidation 

products, such as malondialdehyde (MDA), nitrotyrosine, or 4-hydroxynonenol (4-

HNE).  This study attempted to develop methods for detecting lipid peroxidation 
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products in the whole animal.  Positive controls of TBHP and antimycin were used in 

addition to C60 exposed animals.  The antibodies used were MDA, 4-HNE, polyclonal 

and monoclonal nitrotyrosine, superoxide dismutase (SOD), and 8-

oxodeoxyguanasine (8-oxoDG).  No response was detected in the positive controls or 

C60-exposed for any of the antibodies used (figure 31).  Lipid peroxidation leads to a 

large variety of by-products so it is difficult to label and identify each in vivo.  

CYP1A and CYP1B were also tested with TCDD as a positive control.  There was a 

distinct response in the TCDD-exposed embryos with fluorescence throughout the 

vasculature, but no response in C60-exposed embryos (figure 32). 

 Another method for looking at protein levels is using western blot techniques.  

Even though there was not a difference in the immunohistochemistry, it is possible 

that the protein could be detected via western blotting.  Unfortunately, none of the 

antibodies tested had a response.  4-hydroxynonenol (4-HNE) and malondialdehyde 

were used in zebrafish for the first time.  They did have positive staining; however 

there was not a difference between controls and treated (figure 33).   

Global Gene Expression 

In order to determine the effect of C60 on gene expression, microarrays were 

used.  Microarrays allow for the detection of varied gene expression on a scale not 

possible using RT-PCR or northern blotting.  In addition, microarrays are often used 

to identify genetic targets that would normally not be investigated.  Changes in gene 

expression were evaluated at 36 and 48 hpf.  The data was analyzed to determine the 

genes up-regulated or down-regulated by more than 2 fold, and background was 

subtracted prior to analysis.  The 36 hpf and 48 hpf groups shared 118 up regulated 

genes of the 363 and 250 genes that were up regulated, respectively (figure 34).  Only 

15 of the genes down regulated were in common between the two groups.  Genes 

were further grouped by function and time of exposure (figure 35).  Interestingly, 

several genes were identified that are typically up-regulated in response to a “stress”.  

These genes include glutathione-S-transferase (GST), glutamate cysteine ligase 

catalytic subunit, and ferritin, which were highly induced in all replicates.  

Furthermore, there was upregulation of genes involved in immune responses, 

development, cell cycle (including induction of apoptosis), signal transduction, and 
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cytoskeleton and cytoplasmic transfer (table 1).  For a full list of genes that were 

significantly altered, see appendix.  The stress response results support the role of 

GSH in response to C60 exposure; however more data analysis is necessary. 

Several genes were selected to for polymerase chain reaction (PCR) 

validation.  Genes selected include the stress response genes: GST-pi, ferritin, GCLc, 

hsp70, α-tocopherol transfer protein (TTP), and e-cadherin.  β-actin was significantly 

down-regulated, which is surprising because it is typically a “house-keeping” gene 

and is rarely affected by exposures.  Rather than use β-actin, GAPDH was used as the 

standard.  GST-pi and hsp70 had the highest fold induction, while e-cadherin, was not 

regulated at 36 hpf (figure 36).  It was, however, up-regulated at 48 hpf.  Genes had 

differing ratios between stages, even in controls.  This could be due to alterations in 

gene expression during development.  Ferritin is a large protein with multiple 

subunits and has yet to be fully sequenced.  As a result, ferritin heavy chain was 

evaluated to determine the regulation of the gene.  PCR results found it up regulated 

over 8 fold at both time points compared to controls.  Only one subtype of GST was 

detected by the microarray, and was found to be up-regulated by approximately 23 

and 26 fold (36 and 48 hpf respectively).   

Two of the genes up-regulated were evaluated for protein concentration.  

HSP70 did not have positive staining in situ therefore the antibodies were used in 

western blots.  TTP has a band at approximately 30 kD, which had a stronger signal 

in exposed embryos (100 and 200 ppb) as shown in figure 36.  The HSP70 antibody 

gave a strong response at 70 kD in both controls and treated (figure 37).  These 

results are inconclusive and the assays need further method development. 

Neurogenin was up-regulated according to the microarray, but down-regulated 

or not regulated according to qPCR.  To further investigate the expression of 

neurogenin, transgenic embryos that have a fluorescent marker for neurogenin were 

exposed to C60.  There was not a difference between controls and exposed in the head 

and body regions.  In the fin there was differential expression (figure 38); however 

this could be due to the malformation in the region. 
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Material Characteristics, Uptake and Mass Balance  

PCS Characterization: In order to determine the toxic potential of the 

material, it is important to first characterize the material [2].  Fullerenes in particular 

can come in multiple forms, consisting of a range of agglomeration sizes and 

functionalizations; therefore, it is essential that the factors affecting the toxicity of 

nanomaterials be identified.  As nanotoxicology is discussed and investigated, most 

scientists agree on the importance of characterizing nanomaterials for agglomeration 

size [2].  Two concentrations (50 and 200 ppb) of C60, C70, and (250 and 1000 ppb) 

C60(OH)24 were analyzed using photo correlation spectroscopy.  The size of C60 and 

C70 agglomerations increased with increasing concentration; however, this was not 

demonstrated by the size of C60(OH)24 (figure 39).  Furthermore, C60 did not appear 

monodispersed nor have a uniform size, rather there was a very large range of sizes, 

especially at the higher concentration.  Surface functionalization had an effect on 

agglomeration size and dispersion characteristics in solution.  The sizes of 

agglomerations were several hundred nanometers for C60 and C70, which is much 

larger than the definition of “nanomaterial;” however, C60(OH)24 aggregations were 

in the “nanomaterial” size range.     

Dose Determination:  Detection and localization of C60 is important for 

determining dose as well as the pharmacokinetics of C60 within biological systems; 

however methods for extracting and quantifying C60 have been slow in development.  

To demonstrate uptake by zebrafish embryos, a method was developed using 

principles to detect C60 in embryonic zebrafish homogenates as well as the water they 

were incubated in.  To account for loss during the extraction process, 13C-labeled C60 

was used as a surrogate.  Amount of C60 in both the water phase and in the embryos 

were determined at each time point (2, 6, and 12 hours of exposure).  The three time 

points were chosen to determine the rate of uptake.  Three concentrations were 

evaluated: 100, 200, and 400 ppb.  Fifty ppb was also evaluated after 6 hours of 

exposure.  There was not a difference in concentration in the embryos between 2 and 

12 hours of exposure at 100 ppb, however there was a slight increase at 200 ppb 

(figure 40 a).  There was not a significant difference in uptake of C60 between 100 

and 200 ppb exposed embryos after 2 hours of exposure, nor was there an increase in 
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mass over time in 100 ppb embryos (figure 40 a,b).  There was an increase in uptake 

for embryos exposed to 200 ppb, although the increase was only statistically 

significant between 2 and 12 hours.  After 12 hours of exposure to 200 ppb, the 

embryos had an average of 0.1 ng of C60 per embryo, however embryos exposed to 

400 ppb for only 2 hours had 0.46 ng of C60 per embryo.  Time course evaluation was 

not possible at 400 ppb due to the immediate mortality that resulted.  The actual dose 

administered was calculated based on the amount of C60 detected in the remaining 

alive embryos.  A zebrafish embryo weighs approximately 1 mg.  The mass 

exposed/mass of animal ratio is 104 ng/g elicits 50% mortality, 100% fin 

malformations, and 100% pericardial edema.  Uptake of C60 through the water elicits 

responses at very low doses.   

C60 Concentration in Water:  Water concentration was also evaluated over 

time.  Control water was placed into wells to determine if the embryos have an affect 

on concentration in the water phase.  The concentrations of embryo water and control 

water followed similar trends; however, the concentration was usually lower in the 

embryo water than control water (figure 40 c-f).  The dosing solution was evaluated 

at the time of exposure to determine actual exposure concentration.  The dosing 

solution was actually 35% (+/- 3.9%) lower than calculated from mass to volume 

ratio.  This was consistent between all dosing concentrations (50-400 ppb).  Slight 

increases are observed in several of the samples between 6 and 12 hours, only the 

increase in concentration of embryo water of the 400 ppb and the increase in 200 ppb 

control water were statistically significant.  All exposure concentrations had similar 

final concentrations after 12 hours, except for 400 which was slightly higher.   

Cell Death in Response to Dose:  Cell death was also determined using 

acridine orange over a time course in comparison to uptake.  Cellular death was 

determined after 2, 6, and 12 hours of exposure using acridine orange.  There was not 

an increase in cellular death between 2 and 6 hours, although there was between 2 and 

12 hours (figure 41 a).  Examples of each exposure are shown (41 b-i).  At 6 hours, 

the mean cell death according to fluorescence had increased from 2 hours and was 

similar to that at 12 hours; however, the large error between animals limits statistical 
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significance.  There was not a significant difference between 200 and 100 ppb 

exposures. 

Uptake through Chorion:  Embyros were exposed in the chorion for 12 hours 

then dechorionated in clean water and the embryos, chorion, and water were analyzed 

for C60.  The amount of C60 per embryo was the same for the embryos exposed in the 

chorion as those dechorionated (figure 42 a).  There was a high concentration of C60 

in the chorion as well as the dead embryos (figure 42 c).  Additionally, embryos were 

exposed to C60 after the exposure treatment had been allowed to settle for 24 hours.  

This also increased the amount of C60 associated with the live embryos significantly.  

At this time we are not able to discern whether it was uptake or association with the 

epidermal layer.  The concentration in the water was also measured, and was lower at 

the time of exposure than compared to other studies (figure 42 b).  A concentration 

response was conducted for the agglomeration exposures.  The response was similar 

to that of immediate exposure, although there was reduced mortality at 200 ppb 

(figure 43 a).  There was not a reduction in mortality at 300 ppb (figure 43 a).  Also, 

fin malformations were not reduced at any concentration. 

Microinjection Exposure:  Microinjection was used to deliver a known 

amount of material into the organism as well as to test another route of exposure.  The 

amount that could be put into solution and administered was very low compared to 

waterborne exposure.  In waterborne exposures, 2.0 ng C60 are in each well.  For the 

microinjection exposure, 0.001 ng C60 or 0.02 ng C60(OH)24 were injected into each 

embryo.  There was not a significant difference between controls and exposed 

embryos for C60 or C60(OH)24 (figure 44).  This amount is 100-fold below that 

associated with the embryos via 200 ppb waterborne exposures. 
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Figure 6.  6 hpf chorion exposure.  Embryos were exposed at 6 hpf in the chorion 
and evaluated until 144 hpf for malformations and hatching.  (a) C60-exposed 
embryos had increased fin malformations, pericardial edema, curved bodies, and 
mortality.  (b)  100 ppb C60 delayed hatching.  (c) C70-elicited increased pericardial 
edema (100 ppb) and mortality (500 ppb).  (d) Hatching was delayed for the 100 ppb 
exposure and slightly delayed hatching at 20 ppb.  (e) C60(OH)24 did not elicit an 
effect.  (d)  Hatching was not delayed by C60(OH)24.  Significance was determined 
using Fisher’s Exact test (*p<0.05) compared to 1% DMSO control (N=24). 
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Figure 7.  24 hpf chorion exposure. Embryos exposed at 24 hpf in the chorion were 
evaluated for malformations, abnormal behaviors, and hatching.  (a) C60-exposed 
embryos exhibited increased pericardial edema and fin malformations at 100 ppb and 
100% mortality at 500 ppb.  (b) Delayed hatching was observed for 100 ppb C60-
exposed.  (c) Embryos exposed to 500 ppb C70 had no effect except at 500 ppb.  (d) 
Delayed hatching at 100 ppb C70.  (e) Embryos exposed to C60(OH)24 did not exhibit 
an effect.  (f)  No delayed hatching was observed at any concentration.  Significance 
was determined using Fisher’s Exact test (*p<0.05) compared to 1% DMSO control 
(N=24). 
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Figure 8. 24 hpf dechorionated exposure. Concentration-responses observed for 
embryonic zebrafish exposed to (a) C60, (b) C70, and (c) C60(OH)24 from 24 hpf to 96 
hpf; evaluated daily until 6 dpf. Values represent cumulative % of effects: mortality, 
pericardial edema, yolk sac edema, and fin malformations. Representative images of 
the caudal fins for (d) control and (e) 200 ppb C60-exposed animals are given. 
Representative images of the pectoral fin for (f) control and (g) 3500 ppb C60(OH)24-
exposed animals. Representative images of (h) 1% DMSO control head at 6 dpf and 
(i) 200 ppb C60-exposed head at 6 dpf; arrows designate pericardial edema (PE) and 
yolk sac edema (YSE). Significance was determined using Fisher’s Exact test 
(*p<0.05) compared to 1% DMSO control (N=24). 
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Figure 9.  SWNT Exposure.  Embryos were exposed at 24 hpf to SWNT or SWNT 
with PABS.  No significant effect was observed. 

 
 
Figure 10.  C60(OH)24 exposure without solvent.  Dechorionated embryos were 
exposed to C60(OH)24 at 24 hpf.  DMSO increased the event of pericardial edema (a) 
and mortality (b).  No effect was detected in embryos exposed in water-solubilized 
C60(OH)24.  Significance was determined used Fisher’s Exact test (*p<0.05, N=24). 
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Figure 11.  C60-exposure induced cellular death. Cellular death was determined 
using acridine orange staining of C60-exposed embryos at 36 hpf, after a 12 hour C60 
exposure. Fluorescence emitted from cells undergoing cellular death indicated by 
white signal on a black background, shown for the head region for (a) 1% DMSO 
control, (b) 50 ppb C60-exposed (c) 100 ppb C60-exposed (d) 200 ppb C60-exposed; 
and the caudal fin for (e) 1% DMSO control, (f) 50 ppb C60-exposed, (g) 100 ppb C60-
exposed, and (h) 200 ppb C60-exposed embryos. (i) Concentration-response curves for 
cell death measured as relative fluorescence in the head (•) and trunk regions (◦) of 
the embryos. Cellular death was significantly different than controls at 100 and 200 
ppb determined using one-way ANOVA (*p<0.05), N=12. 
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Figure 12.  C60-induced apoptotic cell death.  Apoptotic cell death was measured in 
embryos at 36 hpf, after 12 hours of exposure. White spots indicating a TUNEL+ 
response (apoptotic signaling) shown for the head region (a) 1% DMSO control, (b) 
50 ppb C60-exposed (c) 100 ppb C60-exposed (d) 200 ppb C60-exposed and the caudal 
fin region (e) 1% DMSO control, (f) 50 ppb C60-exposed, (g) 100 ppb C60-exposed, 
and (h) 200 ppb C60-exposed embryos. (i) Concentration-response curves for cell 
death measured as relative fluorescence in the head (•) and trunk regions (◦) of the 
embryos. Apoptotic cellular death was significantly different than controls at 100 and 
200 ppb determined using one-way ANOVA (*p<0.05), N=12. 
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Figure 13.  C60(OH)24 cell death.  Cell death was measured by acridine orange and 
TUNEL in embryos exposed to C60(OH)24.  White spots indicate cells undergoing cell 
death using acridine orange (a) control, (b) 2500 ppb, and (c) 5000 ppb.  TUNEL 
positive cells are highlighted in (d) control, (e) 2500 ppb, and (c) 5000 ppb.  (g) 
Graphical representation of cellular death.  Only total cell death was determined to be 
significant at 5000 ppb C60(OH)24 using one-way ANOVA (*p<0.05), N=12. 
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Figure 14.  Caspase-3 labeled apoptosis.  Apoptotic cell death was further verified 
using caspase-3 immunohistochemistry.  Representative pictures are shown of (a) 
control and (b) 200 ppb C60 exposed. 
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Figure 15.  Cell proliferation.  BrdU labeling was done to identify cells undergoing 
proliferation in the head (a-d) and fin (e-h).  Controls (a, e), C60(OH)24 (b, f), 50 ppb 
C60 (c, g), and 200 ppb C60 (d, h) were evaluated after 8 hours of exposure.  White 
spots indicate newly synthesized cells. 



 52

 
 
Figure 16.  C60 concentration-response: dark exposure.  24 hpf embryos were 
dechorionated and exposed in the dark to graded concentrations of C60.  Mortality (a), 
fin malformations (b), and pericardial edema (c) were scored for 5 days post 
exposure.  Significant difference was determined using Fisher’s Exact test (*p<0.05), 
N=24, compared to C60 effect in the light at that concentration. 
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Figure 17.  Chemical reactions of fluorescent dyes.  (a) the reaction of H2-DCFDA 
to fluorescent product by through reaction with reactive oxygen species.  (b) The 
reaction of dihyrorhodamine with reactive oxygen leading to the fluorescent product.  
(c)  The detoxifying reaction of glutathione. 
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Figure 18. DCFDA fluorescence.  Time-course pictures taken of diclorofluorescein 
incubated in embryos exposed to 1% DMSO control, H2O2, or 200 ppb C60.  
Fluorescence intensity increased with time under microscope light. 
 

 
 
Figure 19.  Mitosox labeling of oxidative stress. Oxidative stress was measured 
using Mitosox (white spots) in the head (a-c) and fin (d-f) of embryos exposed to 1% 
DMSO control (a, d), antimycin a (b, e), and C60 (c, f).  Top row is representative 
pictures of the head region and the bottom row is representative pictures of the 
fin/trunk region. 
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Figure 20.  C60 co-incubation with GSH response.  Embryos were co-exposed to 
100 µM GSH and C60 (200 and 500 ppb).  GSH controls were used to ensure no 
adverse effect from GSH exposure.  Embryos were exposed from 24 to 120 hpf and 
scored daily.  Significance was determined using Fisher’s Exact (*p<0.05, N=24). 
There was no significant difference between treatments. 
 
 
 

 
 
Figure 21.  NAC concentration-response.  N-acetylcysteine was used to increase 
glutathione levels in vivo.  (a) Concentration-response of NAC in embryos exposed 
from 24 to 120 hpf.  (b) Embryos were exposed to 200 ppb C60 and graded 
concentrations of NAC to determine shift in concentration-response without an 
increased effect from NAC-induced toxicity.  Mortality and fin malformations were 
scored daily. 
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Figure 22.  NAC co-incubation with C60.  50 µM NAC was co-incubated with 
graded concentrations of C60.  (a) NAC reduced mortality by 35% at 200 and 300 
ppb.  (b) There was not a shift in incidence of fin malformations.  (c) NAC reduced 
pericardial edema by 50% at 200 ppb but not at 300 ppb, most likely due to the lack 
of mortality at that concentration.  Significance was determined using Fisher’s Exact, 
(*p<0.05, N=24). 
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Figure 23.  NAC + H2O2 concentration response.  50 µM NAC was co-incubated 
with graded concentrations of H2O2.  There was not a shift between H2O2 and 
embryos co-exposed with NAC (N=24). 
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Figure 24.  C60 co-incubation with ascorbic acid.  Embryos were co-exposed to 250 
µM ascorbic acid (AA) and graded concentrations of C60 at 24 hpf until 120 hpf.  
Ascorbic acid decreased (a) mortality, (b) fin malformations (FM), and (c) pericardial 
edema (PE) at 200 ppb C60.  Significance was determined by Fisher’s Exact test 
(*p<0.05, N=24). 



 59

 
Figure 25.  C60 co-incubation with antioxidants in embryo buffer. Embryos were 
co-exposed to antioxidants (100 µM lipoic acid, 250 µM ascorbic acid, or 100 µM 
trolox) and graded concentrations of C60 in embryo media.  (a) None significantly 
reduced mortality. (b)  Trolox reduced fin malformations by 25%.  (c)  All 
significantly reduced incidence of pericardial edema.  Significance was determined 
by Fisher’s Exact (*p<0.05, N=24). 
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Figure 26.  DEM and BSO concentration response.  DEM and BSO were used to 
block glutathione production.  (a) The concentration response of DEM was 
determined.  DEM induced 100% mortality at the concentrations above 100 nM.  (b) 
The concentration response of BSO was found to elicit mortality above 500 µM.  (c) 
Embryos were co-exposed to BSO or DEM and graded concentrations of C60 at 24 
hpf for 24 hours.  DEM shifted the LC50 to from 200 ppb to 50 ppb.  BSO induced 
100% mortality at 200 ppb, but no significant mortality at 100 ppb.  Significance was 
determined using Fisher’s exact (*p<0.05, N=24).  1% DMSO was used in all 
exposures. 
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Figure 27.  Cell death in co-exposures.  Cell death was measured as a result of co-
incubation with either NAC or DEM and 100 ppb C60.  Embryos were exposed at 24 
hpf and cellular death was determined at 36 hpf using acridine orange.  There was not 
a statistically significant difference between (a) control and (c) DEM, (e) BSO, or (g) 
NAC controls.  (d,e) DEM and BSO co-incubated with C60 significantly increased 
cell death compared to (b) C60 only.  NAC decreased cell death compared to C60; 
however cell death was significantly higher than controls.  Significance was 
determined using one-way ANOVA (*p<0.05, N=12). 
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Figure 28.  H2O2 and C60 co-incubation.  Embryos were exposed to H2O2 at 24 hpf 
for 48 hours to determine the concentration-response.  Embryos were co-exposed to 
H2O2 and either 10 ppb C60 or 500 ppb C60(OH)24 for 48 hours.  Both significantly 
increased mortality at 0.5 mM H2O2.  Significance was determined using Fisher’s 
Exact (*p<0.05, N=24). 
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Figure 29. C60 + C60(OH)24 co-incubation response. To test the hypothesis that 
C60(OH)24 is an antioxidant and C60 is a pro-oxidant, embryos were co-exposed to 1 
ppm C60(OH)24 and graded concentrations at 24 hpf until 120 hpf.  Malformations and 
mortality were scored daily. (a) Increased mortality observed at 100 and 300 ppb.  (b) 
Linear response to fin malformation (increased at 100 ppb, and decreased at 200 ppb 
compared to C60).  (c) Significant reduction in pericardial edema at 200 and 300 ppb.  
Significance determined using Fisher’s Exact, p<0.05 (N=24). 
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Figure 30.  GCL morpholino response.  Embryos were injected with either the GCL 
or SRM morpholino at the one-cell stage and exposed to C60 at 24 hpf.  Embryos 
were evaluated daily until 120 hpf.  There was an increase in (a) mortality, (b) fin 
malformations, and (c) pericardial edema in the GCL morpholino compared to the 
SRM at 500 ppb; however the response was lower than compared to embryos that 
were not injected.  Significance was determined using one-way ANOVA, (*p<0.05, 
N=24).  
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Figure 31.  IHC of lipid peroxidation markers. Immunohistochemistry was 
conducted to detect and localize lipid peroxidation products in vivo.  Column 1 is 
controls and column 2 is 200 ppb C60 treated.  (a-d) Neuronal outgrowth was 
examined using an antibody to α-acetylated tubulin.  (e,f) DNA-adducts resulting 
from oxidative stress were identified with an antibody for 8-oxodeoxyguanine.  
Nitrated lipid peroxidation products were examine with antibodies for (g,h) 
polynitrotyrosine and (i,j) mononitrotyrosine. Lipid peroxidation products were 
measured using (k,l) 4-HNE, and (m,n) MDA antibodies.  (o,p) An antibody for 
superoxide dismutase was evaluated for increased activity in response to oxidative 
stress.  All antibodies, except α-acetylated tubulin, resulted in non-specific binding 
throughout the embryo. 
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Figure 32.  Evaluation of CYP1A and CYP1B.  Cytochrome P450 induction was 
determined using IHC.  (a,b) TCDD was used as a control for positive induction of 
CYP1A. Neither CYP1A (c,d) nor CYP1B (e,f) was induced following 200 ppb C60 
exposure.  Controls (c,e) are similar to C60 treated (d,f). 
 

 
 
Figure 33. 4-HNE and MDA western blot analysis.  (a) Proteins from controls 
(lane 1) and 200 ppb C60 (lane 2) were run on a 10% gel and stained with 4-HNE.  
There was not a difference between controls and treated, however the antibody does 
work for zebrafish.  (b)  MDA staining was used on controls (lane 1), 100 ppb C60 
(lane 2) and 200 ppb C60 (lane 3) run on a 12% gel.  There was a shift in lane 
abundance between controls and treated. 
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a      b  

 
 
Figure 34.  Vinn diagrams of microarray data.  All of the regulated genes were 
counted and compared between exposure times.  (a) 66 genes were upregulated in 
both the 36 hpf treatment and the 48 hpf treatment.  (b) Only 15 genes were 
commonly downregulated between treatment groups.  
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Figure 35.  Pie chart of categories of 
gene regulation alterations.  Genes found 
to be differentially regulated were put into 
broad categories by stage and regulation: 
(a) 36 hpf up, (b) 36 hpf down, (c) 48 hpf 
up, (d) 48 hpf down.  Stress response 
genes were only found to be up-regulated 
at both stages.  A significant portion of the 
genes were unknown in for all groups. 
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Figure 36.  PCR validation of differentially expressed genes.  Several genes 
relating to stress response, signaling, and cell adhesion were evaluated for fold 
change as compared to GAPDH.  All stress response genes were significantly 
upregulated, while there were mixed responses from neurogenin, e-cadherin, and β-
actin. 
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Figure 37.  HSP70 and TTP protein level analysis.  Protein levels of (a) HSP70 and 
(b) TTP were stained with an antibody to the corresponding protein and compared 
against β-actin.  Controls are the first three rows, 100 ppb C60-exposed the middle 
three and 200 ppb C60-exposed the last three rows.  All proteins were extracted from 
48 hpf embryos that had been exposed at 24 hpf. There does not appear to be a 
difference between controls and treated of either protein.   
 
 
 
 
 
 

 
 
Figure 38.  In vivo neurogenin expression evaluation.  Transgenic embryos that 
express GFP associated with neurogenin were exposed at 24 hpf to C60.  Examples of 
control fin (a) and head (c) are compared to 200 ppb C60 exposed fin (b) and head (d).  
In C60-exposed fin, there is some non-specific staining at the tip in the region of the 
notochord malformation.   
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Figure 39.  Fullerene agglomeration characterization.  Photon correlation 
spectroscopy of C60 (black) and C70 (gray) at 50 and 200 ppb, and C60(OH)24 (white) 
at 250 and 1000 ppb. Mode size of particles (% given) were at for the concentration is 
indicated by the (•). Boxes represent particle size distribution with upper and lower 
standard deviation determined by size distribution processor analysis.  
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Figure 40.  Analysis of C60 Dose and Concentrations.  Dechorionated embryos 
were exposed at 24 hpf and the mass in the embryos was measured over time (a,b).  
400 ppb C60 induced 100% mortality prior to the 6 hour exposure point.  The water 
concentrations were determined over time in both control wells that did not have 
embryos, and in the wells containing embryos for 100 (c) and 200 (d).  The water 
concentrations decreased over time for all concentrations, and came to equilibrium at 
approximately the same concentration in both control (e) and embryo water (f).  
Significance was determined using one-way Fisher’s Exact test, (*p<0.05, N=24).  
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Figure 41.  Cell death with increasing lengths of exposure.  Cell death was 
measured using acridine orange for varying C60 exposure lengths.  Embryos were 
exposed at 24 hpf and continuously exposed for 2, 6, or 12 hours then placed in fish 
water.  Cell death was determined at 36 hpf.  (a) Cellular death increased between 2 
and 12 hours of exposure for both 100 ppb and 200 ppb C60.  Increase in cell death 
was not significant at 6 hours for either exposure concentration.  Significance was 
determined using one-way ANOVA, (N=8).  Examples of cell death for controls (a,f) 
100 ppb (c-e) and 200 ppb (g-i) are shown for embryos exposed for 2 hours (c,g), 6 
hours (d,h), and 12 hours (e,i). 
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Figure 42.  Chorion and aggregation exposures.  Embryos were exposed to 200 
ppb C60 at 24 hpf.  Dosing solutions were made 24 hours prior to exposure and 
incubated at 23°C until embryos were added.  (a) Embryos exposed to C60 that had 
been allowed to sit for 24 hours had much higher C60 concentrations than those 
exposed to fresh dosing solution. (b) The concentration of C60 in the dosing solution 
decreased with time, primarily in the first 12 hours.  (c) The chorion phase had more 
C60 than the embryo phase.  Embryos exposed in the chorion had the same amount of 
C60 as those that had been dechorionated.
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Figure 43.  Aggregation concentration-response.  Embryos were exposed to graded 
concentration of C60 (100, 200, or 300 ppb) at 24 hpf.  Exposure water was made 24 
hours prior to exposure and placed in wells.  Dechorionated embryos were added to 
the wells and scored at 120 hpf for developmental effects.  There was a 40% 
reduction in mortality at 200 ppb only.  There was not an alteration in rates of fin 
malformation or mortality at 300 ppb.  Significance was determined using Fisher’s 
Exact test, (*p<0.05, N=24).  

 
 
Figure 44.  Microinjection of C60 and C60(OH)24.  24 hpf embryos were 
microinjected with either 0.001 ng C60 or 0.02 ng C60(OH)24.  (a) No physical 
malformations or mortality was detected.  (b) Picture of microinjection. 
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Table 2. Fold change in gene expression of select genes. 
 
Reporter ID Gene Name 36 hpf 

Average
36 
Standard 
Deviation

48 hpf 
Average 

48 hpf 
Standard 
Deviation

Cell cycle/ 
chromatin/ RNA/ 
DNA processing 

     

obszebrafish#04109 Biglycan-like 
protein 3 

11.585 3.942 9.412 0.904

obszebrafish#05567 DCMP deaminase 5.986 1.124 3.403 1.000
obszebrafish#04079 Mob1/phocein 8.900 0.726 7.296 2.019
obszebrafish#04110 Wings apart 5.195 1.279 4.688 2.163
Cytoskeleton/ 
Cytosolic Transport 

     

obszebrafish#05549 E-cadherin binding 
protein E7 

10.391 3.233 5.756 1.575

obszebrafish#02873 Keratin 18 3.726 0.862 3.134 0.539
obszebrafish#06894 Beta-actin   0.280 0.023
Immune Function      
obszebrafish#04096 CTAGE family, 

member 5 
4.665 0.864 3.875 0.448

obszebrafish#04064 Tec-family kinase 4.956 0.705 3.487 1.024
Metabolism      
obszebrafish#04095 Angiotensin 

converting enzyme 
7.947 0.739 6.020 0.822

obszebrafish#00919 Cbr1l protein 8.035 1.971 5.063 0.540
obszebrafish#11641 Inosine triphosphate 

pyrophosphatase  
5.625 3.587 2.715 0.156

obszebrafish#13913 Transketolase 3.112 0.280 3.040 0.350
Protein Processing/ 
Degradation 

     

obszebrafish#12741 Cathepsin B 2.627 0.208 3.031 0.294
obszebrafish#04081 Esrom 8.228 0.201 7.710 2.500
obszebrafish#11830 Eukaryotic 

translation initiation 
factor 3 

10.382 12.159 13.952 7.831

obszebrafish#08710 Ubiquitin C 3.708 1.163 2.859 0.759
Signal Transduction      
obszebrafish#07570 CaM kinase 18.887 4.605 6.425 1.833
obszebrafish#01242 Neurogenin 1 10.825 4.724 5.662 0.877
obszebrafish#05534 RNA-binding region 

RNP-1 
8.312 0.999 5.003 0.656

Stress Response      
obszebrafish#01262 Appb protein 6.920 0.908 5.730 0.667
obszebrafish#11036 Ferritin 15.994 1.393 7.482 1.976
obszebrafish#05998 Ferritin subunit 1 18.070 1.657 9.912 1.624
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obszebrafish#00125 Glutathione S-
transferase pi 

11.527 1.276 9.723 0.781

obszebrafish#13567 Major vault protein 2.865 0.421 2.977 0.711
obszebrafish#08871 Sulfotransferase 4.616 0.953 3.931 1.624
obszebrafish#03954 Thioredoxin 

peroxidase 
13.581 1.584 5.747 0.680

obszebrafish#00078 Hsp70 6.991 1.046 2.984 0.515
obszebrafish#07774 Glutamate-cysteine 

ligase, catalytic 
subunit 

4.926 0.677   

obszebrafish#05558 alpha-tocopherol 
transfer protein 

4.173 1.006   

obszebrafish#00120 Ferritin heavy chain 2.716 0.112 2.750 0.359
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DISCUSSION: 

Zebrafish Model for Nanotoxicity 

In this study, the effects of carbon fullerenes were assessed in vivo using the 

zebrafish embryo as a model organism.  Research presented herein clearly 

demonstrates the usefulness of this model as an effective tool for rapidly assessing 

nanomaterial toxicity and investigating the details of exposure-related effects with 

minimal cost.  Our dynamic whole animal assay can be used to reveal the toxic 

potential of novel nanomaterials at the genetic, cellular and physiological level.  Since 

molecular processes are highly conserved between zebrafish and humans, especially 

early in development, information gained by exploiting the unique advantages of one 

vertebrate model system can be applied to predict effects in other systems.  

Furthermore, information gained using this model system can be used as feedback for 

engineers designing novel nanomaterials, such that they can take into consideration 

potential toxicity and ensure the development of materials that have the least amount 

of toxicity.   

The potential toxicity of fullerenes was evaluated during early vertebrate 

development for two important reasons:  first, fundamental processes of development 

are remarkably conserved across species.  Second, vertebrates at the earliest life 

stages are often more responsive to chemical insult [85]. During development, all 

molecular signaling pathways are active and each pathway is essential for other cells 

and tissues later in life [85].  Since development is highly coordinated requiring cell-

to-cell communications, if nanomaterials perturb these interactions, then development 

would be expected to be disrupted. 

The focus of this study was to determine the interaction of C60 once inside the 

biological system, and the embryonic zebrafish is a good model for rapidly assessing 

toxic response, however there are some limitations.  For carbon fullerenes, there are 

two primary exposure pathways of concern: inhalation and uptake through the skin.  

It is impossible to evaluate inhalation exposure in the zebrafish, thus, another model 

system would have to be employed to specifically address that route of exposure.  

The other limitation relates to measurements of distribution and excretion.  The 

zebrafish embryo is very small so dissections would be unreasonable, much less the 
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number of embryos necessary in order to detect C60 in specific tissue types.  

However, determining distribution might be possible in this transparent model if the 

chemical or material that is administered had a fluorescent or radioactive label.  

Metabolism can be determined by evaluating enzyme profiles; however there are no 

reports to date of metabolism of fullerenes.  Despite the limitations, the zebrafish 

model gives insight into the interaction of nanomaterials with a whole biological 

system, and can be efficiently manipulated to determine mechanisms of action. 

General Toxic Response 

Results obtained using the zebrafish model were similar to studies conducted 

in other systems [26, 32, 37, 94].  Embryo exposure to C60 and C70 elicited similar 

responses, indicating the small difference in material size does not affect the toxic 

potential, particularly due to the large size of the agglomerations.  Functionalization 

of the C60 material decreased the toxic potential and interaction in biological systems 

as seen in previous cell culture models [30, 57].  In addition, the cytotoxic action of 

underivatized C60 was much faster and more effective than its hydroxylated derivative 

[31].  Our results are consistent with previous studies that showed hydroxylated-C60 

was less toxic than underivatized C60 and that the toxicity of C60 can be diminished 

through increasing functionalization.   

Of particular interest, the chorion did not block C60 uptake despite the large 

agglomeration size of C60.  Similarly, nC60 to elicits a response in zebrafish embryos 

exposed in the chorion [95].  In contrast, the chorion did block a response to 

C60(OH)24, which had much smaller agglomeration sizes.  This is most likely due to 

the strong interaction with the water.  A study conducted by Qiao et al. revealed that 

C60 readily passes through a lipid bilayer, whereas hydroxylated C60 takes much 

longer (several orders of magnitude) to pass through [96].  These results support our 

findings that C60 is able to interact with biological systems, whereas hydroxylated C60 

may not be as bioavailable. 

All carbon fullerenes tested in this system elicited deleterious effects to the 

developing fin regions indicative of signaling perturbation during early development.  

Mouse embryos exposed early in development in utero to C60 also exhibited severe 

morphological malformations and increased mortality [97].  Yet these malformations 
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appear in contradiction to other published results in which C60  prepared with 

polyvinylpyrrolidone increased cell proliferation in limb bud cells [92].  This 

contradiction may stem from the solvent of choice or from inherent differences 

between cell culture and whole animal systems.  Preliminary studies of cell 

proliferation indicated increased proliferation despite increased cell death in the areas 

of the fin malformation.   

In addition to carbon fullerenes, carbon nanotubes were also evaluated.  Due 

to the very low solubility, the highest achievable exposure concentrations were 4 ppb 

SWNT and 10 ppb SWNT + PABS.  Very few studies have examined the effects of 

carbon nanotubes in vivo due to the solubility problems.  A study by Cheng et al. was 

able to make concentrations of 360 µg/ml by simply stirring in water for 30 minutes 

[98].  Despite the very high concentration of SWNTs as well as the high metal 

impurity concentration, the only effect on zebrafish development was delayed 

hatching [98].  No developmental effects or mortality was observed following 

exposure.  Furthermore, the concentration in our stock solution was so low that there 

was not a color change which is indicative of solubilization.  Other methods or 

functionalization will be necessary to make water-suspension solutions of these 

materials. 

It is essential to assess multiple exposure routes; therefore we looked at 

waterborne exposures as well as microinjection into the yolk.  To maximize a 

response, the highest amount possible was injected into the embryos (0.001 ng).  This 

is 100-fold less than the final mass taken up through the 200 ppb waterborne 

exposure.  It was unlikely to observe an adverse effect.  Other studies using mice did 

find, however, that C60 injected into the organism remained in the system longer than 

ingestion and induced a greater toxic effect [33].  Further investigation into routes of 

exposure, distribution, and metabolism are critical in understanding the interaction of 

C60 within the organism.  

The total mass that induced an effect through waterborne exposure is 

considerably high from a toxicological standpoint.  The concentrations in the water 

phase were comparable to previous studies [32].  In contrast to chemical toxicity, 

nanotoxicity is often in terms of surface area/kg because the surface area is what 
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would interact with the biological system.  Assuming that all fullerenes were 

dissociated from each other in vivo, the LC50 was 271 mm2/mg of embryos.  Since 

this assumption is made for individual C60 molecules, it is suspected to be several 

orders of magnitude lower to account for agglomerations.  Furthermore, it should be 

noted that surface area to mass ratios are commonly used for inhalation exposures, 

and that route of exposure could have a different concentration response. 

Previous studies that have administered a known amount have found different 

results.  Intraperitoneal (i.p.) injection and ingestion routes were explored in mice 

models, however neither determined the LD50 (table 3).  Differences between 

zebrafish and other models’ LD50 may be due to route of exposure, the sensitivity of 

the embryo to toxic insult, distribution to sensitive organs, or bioavailability of C60 

for uptake from the gut or bloodstream into tissues and cells.  Embryonic zebrafish do 

not have a thick epidermal layer, which allows for gas exchange and direct interaction 

with the water it is in.  The chorion acts as a barrier, however it is pores allow small 

C60 agglomerates to pass through.   

Cellular Death 

In addition to gross pathologies, the mechanism of induction of cellular death 

is important because of its correlation with overall tissue damage.  Some background 

apoptosis was detected in the acridine orange, caspase-3, and TUNEL as would be 

expected during normal development.  Prior cell culture studies suggested that 

pristine and hydroxylated-C60 have distinct mechanisms for the induction of cellular 

death [31].  The cellular death assays in this study also demonstrated a difference in 

mechanism of cell death induction between C60 and C60(OH)24.  Although C60 elicited 

a concentration-dependent response in both total cell death and apoptosis, C60(OH)24 

did not induce an apoptotic response.  We suspect that C60(OH)24 interacts with water 

and permeates membranes upon uptake.  If this is the mechanism by which the 

animals swelled in response to C60(OH)24 exposure, then apoptosis would not be 

expected to occur.  These findings are not consistent with cell culture studies that 

found hydroxylated-C60 to induce cell death with characteristics of apoptosis and C60 

to induce cell death independent of apoptotic cell signaling [31].  These pathway level 

effects may be more cell or tissue specific, since fullerene-induced cell death (both 
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necrosis and apoptosis) has been demonstrated in various cell culture lines with 

different effects dependent on the type of material, surface functionalization and cell 

culture system [30, 31, 52, 54].   

Accumulation of DNA damage often leads to cellular death via apoptosis; 

however, this could also be a result of programmed necrosis.  Programmed necrosis 

has been identified as a protective mechanism against cells accumulating DNA 

damage [52].  Predominantly, 8-oxodehydroguanisine (8-OHdG) is measured as a 

result of oxidative DNA damage.  This does not implicate a particular reactive 

species; however it does show the organism has undergone oxidative stress [99].  

Established methods for detecting 8-OHdG include HPLC, mass spectrometry, and 

antibody techniques.  This study used an antibody for 8OHdG due to the potential 

ability to localize damage and because it is semi-quantitative; however specific 

binding was not detected.   

Oxidative stress 

Currently, the only proposed mechanism of action of nanomaterials in general 

is through oxidative stress resulting in downstream detrimental effects such as lipid 

peroxidation, protein degradation, protein adduction, macromolecule adduction, DNA 

adduction, and cell death.  The literature disagrees on whether C60 is an antioxidant or 

a pro-oxidant; therefore we investigated the oxidative potential of C60.  This was done 

through chemically increasing and depleting antioxidants and glutathione, as well as 

through immunohistochemistry of lipid peroxidation products, and use of fluorescent 

oxidative markers. 

Perhaps the most convincing assay completed was the dark exposure, which 

resulted in strong protection from toxicity.  These results confirmed the reports of the 

ability of C60 to be photoactivated leading to the generation of reactive oxygen [19, 

20].  By reducing the light exposure, there was a reduction in mortality and 

physiologic malformations, except at the highest concentration.  While the photo-

activation strongly indicates oxidative stress as a mechanism of action, the lack of 

complete protection indicates this was not the only mechanism of action.  Lee et al. 

recently found that agglomeration size of C60 affects the degree to which C60 is able 

to mediate energy and electron transfer [100].  The large agglomeration sizes 
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measured in our system indicate there could be a decrease in photoirradiation 

potential of C60.  There was, however, some protection when exposed in the dark; 

therefore it is likely that some photoirradiation is occurring.  This unique property 

could prove beneficial since there could be medicinal uses for photosensitation of C60 

[19].  Drugs could be delivered to specific areas that are then illuminated to active 

C60, releasing the drug.   

In this study, we attempted to utilize several dyes sensitive to oxidative stress: 

carboxy-DCFDA and MitoSox.  H2O2 was used as a positive control for the 

fluorescent assays, however it was later discovered that H2O2 and O2
•- react slowly 

with DCFDA [99].  O2
•- is considered the most predominate form of ROS generated 

by C60.  Furthermore, DCFDA is prone to give false positives.  It is photosensitive, 

and easily cleaved revealing the fluorescent product by increased light exposures 

[99].  This was evident with increasing intensity between photographs.  Secondly, it 

can also be oxidized by increased levels of cytochrome c, which are present in high 

concentrations during apoptosis [99].  Cell death studies demonstrated increased 

levels of cellular death.  While this dye is not suitable for localizing oxidative stress 

in vivo, total oxidative stress may be detected using a plate reader that would limit the 

amount of photo oxidation leading to false positives.  The total amount of oxidative 

stress in the whole embryo could then be determined.   

Dihydrorhodamine, otherwise known as MitoSOX, may be used to detect 

oxidative stress.  Other studies have used the mitochondrial function assay as an 

indicator of oxidative stress and have found decreasing activity with increasing C60 

concentration [101].   MitoSox tends to accumulate in the mitochondria and is highly 

reactive with OH•, ONOO-, NO2
•; however it reacts poorly with O2

•-, H2O2, and NO• 

[99].  The ROS produced by C60 may not interact with this dye. 

One pathway through which a chemical can induce oxidative toxicity is 

through the depletion of the antioxidant GSH.  The best way to determine the effect 

on GSH is to measure the GSH:GSSG ratio.  Despite intense efforts to measure the 

ratio using sensitive analytical instrumentation, the endogenous ratio in zebrafish has 

yet to be established.  It will be imperative for future studies involving oxidative 

stress to determine this ratio.  The results of co-incubation with NAC support this as a 
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pathway through which C60 induces oxidative stress.  By increasing NAC levels, and 

hypothetically GSH levels, the toxic-effect of C60 was decreased.  NAC did not 

protect against H2O2 toxicity, therefore a more appropriate positive control should be 

found to verify results of NAC protection of C60.  In contrast, DEM and BSO were 

used to inhibit glutathione production.  The concentration response curve shifted to 

the left, further suggesting oxidative stress as a mechanism of C60 toxicity as well as 

the importance of glutathione in eliminating the response.   

Several antioxidants were used to analyze the oxidative potential of C60.  

Previous studies have found α-tocopherol and ascorbic acid to protect against C60-

induced cell death and lipid peroxidation [32, 48].  Trolox was used rather than α-

tocopherol because it is water soluble.  Interestingly, trolox was the only chemical to 

reduce fin malformations.  Additionally, embryo buffer was used rather than fish 

water as with the rest of the assays conducted in this study in order to protect from 

alterations of pH.  There was a reduced response to C60 using this buffer, most likely 

through inhibition of uptake.  Studies have indicated that higher salinity can increase 

the size of agglomeration [73].  The buffer media may increase the agglomeration 

size, and therefore decrease the ability of the fullerenes to be absorbed by the embryo. 

The antioxidative potential of C60 and C60(OH)24 was tested against H2O2.  

Surprisingly, both increased the mortality induced by H2O2 after 48 hours of 

exposure, rather than offering protection.  A previous study in cell culture 

demonstrated C60 to be a stronger antioxidant than vitamin E against 1 mM H2O2 [55].  

Derivatized C60 has been studied for antioxidant potential in numerous studies [56, 

63, 102, 103].  The photo-chemical properties of fullerenes have been shown to be 

less responsive to light with increasing functionalization [60].  This may also 

decrease the ability of the material to induce oxidative stress. Despite previous reports 

of antioxidant capabilities, neither fullerene was found to have antioxidant properties 

in this model. This is an important area of research for future consumer product 

research and development. 

Blocking gene expression using a morpholino has been demonstrated in 

xenopus, chick, cell culture, and zebrafish models as an effective way to probe 

xenobiotic interaction [104-107].  The GCL and SRM morpholinos used in this study 
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gave unexpected results, both affecting the concentration response curves in 

unexplainable ways.  The 200 ppb has been shown to be a good concentration for 

determining shifts in sublethal and lethal responses and should have also been used. 

Lipid Peroxidation 

One possible downstream effect of oxidative stress is lipid peroxidation.  

Lipids can be oxidized, nitrated, or chlorinated by reactive species, with the exception 

of H2O2, NO• or O2
•-, which are unreactive with lipids [99].  The most common 

method of detecting lipid peroxidation is through a colorimetric assay using 

thiobarbituric acid (TBARS).  In order to detect lipid peroxidation in situ and localize 

target organs and tissues of C60-induced lipid peroxidation, several antibodies were 

used via immunohistochemistry.  Due to lack of specificity, no response was detected 

using this method.  Western blots using these antibodies were conducted to determine 

if these lipid peroxidation products are being formed, even though this assay would 

not give insight into localization.  These results were inconclusive, however it was 

determined the antibodies will work for zebrafish embryos and further method 

development should be conducted with positive controls.  H2O2 and O2 have been 

reported as unreactive with lipids [99].  Still, C60 has been shown to induce lipid 

peroxidation in cell culture and in the brains of juvenile fish using in vitro assays [32, 

37].   

Global Gene Expression 

Microarrays allow for the evaluation of thousands of genes at a single time.  

There are several platforms including custom and Affymetrix arrays.  At this point, 

Affymetrix slides and detection are expensive but results can be easily extrapolated to 

other studies using the same platform.  A custom zebrafish microarray was developed 

at OSU and first utilized by our study.  This platform is beneficial for determining 

important gene expression disruption without previous bias.  Quantitative real time 

polymerase chain reaction (qRT-PCR) verification of genes was completed for highly 

regulated genes.  Two different times during development were evaluated in response 

to C60: 36 hpf and 48 hpf.  By analyzing two different time points, we are able to 

identify impacts during distinct stages of development.  Many genes were 

significantly induced following C60 exposure.  These were grouped into very broad 
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categories, to gain information on affected pathways.  Of particular interest were 

genes involved in oxidative stress and stress responses. 

Two genes were found to be up-regulated that are directly related to 

glutathione activity: GST-pi and GCLc.  GCL is important for increasing GSH levels 

during times of oxidative stress, while GST is involved in the phase II metabolism 

conjugation of GSH to electrophilic xenobiotics [108].  A study by Henry et al. also 

found GST-pi is upregulated; however, they attributed the up-regulation to the THF 

vehicle and subsequently, the downstream lipid peroxidation observed in other 

research to also be from the THF and not C60 itself [109].  THF was not used in this 

study, and all controls were exposed to 1% DMSO to ensure results were not due to 

the solvent vehicle.  Thus, the alteration in gene expression was due to C60 and not the 

solvent vehicle.  In addition to GSH, antioxidants also protect from oxidative injury.  

Previous studies have found α-tocopherol and ascorbic acid to protect against C60-

induced cell death and lipid peroxidation [32, 48].  The results from the microarray 

also found tocopherol transport protein (TTP) to be up-regulated.  This increase could 

also be in response to oxidative stress and is in accordance with the previous studies. 

In addition to identifying important genes that are up-regulated during 

oxidative stress, we found statistical strength within the array itself.  Different 

portions of the same gene had been spotted on the gene and these spots revealed 

similar intensities.  The statistical power of this assay will allow for future use and 

comparison between exposures of different materials in order to identify trends and 

important pathways that are disrupted.   

The up-regulation of ferritin is interesting due to its significant role in iron 

homeostasis and oxidative stress.  Iron is also involved in propagating oxidative 

stress, and could increase the oxidative potential of C60 exposure.  Ferritin would thus 

be up-regulated to bind the iron to prevent further damage.  It is regulated by levels of 

iron, cytokines, hormones, and oxidative stress [110].  Ferritin has been linked to an 

antioxidant response element (ARE) and is a critical protein in detoxifying oxidative 

stress [111].  The interaction of ferritin in response to oxidative stress is an important 

area of research, particularly with regards to its role following a stroke and in 

neurodegenerative disorders such as Alzheimer’s disease [112].  Up-regulation of 
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ferritin could be further important for C60-induced oxidative stress, particularly if the 

blood brain barrier is compromised.   

Material Characteristics 

As nanotoxicity is discussed and investigated, most scientists agree on the 

importance of characterizing nanomaterials for agglomeration size and 

contamination.  Environmental conditions, such as pH and salinity, can affect the 

aggregation size and solubility [113, 114].  Fullerenes tend to form aggregations, 

often precipitating out of solution.  These aggregations varied greatly in size in this 

study, with diameters of several hundred nanometers for C60 and C70.  While this was 

not the case for hydroxylated C60.  The size range of aggregations were not separated, 

and it is hypothesized that size of the aggregations may be altered by repeated 

sonication and time in exposure solution.  Lyon et al. found toxicity to be a function 

of aggregation size.  Smaller aggregations had greater toxicity than larger 

aggregations in a non-linear fashion [115].  This is most likely a function of surface 

area interaction.  Additionally, the indifference between C60 and C70 is most likely 

due to the overlapping diameter size of the agglomerations formed.  While C70 has a 

slightly larger geometry, there is not a significant agglomeration size difference 

between C60 and C70 in solution. C60(OH)24 formed smaller agglomerations than C60 

and C70, yet it elicited a reduced toxic effect. 

The purity of the material was not tested in this assay and assumed to be as 

stated by the manufacturer, although impurities may increase response to exposure for 

many nanomaterials.  The impurities noted for C60 and C70 are higher orders of 

fullerenes while trace impurities of C60(OH)24 is reported as water and sodium.  

Catalyst metals and residuals contained in the prepared materials can modify their 

toxic potential; however these have not been reported as possible impurities [25].   

Purified samples are rare and costly, and will not likely be utilized for mass 

production except for specific purposes.  As such, the toxic potential of commercially 

available fullerene mixtures is important since some variations are being 

manufactured by the ton per year.    

The method of solublizing the C60 or its derivatives plays a large role in the 

toxicity of the fullerene [26].  C60 is lipophilic but can be solubilized by solvent 
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extraction or by stirring into water for prolonged periods.  Both methods result in 

water-stable nanocrystalline aggregates of approximately 100 nm in diameter, termed 

nano-C60 or nC60 [26, 29-31].  The same nC60 aggregates are formed by the addition 

of C60 dissolved in organic solvent to water; although in this case the effects of 

residual solvent must be taken into account with proper use of controls [32].  

Although the water-stirred method takes more time, it is likely more environmentally 

relevant as it replicates the action of moving water and does not utilize organic 

solvents [26].  In waterborne exposures of fathead minnow and Daphnia, solvent-

solubilized nC60 was significantly more lethal than water-stirred-nC60 [26].  To date, 

most studies have used a method filtering C60 after dissolving in THF.  Other methods 

of solubilization include sonicating in water, methanol, and ethanol [34, 94].  This 

study used DMSO as a solvent vehicle in conjunction with extensive sonication to 

form a uniform suspension in water.  The solvent itself did not elicit a response as 

seen in controls; however it is acknowledged that it increased the interaction of 

material with the biological system in order to evaluate the interaction.  Despite the 

use of the DMSO solvent, results were similar to those of other studies using THF 

[94].   

A comparison study with C60(OH)24 dissolved in water vs. DMSO was 

conducted.  This material readily dissolves in water due to the hydroxylation.  

Embryos exposed to C60(OH)24 without DMSO did not exhibit any of the physiologic 

malformations even at high concentrations (>20 ppm).  Furthermore, the lack of 

uptake through the chorion demonstrates its low bioavailability and strong 

interactions with the water.  These results raise questions about the bioavailability of 

C60 that was prepared using the water-stirred method.  While this may simulate an 

environmental exposure, actual interactions between the material and biological 

system would have been decreased.   

Liquid Chromatography Mass Spectrometry (LC/MS) was used to determine 

the dose of C60 in water-exposed embryos.  Surprisingly, the stock solution was found 

to be significantly lower than prepared.  Two stock solutions were made and utilized 

during these studies by two different researchers, yet the very narrow dose response 

curve was the same for both solutions.  There are only a few possible explanations 
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which would need further investigation to confirm how this reduction could have 

occurred.  First of all, there could be impurities in the stock material.  The material 

was reported as 99% pure by the company, with impurities being higher order 

fullerenes, but it is possible that metallic impurities are present.  Secondly, the 

method of preparation involves high energy input through sonication.  If the C60 cage 

was nicked, the structure would fall apart and be able to interact with the solvent; 

however this is unlikely due to the proclaimed tensile strength of fullerene materials.   

If this is the case, these alterations would not allow the material to be identified by 

mass spectrometry.  Any alterations could significantly affect the toxicity of the 

material. 

The concentration of C60 in the water phase decreased over time, most likely 

due to agglomeration and deposition of the material to the bottom of the plate.  These 

results are consistent with other studies that have measured C60 aggregation and 

deposition rates in water.  Aggregation size of C60 has been found to be a function of 

electrolyte concentrations and dissolved organic matter concentration [100, 116].  

These findings have significant environmental implications for future studies and 

determining aquatic transport and fate of C60.   

Furthermore, it was demonstrated that embryos exposed in the chorion to C60 

had the same effects as those that were dechorionated.  The improved extraction 

procedure was also used to demonstrate and calculate the C60 dose for embryos 

exposed in the chorion.  Surprisingly, it was the same as those that were 

dechorionated.  The chorion is porous to allow for transport of nutrients to the 

embryo as well as to allow wastes to be removed.  The average pore size of the 

chorion was measured to be 170 nm2 [98].  The average sizes of the C60 agglomerates 

were in the range of several hundred nanometers, yet they were still measured in 

embryos exposed while in the chorion.  It is likely only the portion of C60 

agglomerates within a particular size range were able to pass through the pores of the 

chorion.  The ability of C60 to pass through the pores of the chorion, implicate it as 

being a potential environmental contaminant that could be bioavailable to living 

organisms. 
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When exposed to solutions that had been allowed to sit and form 

agglomerations, there was still a physiologic response and a high concentration in the 

embryo was measured.  The physiologic malformations and mortality were reduced 

compared to immediate exposures, yet they had a higher concentration of C60 

associated with the embryo.  The surface area to mass ratio of larger agglomerations 

is reduced, and may account for the reduced toxicity despite the increased total 

concentration.   

Future Directions 

Develop zebrafish as a model for oxidative stress:  This study demonstrated 

the usefulness of the zebrafish as a model for rapidly screening nanomaterials for 

toxic potential.  The other aspect of this research was indirectly to attempt to establish 

methods for utilizing the zebrafish as a model organism in studying oxidative stress.  

Oxidative stress is a common pathway for toxic induction, as well as a common 

pathway for neurogenerative disorders and other diseases.  The zebrafish has many 

attributes that would make it an ideal model for studying oxidative stress, such as 

short lifecycle, transparency, amenability to genomic analysis, and high embryo yield 

per spawning pair.  In order to look at the oxidative pathway of fullerenes, as well as 

other chemical and nanomaterial stressors, oxidative stress assays need to be 

developed.   

First of all, the methods to detect the GSH:GSSG ratio need to be established.  

Current methods leave questions of interaction between GSH or NAC and the 

exposure chemical/nanomaterial.  Secondly, there are several dyes that can be used 

for detection of GSH.  These dyes vary in their sensitivity to GSH.  This could be a 

future area of investigation; however, their sensitivity may also vary between cell 

types [93].  If used in a whole animal system, such as the embryonic zebrafish, this 

should be kept in mind while identifying target cell types.  That being said, this could 

be another way to assess GSH depletion due to nanomaterial-induced oxidative stress.   

The colorimetric dyes were not useful in vivo, however, they have been used 

for flow cytometry analysis for oxidative stress [99].  It may be possible to use a plate 

reader to rapidly assess the total fluorescence from each well containing one embryo.  

By taking a snapshot of the well, the photoxidation of the dye would be eliminated.  
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While this would not allow for localization of oxidative stress, it would make it 

possible to determine if there is a difference in fluorescence by the marker between 

controls and C60-exposed embryos.   

Additionally, the GCL morpholino was not successful in altering the response 

to C60 exposure.  The SRM morpholino made embryos even more sensitive to C60.  

These results were inconclusive and need to be repeated.  There is concern that the 

morpholino lacked specificity for GCL and should be redesigned.  One option would 

be to use a glutamate cysteine ligase modulatory subunit (GCLm) knockout 

morpholino, or better, use the GCLm knockout zebrafish that has recently been 

engineered (Znomics, Oregon).  Morpholinos may have secondary effects and there 

could be high mortality due to the injection process.  There are two subunits involved 

in glutamate cysteine ligase: the modulatory and catalytic subunits (GCLm and GCLc 

respectively).  Studies have demonstrated the role of the catalytic subunit of GCL in 

apoptosis, therefore it is necessary for the survival of the animal [117].  The GCLm 

subunit can be knocked out genetically and animals will survive with increased 

sensitivity to oxidative stress.  

Several classes of genes were differentially regulated as demonstrated by the 

microarray.  Further qRT-PCR is needed to verify these genes.  There were some 

discrepancies between the microarray data and the PCR data, such as neurogenin and 

β-actin regulation.  Additionally, it would be interesting to know if there is a 

correlation between cells that are targeted for cell death with cells where glutathione 

genes are up regulated.  This could be done using in situ hybridization technique 

which would use an mRNA probe, such as one for GST-pi, which would bind to the 

gene and the gene could be localized.  There are some potential problems with this 

method if the gene is expressed ubiquitously throughout the organism.  GCLc may be 

a good potential candidate due to its very low expression.  Another way to look at the 

interaction of C60 with glutathione and antioxidants would be to evaluate the changes 

in RNA expression in embryos co-exposed to NAC or antioxidants.  RNA should be 

isolated from embryos co-exposed to NAC or DEM and C60 then evaluated against 

expression levels in C60-exposed embryos using northern blots and qPCR.   
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Immunohistochemistry with zebrafish needs further method development and 

manipulation due to the large size and cellular diversity of the whole mount sample.  

Many of the antibodies attempted in this study have been used prior in other studies.  

Lipid peroxidation immunohistochemistry using MDA and 4-HNE antibodies have 

been conducted using liver tissue sections [46].  Other permeabilization techniques 

could be attempted to ensure permeation of the antibody into the organism.  Using 

positive controls for this method development is essential.  Furthermore, it may be 

difficult to visualize lipid peroxidation products due to the large number of different 

forms that could be targeted.   

Western blots were attempted for a variety of new antibodies, however 

conclusive results were not found.  Further method development is necessary before 

ruling out effectiveness of the antibody or determining alterations of protein levels.  

Rather than developing HSP70 for western blot analysis, most labs now use 

transgenic zebrafish that have a green fluorescent protein (GFP) tag associated with 

HSP70.  This would allow for in vivo analysis of HSP70 expression. 

Localization of C60 and targeted cells:   Zebrafish embryos are too small to 

efficiently dissect and the tissues are too small to quantitate C60 concentrations in the 

tissues.  This makes distribution of C60 within the zebrafish embryo nearly impossible 

to determine.  One way to by-pass dissecting embryos may be to use the C60 antibody.  

This antibody specifically binds to C60 and has been made in limited amounts [102, 

118-120].  This antibody has been used to determine location of C60 within cells in 

conjunction with mitochondrial staining [102].  If the antibody is able to bind to C60 

in situ, it may be possible to determine distribution within the organism.  While exact 

concentrations in tissues would not be calculated directly, relative concentrations 

measured as fluorescence could be determined using ImagePro Plus and compared 

between tissues and cell types.  Confocal microscopy could be utilized to increase the 

resolution of the antibody, and perhaps even localize C60 within the cells of the whole 

embryo.  The total concentration as determined through the analytical method would 

then be used to back calculate the relative burden between organ systems.  

Ultimately, the goal would be to determine target organs when exposed to low levels 

of C60. 
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 One area of research currently being developed in the lab are assays assessing 

immune response.  This is an important area of research for determining mechanism 

of action.  One simple assay stains the macrophages in the embryo using neutral red, 

which allows for determination of migration of cells to affected regions.  

Macrophages produce reactive oxygen species in response to foreign material.  The 

results from this study strongly support that C60 induces oxidative stress and this 

immune response could be a mechanism in addition to light activation that induces 

oxidative stress following exposure. 

Zebrafish offer advantages beyond the scope of this study that may be part of 

a comprehensive nanomaterial risk assessment, such as many routes of exposure (i.e. 

ingestion, injection and dermal). Since zebrafish are amenable to genetic 

manipulations, biological targets and modes of action can be determined.  Because 

embryos are transparent, tissue dose and distribution can be determined using 

fluorescently labeled nanomaterials and laser scanning confocal microscopy.  In 

addition, zebrafish attain sexual maturity by 90 days post-fertilization (dpf) making 

chronic studies feasible.  Such features are favorable for adapting this model system 

to high-throughput assays for nanomaterial toxicity evaluations.  Furthermore there 

are many different transgenic zebrafish available.  For example, the use of HUC or 

Neurogenin transgenic zebrafish may allow visualization of specific neuronal cell 

types that may be affected by C60.  There could be slight alterations that would not be 

readily identified, such as axonal outgrowth and cell differentiation compared to 

controls.  Neurogenin was up-regulated in the microarray and was further investigated 

using transgenic fish; however, no clear response was found. There appeared to be a 

smear of GFP in the fin region, and it is hypothesized this is due to the cellular death 

the occurring in this region.  In a previous study in zebrafish, carbon nanotubes did 

not affect neurogenin expression [98].  Closer examinations of small changes in 

cellular structure were not evaluated and could be examined in the future. 

Determine Factors of Environmental Relevance:  Finally, one area that this 

study has not been able to address is the environmental relevance of C60 exposure.  At 

this time, C60 concentrations in the environment are unavailable and there are no 

predictions as to what will be found in the future.  The use of analytical techniques to 
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detect C60 in water and biological samples were developed for this study.  These 

results indicate the stability of C60 in solution which could have implications on the 

bioavailability of the material after several hours of mixing in water.  Further studies 

could examine the relationship of agglomeration size to effect, for example the size of 

agglomeration at which C60 is no longer bioavailable despite the use of solvent.  In 

this system, the concentration in water decreased over 6 hours for concentrations up 

to 200 ppb, and 12 hours for the 400 ppb.  All exposures had approximately the same 

concentration in the water after 12 hours of sitting.  While conducting 

“environmentally relevant” research is limited at this time, it would be useful to 

identify factors, such as functionalization that reduce bioavailability and 

environmental impact.  Future studies could include looking at the size of 

agglomeration of C60 over time, as well as exposure after the exposure solution has 

come to steady.  The agglomeration data indicates very large agglomeration sizes of 

C60 elicit a toxic response.  It would be useful to determine if C60 continues to form 

larger agglomerations over time, and the toxic potential of the larger agglomerations 

that are still in the water phase. 

Summary 

Fullerenes are just one of many types of nanomaterials currently in 

production.  These results demonstrate the differential toxicity between 

functionalization of the same material.  Material, charge and functionalization will 

undoubtedly differ among nanomaterials.  The embryonic zebrafish has demonstrated 

its usefulness for screening not only chemicals, but nanomaterials as well.  

Furthermore, the versatility of this model will allow for mechanistic studies of 

important nanomaterials in the future.  The nanotechnology field is expanding at an 

exponential rate, with great hopes and expectations for the future.  It is prudent to 

approach this progress not only with excitement, but with caution. 
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Table 3. Comparison of C60 exposures.   
 

Model 
Organism 

Fullerene 
type 

Route of 
Exposure 

Exposure 
range 

LD50 Citation

Mice 99mTc-
C60(OH)x 
 

i.p. injection 1.5 mg/g Not 
determined 

[24] 

Mice Water 
soluble 14C 
labeled-C60  

i.p. injection 200-500 
mg/kg 

Not 
determined 

[33] 

Zebrafish C60 DMSO 
prepared 

Microinjection 0.1 ng C60 
or 2.0 ng 
C60(OH)24 

Not 
determined 

Figure 
44 

Zebrafish C60 DMSO 
prepared 

Waterborne 
exposure 

91 µg/kg 91 µg/kg Figure 
40 
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APPENDIX: 
 
Down regulated genes. 
Reporter ID Gene Name 36 hpf 

Average 
36 hpf 
StDev 

48 hpf 
Average 

48 hpf 
StDev 

Cell cycle/ 
Chromatin/ RNA/ 
DNA processing 

     

obszebrafish#01017 Eukaryotic translation 
termination factor 1 

0.377 0.063   

obszebrafish#05163 Cellular nucleic acid-
binding protein 

0.454 0.008   

obszebrafish#05257 Cold inducible RNA 
binding protein 

0.345 0.023   

obszebrafish#05854 RUN and TBC1 domain 
containing 3 

0.278 0.085   

obszebrafish#06484 H2A histone family 
member Y 

0.294 0.034   

obszebrafish#07054 ADOMET dependent 
rRNA methyltransferase 

  0.384 0.093

obszebrafish#08777 H3 histone, family 3A  0.425 0.011   
obszebrafish#09325 H3 histone, family 3A  0.330 0.028   
obszebrafish#10184 histone 2   0.369 0.032
obszebrafish#10652 Histone H2A 0.441 0.044 0.351 0.045
obszebrafish#11643 5'-nucleotidase, cytosolic 

III 
0.342 0.141   

obszebrafish#14048 Heterogeneous nuclear 
ribonucleoprotein A/B 

0.323 0.079   

Cytoskeleton/ 
Cytosolic Transport 

     

obszebrafish#00042 Keratin 12 0.153 0.086 0.208 0.044
obszebrafish#00082 Fast skeletal muscle 

troponin T 
  0.394 0.052

obszebrafish#00119 Alpha-tropomyosin   0.393 0.081
obszebrafish#00834 Keratin 12   0.236 0.015
obszebrafish#00994 RAS related RAB 0.396 0.024   
obszebrafish#01555 Vimentin 0.414 0.066   
obszebrafish#01649 Actin 0.440 0.052 0.160 0.048
obszebrafish#01929 Tubulin, beta, 2 0.405 0.018   
obszebrafish#01941 Atrial myosin heavy chain 0.477 0.035   
obszebrafish#03215 Tubulin, beta, 2, 0.442 0.040   
obszebrafish#03831 RAB5A, member RAS 

oncogene family like 
  0.434 0.035

obszebrafish#04403 Phosphoglycerate mutase 2 
(Muscle) 

0.417 0.035 0.321 0.040

obszebrafish#04439 Tubulin, beta, 2 0.335 0.018   
obszebrafish#05864 Tubulin, beta, 2 0.388 0.050   
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obszebrafish#06637 Keratin type 1 cytoskeletal  0.410 0.057   
obszebrafish#06894 Beta-actin   0.280 0.023
obszebrafish#08299 Keratin type 1 cytoskeletal  0.409 0.043   
obszebrafish#08583 Keratin 12 0.292 0.069 0.290 0.026
obszebrafish#09011 Keratin type 1 cytoskeletal  0.421 0.018 0.370 0.076
obszebrafish#09757 Tropomyosin 4   0.426 0.041
obszebrafish#10405 Fast troponin T isoform b 0.374 0.065   
obszebrafish#10551 Myosin regulatory light 

chain 
0.171 0.048 0.259 0.015

obszebrafish#10980 ARP2/3 complex 16 kDa 
subunit 

  0.385 0.067

Development      
obszebrafish#03038 Polyadenylate binding 

protein-interacting protein 
2 

0.423 0.032   

Immune Function      
obszebrafish#00144 Novel immune-type 

receptor 1g 
  0.358 0.090

obszebrafish#00400 Novel alpha-type globin   0.303 0.047
obszebrafish#09290 Novel alpha-type globin   0.339 0.040
obszebrafish#10653 Annexin 1a 0.370 0.065   
Metabolism      
obszebrafish#00522 Aldolase a, fructose-

bisphosphate 
0.411 0.050   

obszebrafish#00741 Aldolase a, fructose-
bisphosphate 

0.368 0.103 0.336 0.086

obszebrafish#03498 GTP cyclohydrolase I 0.129 0.038   
obszebrafish#03601 Aldolase a, fructose-

bisphosphate 
0.404 0.068   

obszebrafish#05493 Aldolase a, fructose-
bisphosphate 

0.357 0.097 0.410 0.028

obszebrafish#05916 N Sulphoglucosamine 
sulfphohydrolase 

0.383 0.045   

obszebrafish#08616 aldo-keto reductase family 
1 

0.335 0.083   

obszebrafish#12760 Aldolase a, fructose-
bisphosphate 

0.367 0.030   

Protein Processing/ 
Degradation 

     

obszebrafish#08157 Ubiquitin   0.327 0.035
obszebrafish#08157 Ubiquitin 0.347 0.101   
obszebrafish#10503 Ubiquitin 0.303 0.062   
obszebrafish#10788 Ubiquitin-activating 

enzyme E1 
  0.407 0.029

obszebrafish#11652 Rfwd1-prov protein 0.343 0.094   
obszebrafish#13285 Peptidase C1A 0.437 0.078   
obszebrafish#13525 Vbp1-prov protein 0.470 0.023   
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Signal 
Transduction 

     

obszebrafish#00594 Protein kinase C and casein 
kinase substrate in neurons 
protein 1 

  0.360 0.053

obszebrafish#00871 Atp2a1 protein 0.384 0.044   
obszebrafish#01193 Gamma crystallin   0.308 0.014
obszebrafish#02618 Atp2a1 protein 0.435 0.021   
obszebrafish#02854 Cytochrome oxidase c 0.253 0.069   
obszebrafish#03740 BetaA2-2-crystallin 0.268 0.034   
obszebrafish#03768 Ttc8 protein   0.279 0.036
obszebrafish#04411 Gamma crystallin M2   0.304 0.045
obszebrafish#05690 Crystallin B1 protein   0.473 0.025
obszebrafish#05933 Parvalbumin isoform 1d 0.346 0.130   
obszebrafish#05964 Gamma crystallin M2 0.253 0.049 0.273 0.051
obszebrafish#06132 Tyrosine 3-

monooxygenase/tryptophan 
5-monooxygenase 
activation protein 

0.344 0.067   

obszebrafish#06227 Gamma crystallin M2   0.328 0.091
obszebrafish#06298 Beta A4-crystallin   0.438 0.024
obszebrafish#07439 Atp2a1 protein 0.396 0.060   
obszebrafish#08222 Uridine-cytidine kinase 2 0.356 0.103   
obszebrafish#09311 Liprin beta 1 tyrosine 

phosphatase receptor type 
F  

0.366 0.105 0.246 0.091

obszebrafish#09349 phosphoinositide-3-kinase, 
regulatory subunit 

  0.301 0.033

obszebrafish#10660 Atp2a1 protein 0.213 0.054   
obszebrafish#12871 GammaM2b-crystallin   0.282 0.079
obszebrafish#13270 Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 
1 

  0.250 0.037

obszebrafish#13385 Alpha-2,8-sialyltransferase 
ST8Sia I 

0.414 0.047   

obszebrafish#13902 Beta and gamma crystallin 0.398 0.059   
Transcription      
obszebrafish#01397 Transcription elongation 

factor SPT4 
0.437 0.036   

obszebrafish#03066 LIM domain binding 3 0.406 0.080   
obszebrafish#11630 High mobility group box 1 0.364 0.020   
obszebrafish#13498 Hairy and enhancer of split 

5 
0.334 0.047   

Transport      
obszebrafish#02642 Novel alpha-type globin 

(Hbae3 protein)  
  0.327 0.019
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obszebrafish#02648 Translocase of outer 
mitochondrial membrane 
40 homolog 

  0.409 0.042

obszebrafish#02839 Novel alpha-type globin 
(Hbae3 protein)  

  0.332 0.067

obszebrafish#06988 Hemoglobin beta 
embryonic-1 

  0.433 0.040

obszebrafish#07195 Retinol binding protein 4   0.350 0.097
obszebrafish#09735 Novel alpha-type globin 

(Embryonic alpha globin 
e1)  

  0.321 0.035

Unknown      
obszebrafish#00068    0.340 0.073
obszebrafish#00525  0.440 0.057   
obszebrafish#00819  0.410 0.017   
obszebrafish#02192  0.300 0.063 0.373 0.062
obszebrafish#02459    0.331 0.084
obszebrafish#02459  0.291 0.091   
obszebrafish#05365  0.390 0.021   
obszebrafish#07271    0.340 0.075
obszebrafish#07511  0.424 0.044   
obszebrafish#08129  0.378 0.030   
obszebrafish#08221  0.401 0.058 0.286 0.050
obszebrafish#08615    0.333 0.065
obszebrafish#08969    0.464 0.017
obszebrafish#09787    0.264 0.030
obszebrafish#09874  0.253 0.023   
obszebrafish#10159  0.379 0.030   
obszebrafish#11269  0.418 0.050   
obszebrafish#11647  0.444 0.064   
obszebrafish#12057  0.402 0.092   
obszebrafish#12301  0.380 0.082   
obszebrafish#12446  0.375 0.045   
obszebrafish#13308  0.438 0.055   
 
Up regulated genes. 
 
Reporter ID Gene Name 36 hpf 

Average 
36 hpf 
StDev 

48 hpf 
Average 

48 hpf 
StDev 

Cell cycle/ 
Chromatin/ RNA/ 
DNA processing 

     

obszebrafish#00267 Histone H3   2.383 0.331
obszebrafish#01209 CDC23 (Cell division cycle 

23, yeast, homolog) 
3.326 0.769   

obszebrafish#01858 MYST histone 
acetyltransferase monocytic 
leukemia 4 

2.451 0.196   

obszebrafish#02360 Quaking protein homolog 2.455 0.581   
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obszebrafish#02763 Homeobox NKX 2   3.069 0.381
obszebrafish#03702 G1 to S phase transition 1 3.225 0.597   
obszebrafish#03903 H1 histone, 25.970 4.389   
obszebrafish#04006 RNA polymerase 

associated CTR9 homolog 
SH2 domain binding 1 

4.036 0.787   

obszebrafish#04040 SnRNP-associated protein 3.830 1.011   
obszebrafish#04041 Protein phosphatase 1, 

regulatory subunit 10 
2.812 0.497   

obszebrafish#04065 t-RNA-binding region 2.658 0.619   
obszebrafish#04079 Mob1/phocein 8.900 0.726 7.296 2.019
obszebrafish#04109 Biglycan-like protein 3 11.585 3.942 9.412 0.904
obszebrafish#04110 Wings apart 5.195 1.279 4.688 2.163
obszebrafish#04178 WD repeat domain 68 2.341 0.178   
obszebrafish#04538 Cytokine induced apoptosis 

inhibitor 1 
3.543 0.940   

obszebrafish#05534 RNA-binding region RNP-
1 

8.312 0.999 5.003 0.656

obszebrafish#05535 RNA-binding region RNP-
1 

4.795 1.652   

obszebrafish#05566 Cyclin A1 (Ccna1 protein) 4.224 1.949   
obszebrafish#05567 DCMP deaminase 5.986 1.124 3.403 1.000
obszebrafish#05617 TAF12 RNA polymerase 

II, TATA box binding 
protein 

2.414 0.138   

obszebrafish#05928 Aminolevulinate, delta-, 
synthetase 1 

4.014 0.791   

obszebrafish#06026 Cleavage and 
polyadenylation specificity 
factor subunit 1 

4.520 1.888   

obszebrafish#06047 Sept9 protein 3.366 0.589   
obszebrafish#06923 Single-stranded DNA 

binding precursor 
2.683 0.578   

obszebrafish#09348 Histone 1, H1e 2.673 0.237   
obszebrafish#09447 Aminolevulinate, delta-, 

synthetase 1 
3.564 0.898   

obszebrafish#10898 Nucleotide binding 2.660 0.426   
obszebrafish#11125 Histone 1 2.736 1.234   
obszebrafish#11286 GrpE-like 1, mitochondrial 2.146 0.028   
obszebrafish#12256 Poly A binding protein, 

cytoplasmic 1 b 
2.680 0.272   

obszebrafish#12660 Histone H3 2.380 0.060   
obszebrafish#12999 Growth arrest and DNA-

damage-inducible, beta 
5.299 1.753   

obszebrafish#13042 WD repeat domain 1 4.425 1.862   
obszebrafish#13418 Growth arrest and DNA-

damage-inducible, beta 
6.468 3.059   
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obszebrafish#13975 Telomerase binding 
protein, p23 

3.346 0.207   

Cytoskeleton/ 
Cytosolic Transport 

     

obszebrafish#00142 alpha-tubulin isotype M-
alpha-2  

3.782 1.803   

obszebrafish#00149 Hemoglobin subunit alpha   3.392 0.678
obszebrafish#00304 Keratin 18 (Dorsal aorta 

proneprin kinesin-1) 
2.246 0.162   

obszebrafish#00311 Keratin 18 (Dorsal aorta 
proneprin kinesin-1) 

2.866 0.526 2.492 0.246

obszebrafish#01270 Tubulin beta chain 2.472 0.498   
obszebrafish#02873 Keratin 18 (Dorsal aorta 

proneprin kinesin-1) 
3.726 0.862 3.134 0.539

obszebrafish#04054 UDP N Acetylglucosamine 4.821 1.899   
obszebrafish#04163 Erythrocyte membrane 

protein band 4.1 like 5 
3.297 1.103   

obszebrafish#05467 Coronin, actin binding 
protein, 1C 

2.319 0.123   

obszebrafish#05549 E-cadherin binding protein 
E7 

10.391 3.233 5.756 1.575

obszebrafish#05998  CG2216-PA, isoform A 18.070 1.657 9.912 1.624
obszebrafish#06554 Keratin 18 (Dorsal aorta 

proneprin kinesin-1) 
2.604 0.471   

obszebrafish#07292 Fascin 3.511 1.360   
obszebrafish#07548 Keratin 18 (Dorsal aorta 

proneprin kinesin-1) 
2.586 0.095 2.850 0.973

obszebrafish#09182 Keratin 18 (Dorsal aorta 
proneprin kinesin-1) 

2.453 0.128   

obszebrafish#09760 Keratin, type II cytoskeletal 
8 

  2.431 0.255

obszebrafish#10287 Keratin 18 (Dorsal aorta 
proneprin kinesin-1) 

16.117 8.556   

obszebrafish#12074 Keratin 18 (Dorsal aorta 
proneprin kinesin-1) 

3.180 0.962 2.862 0.693

obszebrafish#12247 Keratin 18 (Dorsal aorta 
proneprin kinesin-1) 

2.574 0.054 2.407 0.028

obszebrafish#13708 Keratin 18 (Dorsal aorta 
proneprin kinesin-1) 

3.631 1.165   

Development      
obszebrafish#00091 Hatching gland gene 1   2.380 0.285
obszebrafish#04071  4.402 0.323   
obszebrafish#04227 NDRG family member 3 2.419 0.280   
obszebrafish#05519 SPRY domain containing 

SOCS box SSB 
4.762 0.600   

obszebrafish#07703 Snd1 protein 3.350 0.471   
obszebrafish#08582 Keratin 8  2.566 0.123   
obszebrafish#10197 Fibronectin 1a isoform 2 2.872 0.549   
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Immune Function      
obszebrafish#00300 Cathepsin S   7.021 0.892
obszebrafish#00395 Cathepsin S   4.699 0.619
obszebrafish#00421 Cathepsin S   11.233 1.011
obszebrafish#00824 Cathepsin S   4.108 0.916
obszebrafish#04003 Transmembrane receptor 

Roundabout1 
2.429 0.209   

obszebrafish#04023 T-cell receptor alpha 
TCRa-L1 

4.594 0.396   

obszebrafish#04096 CTAGE family, member 5 4.665 0.864 3.875 0.448
obszebrafish#09744 Leukotriene B4 12-

hydroxydehydrogenase 
2.926 0.714   

Metabolism      
obszebrafish#00919 Cbr1l protein 8.035 1.971 5.063 0.540
obszebrafish#01472 Aldehyde dehydrogenase 7 

family 
2.617 0.729   

obszebrafish#01543 Ornithine decarboxylase 1 2.358 0.491   
obszebrafish#01561 Cytosolic malate 

dehydrogenase A 
  3.521 0.851

obszebrafish#03065 Argininosuccinate lyase 2.689 0.542   
obszebrafish#03111 Glutamine synthetase 2 3.144 0.346   
obszebrafish#03456 Isocitrate dehydrogenase 1 

(NADP+), soluble 
3.444 0.778   

obszebrafish#04095 Angiotensin converting 
enzyme 

7.947 0.739 6.020 0.822

obszebrafish#05537 Phosphogluconate 
dehydrogenase 

4.680 1.311   

obszebrafish#06872 Isocitrate dehydrogenase 1 
(NADP+), soluble 

3.292 0.199   

obszebrafish#08719 Phosphogluconate 
hydrogenase 

5.872 2.351   

obszebrafish#09223 enolase 1 2.956 0.947   
obszebrafish#09811 Phosphogluconate 

dehydrogenase 
2.800 0.356   

obszebrafish#11129 Mitochondrial glycine 
cleavage system H protein 

  3.297 0.458

obszebrafish#11493 Enolase 1, (Alpha) 3.666 1.129   
obszebrafish#11641 Inosine triphosphate 

pyrophosphatase  
5.625 3.587 2.715 0.156

obszebrafish#11915 Carbonic anhydrase-related 
protein 

4.873 1.936   

obszebrafish#12072 Elongation of very long 
chain fatty acids 

2.396 0.243   

obszebrafish#13180 Tkt protein (Transketolase)   8.276 6.705
obszebrafish#13690 Shmt1 protein   3.038 0.540
obszebrafish#13913 Transketolase 3.112 0.280 3.040 0.350
Protein Processing/ 
Degradation 
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obszebrafish#00631 Cathepsin B 2.828 0.501   
obszebrafish#02025 UBC protein 2.866 0.228   
obszebrafish#02270 ser L1 8.193 5.455   

obszebrafish#02382 ADP-ribosylation factor-
like 6 interacting protein 

3.071 0.364   

obszebrafish#03890 calumenin b 5.327 2.753   
obszebrafish#04025 Mitochondrial 28S 

ribosomal protein 
3.036 0.426   

obszebrafish#04029 Eukaryotic translation 
elongation factor 2 

5.874 0.630   

obszebrafish#04081 Esrom 8.228 0.201 7.710 2.500
obszebrafish#04084 GrpE-like 1, mitochondrial 2.924 0.492   
obszebrafish#04122 SENP5 protein 5.102 2.699   
obszebrafish#04165 Cathepsin B 2.946 0.912   
obszebrafish#06093 Prefoldin 2.138 0.154   
obszebrafish#08085 polyubiquitin C 2.474 0.285   
obszebrafish#08314 Cathepsin B 2.642 0.443 2.848 0.579
obszebrafish#08710 Ubiquitin C 3.708 1.163 2.859 0.759
obszebrafish#09765 Cathepsin B 2.508 0.291 2.622 0.268
obszebrafish#10624 UBC protein 3.245 0.883   
obszebrafish#11134 Solution Structure Of Ubl5 

A Human Ubiquitin-Like 
Protein 

3.499 0.585   

obszebrafish#11155 Cytosolic nonspecific 
dipeptidase 

  1.894 1.223

obszebrafish#11228 Wu:fb02f03 protein   2.194 0.138
obszebrafish#11680 SEC63-like 2.405 0.337   
obszebrafish#11696 Ubiquitin C 2.416 0.233   
obszebrafish#11830 Eukaryotic translation 

initiation factor 3, subunit 8 
10.382 12.159 13.952 7.831

obszebrafish#12109 Proteasome subunit N3 2.396 0.335   
obszebrafish#12165 farnesyltransferase, CAAX 

box, beta 
2.516 0.585   

obszebrafish#12741 Cathepsin B 2.627 0.208 3.031 0.294
obszebrafish#12971 Ubiquitin 2.523 0.008   
obszebrafish#12994 Ubiquitin carboxyl terminal 

hydrolase 
2.881 0.333   

obszebrafish#13845 basic leucine zipper and 
W2 domains 1 

2.847 0.830   

Signal 
Transduction 

     

obszebrafish#01242 Neurogenin 1 10.825 4.724 5.662 0.877
obszebrafish#01394 Glutamate receptor 5   3.603 0.717
obszebrafish#01589 Brain-subtype creatine 

kinase 
3.099 0.495   

obszebrafish#02470 Brain-subtype creatine 
kinase 

3.576 0.351   
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obszebrafish#02551 Annexin A5   2.694 0.393
obszebrafish#02635 Brain-subtype creatine 

kinase 
4.241 0.555   

obszebrafish#03024 RAP1B, member of RAS 
oncogene family 

2.481 0.669   

obszebrafish#03755 Phosphatase and tensin-like 
protein B long splice 
variant 

  2.509 0.326

obszebrafish#03971 Na-K-Cl cotransporter 3.335 0.734   
obszebrafish#04008 3'5'-cyclic nucleotide 

phosphodiesterase 
6.487 4.245   

obszebrafish#04009 Cytochrome c oxidase 
subunit 4 isoform 2 

3.542 0.819   

obszebrafish#04022 Phosphoinositide-3-kinase 4.840 0.684   
obszebrafish#04064 Tec-family kinase 4.956 0.705 3.487 1.024
obszebrafish#04085 Serine/threonine-protein 

kinase ULK1 
4.294 1.464   

obszebrafish#04142 17-beta hydroxysteroid 
dehydrogenase type 12B, 3-
ketoacyl-CoA reductase 
type B 

5.197 1.976 7.216 2.022

obszebrafish#04242 ATP synthase, H+ 
transporting, mitochondrial 
F1 complex, delta subunit 

2.557 0.102   

obszebrafish#04459 Retinol dehydrogenase 10 2.697 0.148   
obszebrafish#04714 COP9 signalosome 

complex subunit 5 
3.354 0.303   

obszebrafish#05521 Striated muscle specific 
serine/threonine kinase 

10.001 4.889   

obszebrafish#05550 Nicotinic acetylecholine 
receptor beta3 subunit 

5.071 1.131   

obszebrafish#05565 5' AMP activated kinase 
catalytic subunit alpha 

6.691 3.340   

obszebrafish#06916 Cellular retinol-binding 
protein type II 

2.666 0.473   

obszebrafish#06956 Tyrosine 3-
monooxygenase/tryptophan 
5-monooxygenase 
activation protein 

3.890 0.450   

obszebrafish#07492 Pinsa 8.192 2.630   
obszebrafish#07570 Calcium/calmodulin-

dependent protein kinase 
18.887 4.605   

obszebrafish#07570 Calcium/calmodulin-
dependent protein kinase 

  6.425 1.833

obszebrafish#08638 ATP synthase, H+ 
transporting, mitochondrial 
F1 complex, delta subunit 

2.430 0.378   

obszebrafish#09137 Brain-subtype creatine 
kinase 

2.930 0.352   
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obszebrafish#09845 Brain-subtype creatine 
kinase 

2.720 0.340   

obszebrafish#10440 Calmodulin (CaM) 2.805 0.326   
obszebrafish#11836 Mitogen-activated protein 

kinase kinase kinase kinase 
5 

  5.306 2.452

obszebrafish#13928 Gabarap protein  2.533 0.471   
Stress Response      
obszebrafish#00033 Hsp70 4.966 0.896 3.241 0.297
obszebrafish#00045 Metallothionein-2 (MT-2)   3.217 0.305
obszebrafish#00078 Hsp70 6.991 1.046 2.984 0.515
obszebrafish#00120 Ferritin heavy chain 2.716 0.112 2.750 0.359
obszebrafish#00125 Glutathione S-transferase pi 11.527 1.276 9.723 0.781
obszebrafish#01014 Ferritin 10.387 1.060 3.836 0.275
obszebrafish#01262 Appb protein 6.920 0.908 5.730 0.667
obszebrafish#01567 Ferritin 13.802 0.930   
obszebrafish#01567 Ferritin   8.346 0.492
obszebrafish#01978 heat shock 90kDa protein 1 3.479 0.480 4.915 1.314
obszebrafish#02591 Ferritin 13.058 1.183 7.805 1.185
obszebrafish#02658 Heat shock protein 1 2.551 0.055 3.392 0.684
obszebrafish#03282 Ferritin 9.557 2.175 4.089 0.919
obszebrafish#03438 5 oxoprolinase 10.566 8.389   
obszebrafish#03743 Glutathione S-transferase pi 13.438 7.860 18.781 12.542
obszebrafish#03954 Thioredoxin peroxidase 13.581 1.584 5.747 0.680
obszebrafish#03986 Pyridine nucleotide-

disulphide oxidoreductase 
3.706 0.444   

obszebrafish#04039 Ferritin 9.175 0.294 4.145 1.614
obszebrafish#04055 Cytochrome P450 2 4.561 0.436   
obszebrafish#04070 Hspd1 protein 4.116 0.655   
obszebrafish#05520 Ferritin 15.492 2.896 9.740 1.011
obszebrafish#05558 alpha-tocopherol transfer 

protein 
4.173 1.006   

obszebrafish#06321 Tat-interacting protein 
Tip30  

  3.356 1.191

obszebrafish#06391 Ferritin subunit 1 18.137 2.238 9.801 1.275
obszebrafish#06433 Glutamate-cysteine ligase, 

catalytic subunit 
11.541 5.948   

obszebrafish#06873 Ferritin heavy chain 2.465 0.391   
obszebrafish#07103 Ferritin 87.902 21.760 70.239 39.368
obszebrafish#07460 Ferritin 14.444 1.511 8.035 1.264
obszebrafish#07559 Dre1 protein 3.647 1.132   
obszebrafish#07774 Glutamate-cysteine ligase, 

catalytic subunit 
4.926 0.677   

obszebrafish#08631 Ferritin 13.221 2.674 4.830 0.238
obszebrafish#08871 Sulfotransferase 4.616 0.953 3.931 1.624
obszebrafish#09355 Ferritin 13.400 0.751 7.115 1.201
obszebrafish#09419 Xanthine dehydrogenase  2.593 0.288   
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obszebrafish#09514 HEAT-like (PBS lyase) 
repeat containing 1 

2.218 0.112   

obszebrafish#10230 Thioredoxin 9.994 2.096 10.137 2.715
obszebrafish#10561 Ferritin 18.775 2.978 9.343 1.090
obszebrafish#11036 Ferritin 15.994 1.393 7.482 1.976
obszebrafish#11492 Heat shock factor binding 1 2.470 0.309   
obszebrafish#11525 Low density lipoprotein 

receptor 
4.845 2.199   

obszebrafish#11629 glutaredoxin 5 2.435 0.204   
obszebrafish#12104 Heat shock protein DnaJ, 

N-terminal 
5.009 2.582   

obszebrafish#12464 Dehydrogenase/reductase 
SDR family member 11 

2.462 0.175   

obszebrafish#12710 Glyoxalase 1 4.575 0.707   
obszebrafish#12976 Hepatocellular carcinoma-

associated antigen 127 
  8.595 9.534

obszebrafish#13567 Major vault protein 2.865 0.421 2.977 0.711
obszebrafish#13593 MGC64582 protein 2.699 0.107   
Transcription      
obszebrafish#00214 Id6 protein   2.369 0.310
obszebrafish#02531 Mycn protein   2.870 1.115
obszebrafish#04002 Ldb4 protein 2.848 0.774   
obszebrafish#04778 BHLH-WRPW 

transcription factor (Hairy-
related 9) 

2.267 0.118   

obszebrafish#05311 HER-2 protein   2.890 0.735
obszebrafish#05582 Leucine zipper 

transcriptional regulator 1 
5.661 0.729   

obszebrafish#07435 Transcription factor TFIIB 
related 

4.316 1.107   

obszebrafish#08380 Novel protein similar to 
vertebrate D4, zinc and 
double PHD fingers, family 
3 

2.819 0.556   

obszebrafish#09894 Lhx7 4.639 1.548   
Unknown      
obszebrafish#00249    3.413 1.349
obszebrafish#00545  2.883 0.720   
obszebrafish#00657  2.365 0.732 6.949 4.548
obszebrafish#00971  2.367 0.084   
obszebrafish#00974  2.658 0.524   
obszebrafish#01471  4.291 0.473   
obszebrafish#02374  6.259 1.390   
obszebrafish#03162  3.365 0.797 5.067 1.078
obszebrafish#03460  5.673 1.935   
obszebrafish#03585  2.558 0.380   
obszebrafish#03600  3.736 1.305   
obszebrafish#03953  2.765 0.388   



 115

obszebrafish#03955  3.089 0.644   
obszebrafish#03969  2.269 0.035   
obszebrafish#03984  2.470 0.357   
obszebrafish#04024  4.088 1.167   
obszebrafish#04038  4.097 0.258   
obszebrafish#04048  8.265 1.270 3.590 0.739
obszebrafish#04052  2.490 0.291 2.913 0.523
obszebrafish#04063  15.864 2.541 9.542 1.094
obszebrafish#04069  3.458 1.607   
obszebrafish#04080  11.643 1.717 8.873 1.666
obszebrafish#04082  2.518 0.410   
obszebrafish#04111  4.759 1.839   
obszebrafish#04157  3.347 0.940   
obszebrafish#04305  11.652 6.079 16.920 13.746
obszebrafish#04591    2.350 0.120
obszebrafish#05215  2.668 0.228 4.620 1.846
obszebrafish#05259  2.212 0.096   
obszebrafish#05330  9.641 3.712   
obszebrafish#05364  17.167 22.197 7.591 2.720
obszebrafish#05518  4.940 1.373   
obszebrafish#05532  8.694 4.607   
obszebrafish#05548  7.143 1.390   
obszebrafish#05568  6.510 0.308 3.785 0.407
obszebrafish#05583  8.182 2.368 3.901 1.301
obszebrafish#05944    3.082 0.994
obszebrafish#06120  3.987 1.367   
obszebrafish#06624  2.785 0.593   
obszebrafish#07525  3.058 0.618 2.477 0.208
obszebrafish#07575  4.471 0.648   
obszebrafish#08030    2.345 0.450
obszebrafish#09452  3.122 0.629 6.832 1.019
obszebrafish#09804  2.126 0.131   
obszebrafish#10404  2.878 0.787   
obszebrafish#10536  2.466 0.251   
obszebrafish#10778  4.060 1.909   
obszebrafish#11138  8.679 4.888   
obszebrafish#12433  3.118 0.721   
obszebrafish#12462  2.632 0.512   
obszebrafish#12606  2.866 0.179   
obszebrafish#12859  2.706 0.803   
obszebrafish#12957  4.186 1.808   
obszebrafish#13184  2.104 0.019   
obszebrafish#13185  4.614 1.012 5.899 0.983
obszebrafish#13294  2.738 0.969   
 
 




