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ABSTRACT 

Nanotechnology is one of the most popular and promising technologies in this era. 

It has been developed from a novel concept to an integral aspect of product advancement. 

Engineered nanomaterials (NMs) have been massively produced and applied into groups 

of products, such as automotive, defense, aerospace, electronics and computers, energy 

production, environmental, food production, agriculture, housing and construction, 

medical devices, pharmaceuticals, personal care, cosmetics. In 1985, a spherical carbon 

allotrope fullerene (C60) was discovered by Kroto et al. It is a foundational carbon based 

NM, widely applied into products due to its physical and chemical properties. However, 

the likelihood of direct C60 release into the environment has increased due to its 

applications. In recent decades, research associated with potential C60 environmental and 

human health risks has been emphasized. However, environmental risks of C60 are not 

fully understood. This research evaluated the bioaccumulation and correspondent catalase 

(CAT) activity change in Lumbriculus variegatus exposed to C60.  

With the challenge to quantify C60 in our experimental matrix, a normal shaking 

method was developed in this study to extract C60 effectively. Recovery results revealed 

90.7 ± 4.5 % efficiency using silanized glass vessels. With relatively low cost of the 

supplies, this method was applied throughout the subsequent bioaccumulation study.  

Since few studies have emphasized C60 uptake by organisms in the environment, 

bioaccumulation factors have not been determined for C60 to L. variegatus. With no 

mortality observed in the concentration range of 0.05 to 11.33 mg C60 / kg dry weight 

sediment, biota-sediment accumulation factor (BSAF) was determined. For C60 

aggregates in micro-size ranges (µ-C60), BSAF was 0.032 ± 0.008 at day 28, while a 
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negligible (0.003 ± 0.006) BSAF was associated with the bigger C60 aggregates (bulk-

C60). In comparison, BSAF of pyrene at day 28 (1.62 ± 0.22) was measured as a 

reference to determine C60 accumulation risk in the environment. Results demonstrated a 

lower potential for C60 accumulation in L. variegatus than pyrene. However, size effect 

for C60 suggests smaller aggregates can increase the accumulation in living organisms.  

Although C60 shows little accumulation risk in the environment, biological 

response corresponding to C60 exposure was observed. CAT activity was evaluated after 

both C60 and pyrene exposure to L. variegatus. Results illustrated a significant CAT 

activity change (p=0.034) at day 14 for worms exposed to C60 aggregates. This elevation 

was associated with the highest C60 body residue (199 ± 80 µg/kg worm tissue). Worms 

exposed to pyrene showed no significant CAT activity change while 600-fold higher 

body residues were found as compared to C60. This suggests that L. variegatus is more 

susceptible to C60 even through accumulation risk is relatively low. Furthermore, the 

relationship between C60 body residues and increased CAT activity was analyzed in 

linear regression to predict biological risk to L. variegatus from exposure to C60.  

NMs also include other compounds besides C60, such as carbon-nanotubes 

(CNTs) and metal-based nanoparticles. Current research has demonstrated some potential 

environmental and human health risks from exposure to NMs due to their special 

properties. In order to prevent future adverse effects from nanotechnology, an integrated 

governance approach that is based on scientific research and life cycle assessment is 

suggested to formulate effective NMs regulation. Advanced scientific research, general 

public education and engagement, application of well defined agenda-setting theory in 
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public policy are all important norms in this approach to push sustainable NMs 

management and to prevent any unfriendly accident due to NMs exposure. 

In sum, this research adds to the knowledge of C60 effects on aquatic 

invertebrates (Lumbriculus variegatus). Governance approach suggestion is summarized 

and helpful in a proactive NMs management to not only aquatic ecosystems but also 

human health. 
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CHAPTER I 

INTRODUCTION 

 

Since the development of nanotechnology in recent decades, more “nano” 

products have been rapidly marketed and included in products that are used in our daily 

lives.  As one of the important engineering innovations since the Industrial Revolution, 

nanotechnology has been expanded and will be further emphasized with the 

manufacturing of nanomaterials (NMs).  Cumulatively, nanotechnology patents have 

risen from 224 in 1991 to 12,776 in 2008 (Dang et al. 2010).  With greater than 5,000 

nanotechnology patents from 1990-2009, the United States leads the world in such 

patents (Roco et al. 2011).  For future development, about $1.7 billion was devoted to 

nanotechnology research by the U.S. federal government during the 2009 fiscal year 

(GAO 2010).  

The concept of “nano” in unit nomenclature indicates one billionth which is “very 

small and minute.”  The National Science Foundation (NSF) defines NMs as those 

objects with one dimension of approximately 1-100 nanometers (NSTC 2000).  

Nanoparticles can be grouped into two categories, naturally occurring or manufactured.  

Products of volcano ashes, forest fires, chemical weathering, microbial processes, and as 

nanofossils (Handy et al. 2008; Owen and Depledge 2005) are identified as nanoparticles 

naturally occurring in the environment. Industrial nanoparticles, which are more 

described as NMs, are specially engineered and manufactured for multiple purposes. 

However, NMs may have different environmental behavior and impacts on the 

environment and human health as compared to natural nanoparticles. Therefore, research 

regarding nanoparticles in recent decades has empahsized industrial nanoparticles (NMs).  
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Currently, NMs have been produced and applied in several major industrial 

sectors (GAO 2010): automotive, aerospace, electronics and computers, energy 

production, environmental, food production, agriculture, medical devices, 

pharmaceuticals, cosmetics, and other consumer products.  Among these applications, 

products designed to improve health and fitness ranked the first, including both 

medical/pharmaceuticals and personal care products (Palmbery et al. 2009). Thousands of 

products that have engineered NMs embedded (GAO 2010) can be generally categorized 

into four types based on their chemical forms: carbon-based NMs such as carbon 

nanotubes (CNTs) or fullerenes; metal-based NMs such as titanium dioxide (TiO2), zinc 

oxide (ZnO); dendrimers such as nanoscale polymers; and composites such as platinum 

core-silica shell.   

In 1985, fullerene (C60) was discovered (Kroto et al. 1985) and is also called 

“buckyballs”, which has a spherical carbon allotrope structure in nano-size. The special 

elemental composition and small molecule size of fullerene produces its important and 

different physical properties (Brant et al. 2005b; Duncan et al. 2008; Jafvert and Kulkarni 

2008; Shinohara et al. 2009; Zhu et al. 2009). C60 has an increased likelihood of being 

released into the environment (Colvin 2003; Gottschalk et al. 2009; Simonet and 

Valcarcel 2009) due to its potential usage  in many nanotechnology products including 

textiles, cosmetics, tires, electronics, aerospacial materials, oil ingredients, agriculture, 

and also the medical products (Aitken et al. 2006; Colvin 2003; Freitas 2005; Grieger et 

al. 2011; Handy et al. 2008).  

Current research evaluating fullerene behavior has been performed to understand 

how C60 characteristics influence its chemical and toxicological behavior. These efforts 
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have included physical and chemical characteristics (Duncan et al. 2008; Li et al. 2010; 

Sayes et al. 2005; Shinohara et al. 2009), toxicity (Henry et al. 2007; Lovern and Klaper 

2006; Oberdörster 2004; Oberdörster et al. 2006; Sayes et al. 2005; Zhu et al. 2009), 

environment fate (Baun et al. 2008b; Li et al. 2008; Wang et al. 2008; Zhu et al. 2009), 

interaction with other contaminants (Espinasse et al. 2007; Gao et al. 2009; Xie et al. 

2008), and also the consequent biochemical responses of living organisms after exposure 

to C60 (Oberdörster 2004; Shinohara et al. 2009; Zhu et al. 2008). However, current 

knowledge in quantification of C60 in environmental matrices, toxicity of C60 to living 

organisms, bioaccumulation factors of C60 in the environment, and potential biochemical 

responses to living organisms from C60 exposure is still limited and is needed to further 

understand possible impacts of C60 to environmental health.  

 

Quantification of fullerene (C60) 

Fullerene extraction and quantification in a solid matrix has not been well studied 

and validated. Few published methods require no sample pretreatment while using low 

solvent volume for extraction and allowing simple instrumental process for determination 

(Heymann et al. 1996; Jehlicka et al. 2005; Shareef et al. 2010; Zhu et al. 2009). Isaacson 

et al. have critically reviewed and summarized the existing methods that have been 

applied to extract fullerenes from different matrices (Isaacson et al. 2009). An accelerated 

solvent extraction process has been applied to extract fullerenes from soil by Shareef et al. 

(2010). This method requires advanced instrumental process, specific pretreatment and 

sample preparation. Heymann et al. (1996) described two approaches of extracting 

fullerenes, which are using sonication and Soxhlet processes. Soxhlet extraction is 
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effective with 80±9% recovery but is an inefficient traditional method. However, the 

sonication method did not indicate the extraction recovery with an intensive sample 

preparation requirement as well. In addition, a Soxhlet method, developed by Jehlicka et 

al. (2005), was applied in recovering fullerenes from geological materials with a reported 

high standard deviation to the recovery. 

In my dissertation, I used the artificial sediment as the solid matrix that is often 

employed for method development to allow better control and characterization of 

sediment components. Artificial sediment was not only used to develop a simple and 

effective fullerene quantification method, but was also used in a toxicity and uptake 

experiment to investigate the environmental fate and impact of C60 on living organisms.  

Chapter 2 of this dissertation presents a validated method of fullerene extraction 

with consideration of major components in solid matrices using simple but highly 

efficient procedures followed by HPLC-UV C60 quantification. This method requires 

less solvent, instrumental sophistication and supplies which may allow a wider 

application in fullerene extraction and quantification. 

 

Bioaccumulation of fullerene (C60) 

 Due to the hydrophobicity of C60 (log Kow of 6.67) (Jafvert and Kulkarni 2008), 

it is likely that C60 will sorb to organic matter in the aqueous system. The accumulation 

potential of C60 to benthic organisms will be one of the important fate routes to research. 

Few studies have emphasized C60 uptake by burrowing organisms and the resultant 

bioaccumulation (Li et al. 2010; van der Ploeg et al. 2011; Pakarinen et al. 2011). A low 

C60 biota-sediment accumulation factor (BSAF) was reported by Li et al. (2010) on 
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Eisenia fetida in comparison with phenanthrene. Reproduction rates of Lumbricus 

rubellus were decreased by C60 exposure (van der Ploeg et al. 2011), and minor effects 

were found for oligochaeta (Lumbriculus variegatus) exposed to C60, with 

corresponding C60 deposition in the gut lumen (Pakarinen et al. 2011). No BSAFs were 

reported in these two studies.  

According to the model by Gottschalk et al. (2009), C60 is estimated to 

accumulate in sediments of United States at an average rate of 1-100 ng/kg/year. For a 

better risk assessment, environmentally relevant fullerene concentrations, distributions, 

potential fate, and biochemical responses in the environment must be considered. 

Identified by the U.S. Environmental Protection Agency, OECD, and ASTM 

International (ASTM 2008; EPA 2000b; OECD 2007), L. variegatus has been 

recommended as a freshwater organism for the study of bioaccumulation of contaminant 

in sediments. This bioassay was used in my dissertation study.  

Chapter 3 of this dissertation presents a 10-d screening toxicity test and a 28-d 

bioaccumulation test for C60 in micron-size (µ-C60) using the aquatic oligochaete,        

L. variegatus at relatively low concentrations compared to other research. A comparison 

of bioaccumulation tests for pyrene and bulk-C60 uptake by L. variegatus were 

performed as well. Mortality was measured as the toxic effect after the 10-d test, and the 

BSAFs were measured after 28-d exposure. Bioaccumulation profiles of µ-C60, bulk-

C60, and pyrene were compared. The effect of particle size and organic carbon on 

bioaccumulation was discussed as well.   
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Oxidative Stress by fullerene (C60) 

 To date, several studies have demonstrated induced oxidative stress and lipid 

peroxidation from C60 exposure to different aquatic organisms. Oberdörster (2004) first 

published findings of induced oxidative stress in the brain of juvenile largemouth bass 

from C60 exposure. Studies of C60 exposure to juvenile carp by Zhu et al. (2008) suggest 

the same potential for C60 to induce oxidative stress and lipid peroxidation in gills and 

liver. In addition, C60 has affected lipid peroxidation in Cyprinus carpio brain tissue 

under artificial light Shinohara et al. (2009). Thus, light can not be omitted as one of the 

essential factors in natural environments. 

Chapter 4 of this dissertation presents a 28-d C60 uptake experiment for               

L. variegatus at relatively low concentrations compare to other research. To our 

knowledge, our study is the first to determine antioxidant enzyme activity elevation 

(catalase; CAT; EC 1.11.1.6) as a biological response by aquatic worms exposed to C60 

(non-spiked sediment, spiked sediments with tetrahydrofuran (THF) only, µ-C60, and 

bulk-C60).  Pyrene was used as a positive control for comparison of C60 uptake and CAT 

activity changes. Relationships between accumulated C60 concentration in worm tissue 

and elevated CAT activities are presented as well.  

 

Policy advocacy to nanomateirals management  

Due to the ultra small particle size of NMs, unique sizes and relative large surface 

areas, NMs are more difficult to research compared to conventional contaminants. The 

ability of nanoparticles to penetrate the body and cells (Elias et al. 2002; Panyam et al. 

2003) can facilitate direct generation of harmful intracellular radical oxygen species 
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(ROS) (Brunet et al. 2009; Sayes et al. 2005; Shinohara et al. 2009), which could further 

induce cell jury and subsequent DNA damage (Livingstone 2001). Toxicity and 

bioaccumulation trends of NMs could be totally changed or induced by their interactions 

with transition metals and organic pollutants (Baun et al. 2008b; Brausch et al. 2010; 

Cheng et al. 2004; Zhu et al. 2008). Without proper management and application of NMs, 

environmental threats may emerge through bioaccumulation, as has been observed for 

DDT, a pesticide that can rapidly accumulate in living organisms and be biomagnified 

through the trophic chain to cause different toxic effects. Some types of NMs such as 

CNTs and nano-fibers may be considered asbestos-like (asbestos fibers can cause severe 

lung inflammation and serve as carcinogens) due to their fiberous property and to their 

potential risks to human health.  

Chapter 5 of this dissertation presents a comprehensive understanding of current 

research to address nanotoxicology and legislation related to NMs. With specific 

limitations on current environmental laws, an integrated NMs management approach 

through manufacture, use, and disposal is proposed with a strong consideration of 

nanotoxicology research and the protection of both environment and human health.   

 

Hypotheses 

The hypotheses of this dissertation are: 1) C60 is not lethal to L. variegatus; 2) 

C60 can bioaccumulate in L. variegatus; 3) Accumulation of C60 by L. variegatus can 

induce an oxidative stress as indicated by the total catalase change in worms; 4) Size of 

C60 can influence uptake by L. variegatus. To test these hypotheses, a 10-d screening 

toxicity test was performed to evaluate sub-chronic toxicity (Chapter 3). A 28-d 
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bioaccumulation test of C60 was performed to determine the BSAFs for C60 on              

L. variegatus (Chapter 3). CAT activity was quantified to determine the oxidative stress 

in L. variegatus from exposure to C60 (Chapter 4). The spiking solution of C60 was 

prepared in two different sizes (µ-C60 and bulk-C60) to investigate the effect of particle 

size on bioaccumulation and catalase change in L.variegatus (Chapter 4, 5).  
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CHAPTER II 

DETERMINATION OF FULLERENES (C60) IN ARTIFICIAL SEDIMENTS BY 

LIQUID CHROMATOGRAPHY 

 

Abstract 

In this new century, nanotechnology has developed from a novel concept to an 

integral aspect of product advancement. With an increasing presence of nanomaterials 

(NMs) in commercial products, more concern about the impact of NMs on human health 

and also the environment has been considered and evaluated.  Fullerenes (C60), have 

been studied in several different areas and applied widely. Inclusion of fullerenes into 

different products in the recent decades has increased the potential of fullerene releases 

into the environment. Fullerene research involves physical and chemical characteristics, 

toxicity, environment fate, and interaction with other pollutions. However, few studies 

have addressed fullerene quantification in solid matrices. Standardized artificial sediment 

was prepared following OECD guideline 225, and extracted C60 was quantified by 

HPLC-UV. A two-cycle normal shaking method was employed for extraction. Extracts 

were concentrated and analyzed. Of C60 from 1.62, 0.65, and 0.32 µg/g C60 in dry 

sediment revealed recovery up to 90.7 ± 4.5%, 90.0 ± 3.8%, 93.8 ± 5.4% respectively. 

This performance shows no significant difference between different concentration levels. 

Furthermore, extraction efficiency did not show significant difference while using 

TelfonTM tubes (96.5 ± 6.0%) or silanized glass vessels (90.7 ± 4.5%). This indicated 

relativly low cost for the method to be initiated in any lab. This technique has also been 

applied in the determination of C60 in sediment samples collected after a 10 day benthic 
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exposure study. Extraction precision has been increased from 4.5% (S.D.) as the 

validation value up to 71.4% (RSD%). The increased inhomogeneity by bioturbation and 

matrix complexity of the sediment after the toxicity test could both lower the extraction 

precision.  

 

Introduction 

In this new century, nanotechnology has developed from a novel concept to an 

integral aspect of product advancement. Mass production of NMs has been involved in 

important industrial applications, including textiles, cosmetics, tires, electronics, 

aerospacial materials, and also the medical products. (Aitken et al. 2006; Colvin 2003; 

Freitas 2005; Handy et al. 2008) With an increasing presence of NMs in commercial 

products, more concern about the impact of NMs on human health and also the 

environment has been considered and evaluated. (Colvin 2003; Owen and Depledge 2005) 

In NMs related regulations, dose responses of NMs are considered to be the same as 

macromaterials. For this reason, human and ecological responses are often assumed to be 

the same for macromaterials and NMs (EPA 1976a; EPA 1976b; OSHA 2004). However, 

it is a challenge to preform such an analysis with insufficient empirical data. In fact, it is 

difficult to investigate the environmental fate of NMs due to their variable aggregation, 

suspension and reactivity when released into the environment (Baun et al. 2008a; Colvin 

2003; Simonet and Valcarcel 2009). Therefore, an analysis of organismal exposure to 

NMs in the environment and their related environmental transport warrants serious 

evaluation.  
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Fullerenes (C60), have been studied in several different areas and applied widely.  

This nano-sized group of carbon allotropes has important physical properties that depend 

upon their chemical composition (Colvin 2003). Wider application of fullerenes into 

different products in recent decades has increased the potential of fullerene release into 

the environment (Baun et al. 2008a; Colvin 2003; Simonet and Valcarcel 2009). 

Fullerene research involve physical and chemical characteristics (Duncan et al. 2008; Li 

et al. 2010; Sayes et al. 2005; Shinohara et al. 2009), toxicity (Henry et al. 2007; Lovern 

and Klaper 2006; Oberdörster 2004; Oberdörster et al. 2006; Sayes et al. 2005; Zhu et al. 

2009), and environment fate of fullerenes (Baun et al. 2008b; Li et al. 2008; Wang et al. 

2008; Zhu et al. 2009). Interaction with other pollutions in the environment (Espinasse et 

al. 2007; Gao et al. 2009; Xie et al. 2008) have been evaluated in some instances. 

However, few published methods require no sample pretreatment while using low solvent 

volume for extraction and allowing simple instrumental process for fullerene extraction 

and quantification in solid matrices (Heymann et al. 1996; Jehlicka et al. 2005; Shareef et 

al. 2010; Zhu et al. 2009). The critical review by Isaacsan et al. summarized the existing 

method that has been applied or developed to extract fullerenes from different matrices 

(Isaacson et al. 2009). Shareef et al. (2010) used an Accelerated Solvent Extraction 

method to extract fullerenes from soil sample, which requires advanced instrumental 

process, cautioned pretreatment and sample preparation. Heymann et al. (1996) described 

two approaches of extracting fullerenes. One of them using sonication, and the other one 

used the Soxhlet method. The Soxhlet method is effective with 80±9% recovery but 

inefficient with long time and large solvent volume consumption. The sonication method 

did not indicate the extraction recovery which also requires sample demineralization. 
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Jehlicka et al. (2005) applied Soxhlet method in recovering fullerenes from geological 

materials as well. However, the reported recovery is not stable with a high deviation.  

Natural sediments have complex characteristics that complicate efficient 

extraction methods. Different percentage organic matter in solid matrices controls 

sorption of organic contaminants to sediment (Grathwohl 1990).  Various sediment 

compositions could alter extraction efficiency. In this study, artificial sediment is used to 

develop a simple and effective analytical method for fullerene quantification. Artificial 

sediments are often employed for method development to allow better control and 

characterization of the sediment components. It was also used in the latter C60 uptake 

experiment to validate the applicability of the method and to evaluate the consistency of 

the test media.  

In this paper, authors presented a validated method of fullerene extraction with 

consideration of major components in solid matrices using simple but high recovery 

procedures with an alternative HPLC column for UV detection.  This method has less 

solvent, instrument and supply requirements which have a potential wider application in 

fullerene extraction and quantifications. 

 

Experimental 

 Chemical and reagents 

Fullerenes (99.5%) were purchased from Sigma Aldrich. Toluene (HPLC grade) 

was purchased from JT Baker.  Sand was obtained from Fisher Scientific (standard 

Ottawa), and kaolin clay was from MP (CAS 1332-58-7). Peat moss was obtained from 

Lowes (Lubbock, TX). Water (>18MΩ) was obtained from a Barnstead NANOpure 
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infinity system (Dubuque, IA, USA). Teflon syringe filters in size of 0.2 µm was 

obtained from Fisher Scientific.  

Artificial sediment was prepared by the description in OECD method 225 (OECD 

2007). Artificial sediment was characterized by Midwest Laboratory. Sediment contained 

85.5% sand, 4.5% slit, and 10% clay by average.  Sand (0.5 g) was spiked with toluene 

that contained 17.5 µg C60 and mixed thoroughly with 10 g dry sediment in a tumbler for 

3 h.  Spiked sediment was air-dried at least 48 h to evaporate toluene. 

 

 Normal Shaking Extraction (NSE) procedure  

Normal shaking extraction (NSE) was used to isolate fullerenes from sediment. 

Toluene (40 mL) was added, and the slurry was mechanically shaken for 60 min at 350 

rpm. The mixture was centrifuged allowing supernatant to be collected and filtered 

through 0.2 µm PTFE filter. Extraction was repeated, and 8 mL ultra-pure water was 

added before the centrifugation. Because solvent loss of 5-10 mL occurred after the first 

cycle of extraction, ultra-pure water is added to segregate toluene out of the sediment 

matrix for a full solvent recovery. The upper solvent layer was filtered and combined 

with the first extract. Total extracts were sonicated, and 10 mL of the total extract was 

evaporated using nitrogen evaporator. Final volume was adjusted to 2 mL and transferred 

into an autosampler vial for HPLC analysis.  

 

 LC-UV analysis 

HPLC-UV (Aglient series 1100) was used to quantify fullerene concentrations in 

sediment extracts. Chromatographic separation was achieved at room temperature using a 
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gel column from Waters (COSMOSIL 5PBB, 250 mm * 4.6 mm, 5 µm packing). The 

isocratic mobile phase was 100% toluene, flowing at a rate of 1 mL/min. The injection 

volume was 25 µL. UV absorbance was monitored at 285 nm. In this LC-UV analysis 

program, fullerenes have a retention time at 9.0±0.2 min at room temperature. (Figure 

2.1a) 

 

 Method Optimization 

Fullerene standards were prepared in toluene without filtration. Calibration was 

linear with excellent correlation coefficients (>0.99) for each analysis in the range of both 

low concentration range of 36-100 µg/L and high concentration range of 0.1-15 mg/L. 

Four different groups of five replicate sediment aliquots were prepared at each of 

three concentrations to determine method recovery, precision and reproducibility. These 

experiments, used silanized glass vials as the extraction vessels. Precision was 

represented by the standard deviation (S.D.), and standard error (S.E.).  Both variance 

measurements are presented to allow evaluation of overall method performance (S.D.) 

and comparison of means for different extraction procedures (S.E.).  To evaluate the 

effect of the C60 sorption to extraction apparatus, a further validation was performed 

using a Teflon™ (PTFE) tubes. This test was limited to three groups of five replicates at 

one concentration. Different people extracted C60 from the sediment for each group of 

sediments within this method validation. This is designed to predict a recovery 

differences in method application. The instrumental detection limit for fullerenes was 18 

µg/L C60 (S/N ≥3), and the quantification limit was 36 µg/L C60 (S/N ≥6).  These 
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threshold limits translate to a quantification limit of 29 µg C60 /kg in dry weight 

sediment.  

To investigate matrix effects, spiked components of the sediment (sand, clay, and 

peat moss) were extracted according to the same procedure described above. Recoveries 

of each component were calculated and compared.  

Blank sediment was extracted applying the protocol as well. HPLC analysis was 

to ensure the extracts from sediment would not influence the elution of fullerenes.  

 

 Application to toxicity tests 

To further test the developed method, sediment samples were obtained from a 10 

day benthic toxicity test involving the exposure of (Lumbriculus variegatus) to fullerenes. 

Fullerenes (C60) were spiked into four replicate sediments and conditioned in water for 

14 days. Samples were collected and air dried after the exposure and stored at -20°C. Dry 

sediment (10 g) from each replicate was collected after exposure and followed the 

extraction procedures for quantitative determination.  

 

Statistics analysis 

Extraction efficiency was compared using one way ANOVA between and among 

groups of three concentrations and two types of extraction vessels using SPSS software.  

 

Results and discussion 

Within the respective retention window, a blank sediment extract showed no 

interference peaks. Blank extracts indicate that chemicals extracted from the sediment 
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neither coelute with nor alter the resolution of C60 (Figure 2.1b&2.1c).  Fullerene 

recoveries from individual replicates of the three tested concentrations, ranged from 85.7% 

to 99.4%.  Mean recoveries were 90.7 ± 4.5%, 90.0 ± 3.8%, and 93.8 ± 5.4% from 

sediments containing 1.62, 0.65, and 0.32 µg/g C60 respectively. No significant 

differences in recovery were determined between sediments of different concentrations 

(p=0.368), demonstrating the reliability and reproducibility of our extraction method 

within the tested concentration range. However, some intra-group differences were found 

(p= 0.009, <0.001) for 0.65, and 0.32 µg/g respectively. Relative low recoveries of     

85.7 ± 4.2% and 86.8 ± 0.8% were achieved within the concentration of 0.65 and 0.32 

µg/g respectively. Differences in operators’ techniques on different days are possibly the 

main reason that demonstrates the variance of method performance.  In application of the 

method, more skilled operators are needed to reduce the variance of recovery. 

Validation using Teflon™ containers was performed for 1.62 µg C60/g in 

sediment. Mean recovery of C60 using Teflon™ tubes was 96.5 ± 6.0% (91.2 % to 

104%). It showed no significant differences (p=0.166) in recovery as compared to the 

mean value using silanized glass vessels (90.7 ± 4.5%). Similar recoveries using two 

vessel types demonstrated the cost savings that can be realized if glass extraction 

containers are to used perform this method.  Glass vials are available in most analytical 

labs, and are far less expensive than Teflon™ if materials are being purchased for initial 

method use. For our sample analysis, 10 samples were extracted for each day extraction.  

The cost of 40 mL glass vials from I-Chem is about $40 per 10 items, while 45 mL 

centrifuge Teflon™ tube is about $450 per 10 items. It would be convenient to have 20 

vessels available to perform the extraction procedure for batches. Therefore, using glass 
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vials to conduct the extraction procedure would reduce initial costs $820 for processing 

samples with this extraction process.   

Since natural sediments have a wide range of chemical and bulk characteristics, a 

matrix effect investigation was performed. Average recovery for the individual 

components of artificial sediment, sand, clay and peat decreased from 100%, 78% to 72%, 

respectively (Table 2.3).  Recoveries from each component are also significantly different 

from each other (p<0.001).  These respective results indicate the applicability of the 

method in handling different types of solid matrix and its potential influences with 

different percentage of organic matters in real samples. Additionally, extraction 

efficiency with each component was used to project a theoretical recovery of C60 from 

artificial sediment (Table 2.4).  Computations estimated a C60 recovery of 97.0 ± 1.4%, 

which is higher than the experimental results as of 90.7 ± 4.5%. The possible reason for 

this difference could be due to the complexity of sediment as a mixture of different 

components in the matrix.  Quartz sand surface chemistry may have been changed due to 

the surface coating by both peat and clay. A smaller fraction of pristine sand in the 

mixture would lower recovery due to stronger sorption by the peat or clay in the matrix. 

Moreover, our data suggest different extraction efficiency can be expected for sediments 

or soils with different compositions. In application of this method to a higher organic 

content solid matrix, more extraction cycles could be applied to increase the extraction 

efficiency. Following worst case scenario of 100% clay, 72% recovery was reached. In 

order to obtain a higher recovery up to 80%, 3 extraction cycles is suggested following 

the residual analyte rules of (1-x)n. However, increasing temperature may not be ideal to 

increase the extraction efficiency due to its negative enthalpy of solubility maxima. In 
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contrast to the conventional wisdom of increasing temperature for higher recovery, 

fullerenes behave the opposite way (Isaacson et al. 2009; Kadish and Ruoff 2000; Ruoff 

et al. 1993). 

We extracted and analyzed sediment samples that were collected at the 

termination of a 10 d benthic exposure study. Quantification of C60 in the sediment (n=4) 

containing nominal concentration of 0.05 to 11.33 mg/kg indicated means of 0.03±0.02, 

0.08±0.04, 0.47±0.07, 1.27±0.15, 2.53±0.39, and 9.36±1.25 mg/kg, respectively (Table 

2.5).   Precision (%RSD) of the extraction (11% - 71%) is higher than was observed for 

the method validation (4% - 6%). Results show a higher RSD% of 71.4% and 50.6%  in 

groups of lower concentration 0.05 and 0.13 mg C60 / kg dry sediment respectively, 

while producing RSD% of 14.7%, 11.8%, 15.4% and 13.4% in groups of higher 

concentration 0.44, 1.51, 3.67, and 11.3 mg C60 / kg dry sediment respectively.  

The function describing the linear relationship between C60 concentration in 

sediment and reproducibility (RSD%) (Figure 2.2) in concentration range of 0.05-0.13 

mg/kg is :  

y=84.4-260x;  

The function describing the linear relationship between C60 concentration in 

sediment and reproducibility (RSD%) in concentration range of 0.44-11.33 mg/kg is : 

y=13.9-0.0236x; 

where x is the C60 concentration (mg/kg) in dry sediment; y is the recovery 

reproducibility (RSD%).  

These two recovery functions intersect at the point (0.27mg/kg dw, 14.4%).    

These results suggest a threshold concentration of 0.27 mg/kg dw C60 in sediment is 
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required to allow a quantifiable concentrations (RSD %< 15%) using this method.  

Concentrations lower than 0.27 mg/kg dw, produced poorer precision (RSD %> 50%). 

Limit of quantification (LOQ) is defined as S/N = 6, which implies a threshold of 16.6% 

(RSD %). Therefore, the 15% (RSD %), as the LOQ in the sediment experiments, is 

comparable to the estimated LOQ within the method validation.  Moreover, the higher 

RSD% observed for extraction of trial samples rather than the method validation samples 

could be due to the different spiking volume of the sample, as well. In the method 

optimization, we spiked each sample about 10 g, which was totally extracted afterwards. 

However, in the exposure experiment, we spiked a larger mass (about 100 g) of sediment 

for each replicate, and only a 10 g portion of was collected for extraction. Fullerene 

extraction from sediment samples after toxicity test has a lower extraction precision 

compared to the method validation. It could be due to the matrix heterogeneity, aging, 

and/or complexity. Bioturbation of sediment by L.varigatus could increase the 

inhomogeneity of the sediment in comparison with the matrix prior to the toxicity test. 

 

Conclusion 

This study describes a simple, inexpensive and reproducible method to quantify   

fullerenes (C60) in artificial sediment samples. The procedure demonstrated high 

recoveries (83.9 to 102 %) at all three tested concentrations (1.62, 0.65, and 0.32 µg/g dry 

sediment) for the analyte. Using less expensive (silanized glass) vessels allowed high 

recovery as (83.9% to 102%) compared to Teflon™ tubes (88.0 % to 108%).  This 

method has been applied in further experiments for C60 determination from sediment.   
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Table 2.1. Recovery of fullerenes extraction from sediment using silanized glass 
extraction vessels 

 Concentration of nC60 spiked into artificial sediment [µg/g] 

 1.62 0.65 0.32 

Groups Mean S.D. S.E. Mean S.D. S.E. Mean S.D. S.E. 

1 90.2 2.6 1.1 90.7a,b 2.8 1.3 99.4c 2.9 1.3 

2 87.7 2.9 1.3 85.7a 4.2 1.9 86.8d 0.8 0.4 

3 90.7 6.9 3.1 93.0b 2.1 0.9 95.0c 3.4 1.5 

4 94.3 2.7 1.2 90.5a,b 2.3 1.0 94.0c 3.9 1.7 

Average 90.7 4.5 1.0 90.0 3.8 0.7 93.8 5.4 1.2 

∗ Each group has 5 replicates for extraction and quantification 

∗ a,b: Means in 0.65 µg/g group with the same letter shows no significant difference by 

Tukey HSD test  

∗ c,d: Means in 0.32 µg/g group with the same letter shows no significant difference by 

Tukey HSD test  
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Table 2.2. Recovery of fullerenesa from sediment using Teflon ™ extraction vessels  

 Extraction apparatus types 

 Teflon™ (PTFE) tube Silanized Glass Vial 

Groups Mean S.D. S.E. Mean S.D. S.E. 

1 104 2.7 1.2 90.2 2.6 1.1 

2 91.2 2.0 0.9 87.7 2.9 1.3 

3 94.5 1.8 0.8 90.7 6.9 3.1 

4 - - - 94.3 2.7 1.2 

Average 96.5 6.0 1.5 90.7 4.5 1.0 

∗ a: 1.62 µg/g fullerenes in spiked sediment 

 

 

Table 2.3. Recovery of fullerenesa from sand, clay, and peat  

 Extraction efficiency  % 

Components Mean S.D. S.E. 

Sand 101 1.6 0.9 

Clay 77.6 1.2 0.7 

Peat 72.3 1.3 0.7 

∗ Each group has 3 replicates for extraction and quantification 

∗ a: 1.7 µg/g fullerenes in spiked sediment 
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Table 2.4. Computation of nC60 recovery from artificial sediment using the recovery 
efficient of each component in the sediment matrix 

Components 
Mean 
Composition% 

Mean 
Recovery % 

Predicted 
Recovery % 

Experimental 
Recovery % 

Sand 85.5±4.7 101±1.6 

97.0±1.4 83.9 ~ 102 Clay 4.5±3.0 77. 6±1.2 

Peat 10±4.3 72.3±1.3 

 

Table 2.5. Concentration of fullerenes in spiked sediment after 10-day Lumbriculus 
variegatus toxicity test exposure determined by application of extraction protocol           

nC60 concentration [mg/kg dw]  

Nominal Determined after exposurea RSD 

(%)b 

0.05 0.03±0.02 71.4 

0.13 0.08±0.04 50.6 

0.44 0.47±0.07 14.7 

1.51 1.27±0.15 11.8 

3.67 2.53±0.39 15.4 

11.33 9.36±1.25 13.4 

∗ Each group has 4 replicates for extraction and quantification 

∗ a: Mean ± S.D. ,  n=4 

∗ b: RSD(%) = S.D. / Mean * 100% 
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Figure 2.1. Representative liquid chromatograms of (a) nC60 standard in toluene; (b) a 
blank sample of artificial sediment; (c) nC60 extracted from the spiked sediment.  
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Figure 2.2. Function of precision (RSD%) of nominal nC60 concentration [mg/kg dw] in 
range of 0.05 to 11.33 mg/kg dw. 
 

 

  

0 

10 

20 

30 

40 

50 

60 

70 

80 

0 2 4 6 8 10 12 

Y1=-260x+84.4 

Y2=-0.0236x+13.9 

RSD% 

Nominal nC60  Concentration [mg/kg dw] 



Texas Tech University, Jiafan Wang, May 2012 
 

  33 
 

CHAPTER III 

TOXICITY AND BIOACCUMULATION OF FULLERENE (C60) BY 

LUMBRICULUS VARIEGATUS 

 

Abstract 

Within the group of fullerenes, C60 has been mass produced in recent decades 

and is therefore one of the most studied and utilized nanomaterials (NMs). This nano-

sized group of carbon allotropes has important physical properties that depend upon their 

chemical composition. Wider application of fullerenes or functionalized derivatives into 

different products in recent decades has increased the likelihood of direct fullerene 

release into waste waters and ultimately into the environment. Few studies have 

emphasized fullerene uptake by organisms and determination of bioaccumulation factors. 

In this study, a 10-d screening toxicity test and a 28-d bioaccumulation test for 

Lumbriculus variegatus were performed. No mortality was observed in the concentration 

range of 0.05 to 11.33 mg C60 / kg dry sediment. Biota-sediment accumulation factor 

(BSAF) of micro-size fullerene agglomerates (µ-C60) is 0.032 ± 0.008 at day 28, which 

is relatively low compared to BSAF of pyrene (1.62 ± 0.22). The size of C60 in sediment 

affects uptake by L. variegatus. BSAF of bulk-C60 was negligible (0.003 ± 0.006) at day 

28 which is 10-fold lower than µ-C60. BSAFs generated from this study indicate a lower 

potential of C60 accumulation in L. variegatus than PAHs, but are consistent with the 

bioaccumulation of nanotubes in L. variegatus. This suggests a low potential for C60 to 

bioaccumulate in living organisms.  Biological responses elicited by accumulated C60 are 

also important subjects of further research.  
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Introduction 

With the rapid development of nanotechnology in recent decades, NMs have been 

involved in important industrial applications, including textiles, cosmetics, tires, 

electronics, aerospace materials, oil ingredients, and medical products (Aitken et al. 2006; 

Colvin 2003; Freitas 2005; Grieger et al. 2011; Handy et al. 2008). 

Within the group of fullerenes, C60 has been widely studied and utilized in 

different products.  This nano-sized group of carbon allotropes has important physical 

properties that depend upon their chemical composition (Colvin 2003). Wider application 

of fullerenes in  products has increased the likelihood of direct release into waste water 

(Benn et al. 2011) and ultimately into the environment (Colvin 2003; Gottschalk et al. 

2009; Simonet and Valcarcel 2009). While several groups have evaluated physical and 

chemical characteristics (Brant et al. 2005b; Duncan et al. 2008; Jafvert and Kulkarni 

2008; Li et al. 2010; Shinohara et al. 2009; Zhu et al. 2009), toxicity (Henry et al. 2007; 

Lovern and Klaper 2006; Oberdörster 2004; Oberdörster et al. 2006; Sayes et al. 2005; 

van der Ploeg et al. 2011; Zhu et al. 2009), and environment fate of fullerenes (Li et al. 

2008; Zhu et al. 2009), few studies have emphasized fullerene uptake by organisms and 

the resultant  bioaccumulation (Li et al. 2010; Pakarinen et al. 2011b; Tervonen et al. 

2010). 

Li et al. (2010) reported a low biota-sediment accumulation factor (BSAF) of C60 

on Eisenia fetida in comparison with phenanthrene. While van der Ploeg et al. (2011) 

found the exposure of C60 to Lumbricus rubellus could affect populations of this species. 

In the study of Pakarinen et al. (2011), L. variegatus was used as the model to observe the 
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adverse effect of fullerenes to oligochaeta. Minor effects were found with an observation 

of fullerene particles in the gut lumen.  

By estimation, fullerenes will be accumulated in sediments with a rate of 1-100 

ng/kg/year in U. S. (Gottschalk et al. 2009). Relevant low concentration of fullerene in 

the environment and its potential fate and biochemical responses are important to be 

understood for better risk assessment.  

As one of the most studied fresh water bethnic oligochaeta, Lumbriculus 

variegatus has been identified by the U.S. Environemntal Protection Agency, OECD, and 

ASTM (ASTM 2008; EPA 2000a; OECD 2007) as a recommended freshwater organism 

for the study of bioaccumulation of contaminations in sediments.  

In this paper, we present a 10-d screening toxicity test and a 28-d bioaccumulation 

test for micron-size C60 (µ-C60) using an aquatic oligochaete, L. variegatus at relatively 

low concentrations compared to research by other groups. Bioaccumulation of pyrene and 

bulk-C60 uptake by L. variegatus was compared as well. Mortality was measured as the 

toxic effect after the 10-d toxicity test, and the BSAFs was measured after 28-d exposure. 

Bioaccumulation profiles of micro-C60 (µ-C60), bulk-C60 and pyrene were compared. 

The effect of particle/agglomerate size and organic carbon in bioaccumulation was 

discussed as well.   

 

Materials and methods 

Chemical and reagents 

Fullerenes (99.5%) and sublimed pyrene (99%) were purchased from Aldrich 

Sigma. Vanillin (98%) was purchased from Fisher Scientific.  Acetonitrile (HPLC grade), 
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Acetone (HPLC grade), and tetrahydrofuran (THF, Omnisolv grade) were purchased 

from EMD. Toluene (HPLC grade) and water (HPLC grade) were purchased from JT 

Baker. Hexane (Pesticide grade) and sulfuric acid (98% Trace Metal grade) were 

purchased from Fisher Scientific. Chloroform (ACS grade) was purchased from EM 

Science. Phosphoric acid (85% ACS grade) was purchased from Macron. Sand was 

obtained from Fisher Scientific (standard ottawa), and kaolin clay was from MP (CAS 

1332-58-7). Peat moss was obtained from Lowes (Lubbock, TX). Water (>18MΩ) was 

obtained from a Barnstead NANOpure infinity system (Dubuque, IA, USA). Teflon 

syringe filters of 0.2 µm pore size were obtained from Fisher Scientific.  

 

Fullerene characterization  

The size of fullerenes (C60) in solution of THF was determined using a 

Nanotrac® Particle Size Analyzer (Microtrac Inc., U.S.A.). Size of fullerenes (C60) in 

powder was determined using Microtrac® Particle Size Analyzer (Microtrac Inc., U.S.A.).  

Mean fullerene particle size was reported along with the distribution of particle sizes in 

the solution that was prepared for sediment spiking. 

 

Oligochaete (Lumbriculus variegatus) 

Lumbriculus variegatus obtained from Carolina Biological Supply Co. 

(Burlington, NC) were cultured in our laboratory using moderately hard water as 

specified by OECD 225 (OECD 2007). L. variegatus from these cultures were used to 

assess fullerene availability and accumulation. Unbleached brown paper towels were 



Texas Tech University, Jiafan Wang, May 2012 
 

  37 
 

used to maintain the culture at 22 ± 2 °C. Overlaying water was regularly changed, and 

daphnia food was used to feed aquatic worms at least 2 times a week.  

 

Sediments 

Artificial sediment was prepared by the description in OECD method 225 (OECD 

2007). Artificial sediment was characterized by Midwest Laboratory. Sediment contained 

85.5% sand, 4.5% slit, and 10% clay by average.  The mean value of organic carbon 

contents is 1.13% in the sediment.  

Sediment containing µ-C60 was prepared using solvent conveyance. Sand (5 g) 

was spiked with THF that contained C60 and mixed thoroughly with 100 g dry sediment 

in a tumbler for 3 hours.  Spiked sediment was air-dried overnight to evaporate solvent 

before aquatic exposure preparation. Spiked sediment was soaked and covered with 5 cm 

moderately hard, aerated water (100 mL) for 14 days prior to the uptake experiment. 

Pyrene dissolved in THF was prepared in the same manner for sediment to determine 

bioaccumulation factors for the comparison. 

Sediment containing bulk-C60 was prepared by direct C60 addition. Water was 

used to convey the C60 in mixing with sediment. The volume of water represented 2% of 

total dry sediment. The mixture was tumbled for a week prior to the further exposure 

experiment preparation. 

 

10-d Screening toxicity test 

A 10-day Lumbriculus variegatus sediment screening toxicity test was performed 

according to the EPA test method 100.3 (EPA 2000a) with µ-C60 conveyed by THF. 
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Mortality at day 10 was the lone toxicity endpoint assessed in this test. The test was 

performed in 300 mL beakers with 100 g sediment and 150 mL overlying water. The 

bioassay was designed to meet EPA standards for a continuous water change with 2 

volumes each day. Four replicates were performed for each concentration. The exposure 

temperature was controlled at 22 ± 2 °C. Dissolved oxygen, pH, ammonia, hardness, and 

conductivity were measured on day 0 and day 10. L. variegatus were not fed during 

exposure days. Nominal C60 treatment levels were chosen at 0.05, 0.13, 0.44, 1.51, 3.67 

and 11.33 mg/kg dw sediment with controls and with THF only solvent controls, Worms 

were collected after 10 days exposure for mortality assessment and comparison.   

 

28-d Bioaccumulation test 

A 28-d Lumbriculus variegatus sediment bioaccumulation test was performed 

according to the EPA test method 100.3 (EPA 2000a) with spiked µ-C60, bulk-C60 and 

pyrene. Accumulation of C60 and pyrene in L. variegatus were measured at days 3,7,14, 

and 28 days of exposure. The test was performed in 300 mL beakers with 100 g sediment 

and overlying water volume of 150 mL each. Continuous flow through was employed to 

achieve 2 changes of water volume in each test chamber on each day of the bioassay.   

Three replicates were performed for each concentration at each collection day. The 

exposure temperature was controlled at 22 ± 2 °C. Dissolved oxygen, pH, ammonia, 

hardness, and conductivity were measured on day 0, day 7, day 14, and day 28.                

L. variegatus were not fed during exposure days. Nominal treatments were controls, 

solvent controls (THF only), 5 mg/kg dw µ-C60, 5 mg/kg dw bulk-C60, and 55 mg/kg 

dw pyrene. Both sediment and worm samples were collected at day 3, 7, 14, and 28. 
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Worms in each replicate were counted and compared to both controls and solvent 

controls. Collected worms were depurated in moderate hard water for 6 h and blotted 

dried before storage in -20 °C prior to analysis. Sediments were air dried and stored in      

-20 °C before quantification.  

 

Extraction and analysis of C60 

Sediment and worm samples were extracted using normal shaking procedures 

following by HPLC-UV determination. Dry sediment (10 g) from each replicate was 

weighed and extracted followed the procedures developed by Wang et al. (2011) for 

quantitative determination. For worm samples, 1 mL of toluene was used for tissue 

homogenization using a probe sonicator for 15 seconds with 3 pulses. Homogenates were 

mechanically shaken for 120 min at 350 rpm and the mixture was centrifuged, which 

allowed the supernatant to be collected and filtered through 0.2 µm PTFE filter. Filtered 

extracts were transferred into an autosampler vial for HPLC analysis. HPLC-UV (Aglient 

series 1100) was used to quantify fullerene concentrations in both sediment and worm 

extracts. Chromatographic separation was achieved at room temperature using a gel 

column from Waters (COSMOSIL 5PBB, 250 mm * 4.6 mm, 5 µm packing). The 

isocratic mobile phase was 100% toluene. For sediment samples, LC-UV was 

programmed with 1 mL/min flow rate, 25 µL injection volume, and monitored at 285 nm 

for UV absorbance. Fullerenes have a retention time at 9.0 ± 0.2 min at room temperature. 

For worms, pumps were programmed at 2 mL/min. The injection volume was 100 µL 

and UV absorbance was monitored at 335 nm. In this LC-UV analysis program, 

fullerenes have a retention time at 4.4 ± 0.1 min at room temperature. Mean recovery 
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from matrix spikes was 90.7 ± 4.5% (n=20) for sediment and 94.0 ± 2.9% (n=15) for 

worm tissues. 

 

Extraction and analysis of pyrene 

For pyrene extraction and determination, sediment and worm samples were 

extracted with the adapted method from Jonker and Koelmans (2002) by normal shaking 

procedures similar to C60 extraction procedures followed by HPLC-FLD determination 

(Jonker and Koelmans 2002). Dry sediment (10 g) from each replicate was weighed and 

extracted using 40 ml of hexane:acetone (1:1(v:v)). The slurry was mechanically shaken 

for 60 min at 300 rpm. The mixture was centrifuged for supernatant collection. Extraction 

was repeated, and the upper solvent layer was combined with the first extract. Total 

extracts were sonicated, and 10 mL of the total extract was evaporated using nitrogen 

evaporator to 1 mL. An additional 5 mL of acetonitrile was added and concentrated to     

1 mL final volume. Final concentrates were filtered through 0.2 µm PTFE filter and 

transferred into an autosampler vial for HPLC analysis. For worms, 3 mL of 

hexane:acetone (1:1(v:v))  was used for tissue homogenization using a probe sonicator 

for 15 seconds with 3 pulses. Homogenates were mechanically shaken for 60 min at    

300 rpm and the mixture was centrifuged allowing the supernatant to be collected. A       

2 mL aliquot was removed from each extract and evaporated using nitrogen evaporator to 

0.5 mL.  An additional 5 mL of acetonitrile was added and concentrated to 1 mL final 

volume. Final concentrates were filtered through 0.2 µm PTFE filter and transferred into 

an autosampler vial for HPLC analysis. HPLC-FLD (Aglient series 1100) was used to 

quantify pyrene concentrations in sediment extracts. Chromatographic separation was 
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achieved at room temperature using a HIBAR® RT-18 column (C18, 125 mm * 4 mm,   

5 µm packing). A gradient mobile phase program was applied using 60% acetonitrile and 

40% HPLC water to 100% acetonitrile within 30 min. The injection volume was 25 µL 

with a flow rate of 0.8 mL/min. The excitation of pyrene was at 270 nm and emission 

was at 390 nm. In this LC-FLD analysis program, pyrene has a retention time at 9.2 ± 0.1 

min at room temperature. Mean percentage recovery from matrix spikes was 100.6 ± 5.3 % 

(n=15) for sediment and 98.0 ±4.6 % (n=15) for worms. 

 

Determination of total lipid content of worms  

Total lipid content of worms was measured using a modified micro-colorimetric 

lipid determination method (Inouye and Lotufo 2006). About 10-30 mg of tissue from 

each worm sample replicate was homogenized with a 2 mL mixture of 

chloroform:methanol (1:1(v:v)) using a probe sonicator. The homogenate was centrifuged 

at 3500 rpm for 10 min. Three replicates of 0.25 mL aliquot of the supernatuant was 

transferred to a 13*100 mm culture tube. Samples were evaporated at 100 °C in a heating 

block set till dryness. Concentrated sulfuric acid of 0.1 mL was added to each tube 

afterwards. Samples were heated again in the heating block at 100 °C for 10 min. All 

samples were removed and cooled to room temperature followed by adding 2.4 mL 

vanillin reagent (600mg of vanillin, 100mL of hot water, 400 mL of 85% phosphoric 

acid). Final volume of each replicate was 2.5 mL, and 5 min was needed for color 

development. For measurement, 0.25 mL of each sample was transferred into a 96-well 

plate with triplicate and read at 490 nm (Costar® plate) using a plate reader by BioTek, 

Synergy 4.  A 7 point standard curve was generated by setting up concentrations at 0, 10, 
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50, 100, 150, 200, 250 µL of 1.022 mg/mL standard of oil. Preparation procedures were 

the same as the worm samples. Each 96-well plate had a series of standard while 

measuring the samples for error cancellation.  

 

Bioaccumulation factors estimation 

Total body burden concentration and biota-sediment accumulation factors 

(BSAFs) were employed to estimate the accumulation rate of C60 by L.variegatus. 

Total body burden concentration was determined by analyzing worms collected 

temporally by the quantification of C60 in worm samples. BSAFs were estimated using 

the following equation: 

BSAF = ( Cb / fL ) / ( Cs / foc ) 

Where Cb represents steady-state tissue residue (ug/g tissue wet weight), Cs represents 

chemical concentration in sediment (ug/g dry weight sediment), fL represents total lipid 

mass fraction in total organism tissues (g lipid / g tissue), and foc represents total organic 

carbon mass fraction in total sediment (g carbon / g sediment) 

  

Statistics analysis 

Mortality of toxicity test was analyzed using one way ANOVA between different 

measured concentration groups. T test was performed to compare the mortality of worms 

in controls and vehicle controls. Further, a Tukey HSC comparison was performed to 

investigate the significance of each treatment groups. For bioaccumulation data, ANOVA 

was performed to compare means of body residues between µ-C60 and bulk C60 
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treatments on the same days. All data were processed using SigmaPlot 12.0 and SPSS 

16.0 (Chicago, IL, USA) software for analysis and presentation.  

 

Results and discussion 

Fullerenes characterization 

Aggregate sizes of C60 prior to spiking into the sediment were measured with 12 

sample replicates for C60 that was conveyed by THF and water, respectively. Different 

ranges of C60 aggregation were found. C60 in THF showed agglomerates covering a 

wide range of 70 to 6000 nm. Cumulatively, 50% of the C60 were smaller than 1400 nm 

and 90% of the C60 were smaller than 2800 nm (Figure 3.1). Measured particle sizes 

were normally distributed. Hence, C60 in THF are considered as µ-C60 in this study. In 

comparison, measured C60 powder in water was distributed in the range of 10-600 µm 

(Figure 3.2), approximately 7-10 times larger than observed for agglomerates observed in 

THF suspensions. C60 aggregates in water suspension showed no materials with sizes 

<10 µm. Therefore, C60 in water suspension prepared for sediment spiking was 

considered different and I have chosen to call this bulk-C60 in this study.   

 

Measured concentration of fullerene in aged sediment 

Fullerenes spiked into the sediment may have undergone biological, chemical or 

physical transformations via the aeration process prior to examination. Therefore, it is 

necessary to quantify fullerenes in the sediment for better understanding of the 

environmental risks. Actual concentrations of C60 in the sediment during the 10-d 

screening test were consistent, but slightly lower than nominal concentrations (Table 3.1). 
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C60 concentrations of both µ-C60 and bulk-C60 were similar throughout the 28-d 

bioaccumulation test (Table 3.2). In comparison, pyrene degraded faster than C60 in the 

same matrix over 28 days (Table 3.2).   

 

Toxicity test 

The 10-d screening toxicity test showed no significant worm mortality when 

comparing treatment groups to either control or vehicle control groups. The t-test 

between controls and vehicle controls showed no statistical difference (p=0.097) in total 

worm survival (Figure 3.3). The ANOVA test between different treatment groups and 

both control and vehicle control groups showed a difference among groups (p=0.024). 

However, further homogenous Tukey HSC test did not distinguish any treatment from 

any others. This result suggested that no significant mortality happened in any treatment 

groups across the concentration range of 0.053 to 11.33 mg C60 / kg dry sediment as 

compared to the both control and vehicle control (Figure 3.3). However, there are some 

differences in total worm numbers between different treatment groups after 10 days. 

Results from Tukey HSC test demonstrate the variability of L. variegatus reproduction 

and survival during exposure periods. This variability is possibly because worms may 

reproduce asexually, and because a small number of worms (n=10) was used to initiate 

the exposure which means that any single addition to or removal from the initial number 

will alter survival by 10% during screening toxicity test. In addition, variability among 

the worms’ numbers at day 10 does not contribute to the toxic effects that would 

influence the subsequent bioaccumulation test. Therefore, the conclusion of this 10-d 

toxicity test is that no acute mortality was observed within the range of 0.053 to 11.33 mg 
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C60 / kg dry weight to L. variegatus. This result leads us to conclude that further 

bioaccumulation tests at any concentration within the validated range will be practical.  

Water quality was regularly measured during the experiment and remained within 

the allowable range of the EPA method 100.3. Temperature was measured at 22 ± 2 °C.  

 

Bioaccumulation test 

Through the 28-d exposure test, increases in mortality of L. variegatus exposed to 

spiked sediments containing THF only, µ-C60, bulk-C60 or pyrene were not observed 

relative to the blank sediments. In comparison of C60 to pyrene, with similar fused 

benzene rings composition, the uptake of C60 and pyrene shows a different toxic kinetic 

profile. BSAF values for L. variegatus for µ-C60, bulk-C60, and pyrene at day 28 were 

0.032 ± 0.008, 0.003 ± 0.006, and 1.62 ± 0.22 respectively.  

Rapid uptake of pyrene by L. variegatus was observed at day 3 and total body 

burden went to equilibrium after day 7 (Figure 3.4). In comparison, uptake of µ-C60 by   

L. variegatus was slower than pyrene uptake in the first 7 days, and total body burden 

plateaued after day 14 (Figure 3.4). The difference in this uptake profile could be due to 

the size of the contaminants in the sediment. Pyrene molecules are smaller than the size 

of µ-C60 and bulk-C60 which could have less physical inhibition of the cellular uptake 

(Belfroid et al. 1995) at the first couple days. Whole body residues reached the plateau 

later for L. variegatus exposed to µ-C60, indicating a slower continuous uptaking profile 

compare to pyrene but similar to nanotubes (Petersen et al. 2008a). Moreover, the BSAF 

for pyrene at day 28 was 1.62 ± 0.22 which is much higher than BSAFs for both µ-C60 

(0.032 ± 0.008) and bulk-C60 (0.003 ± 0.006). With a higher logKow of 6.67 (Jafvert and 
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Kulkarni 2008), C60 yielded a much lower BSAF comparing to pyrene with a logKow of 

5.18 (Chiou et al. 1998). According to the equilibrium partition theory, BSAFs are 

expected to be higher for more lipophilic compounds (EPA 2000a). Similarly, carbon 

nanotubes (CNTs) with a higher logKow than pyrene’s were found to have a similar 

BSAF to that I report in this study of L. variegatus (Peterson et al. 2008a). Furthermore, 

our results were consistent with the fullerene uptake by earthworm E. fetida by Li et al. 

(2010). All these lines of evidence support the hypothesis that the BSAF of fullerene is 

independent of the logKow value (Bierman 1990). In addition, stronger binding of 

contaminants to the sediment organic carbon would lower the BSAF value for C60. In the 

literature, logKoc for pyrene ranges from 4.96 to 5.45 (Chiou et al. 1998) while logKoc 

for C60 is between 6.2 to 7.1 (Zhu et al. 2009). The higher logKoc could decrease the 

bioavailable C60 in the sediment to L. variegatus for uptake which subsequently reduces 

the extent of bioaccumulation. 

With the comparison of BSAFs for pyrene and C60, a lower BSAF for C60 

indicates a smaller bioaccumulation risk of C60 in L. variegatus and its lower potential 

biomagnification within food webs than pyrene or other PAHs. 

Comparing BSAFs in this experiment to those of  nanotube and pyrene expsoure 

for L. variegauts (Petersen et al. 2008a), our BSAF for pyrene is about half of the 

reported value, and BSAF for µ-C60 (0.032 ± 0.008) is about 10 fold smaller than the 

BSAF for nanotubes (0.28 ± 0.03). We propose that one contributing factor to the 

difference in BSAFs is different OC% in the sediment. OC content in the sediment 

critically influences the bioavailability of chemicals (Mesiar et al. 1999).  In some 

instances, higher OC content may cause faster initial C60 bioaccumulation (Li et al. 
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2010).  In the paper by Petersons et al. (2008), they reported a difference in BSAFs while 

using the amended sediment with 5.1% OC contents. When OC content in amended 

sediment was altered betwen 5.1% to 0.66% (a factor of eight), the BSAF decreased from 

0.51 ± 0.09 to 0.035 ± 0.015 (a factor of 15) after 14 days of exposure of nanotubes. 

These studies suggest %OC plays an important role in chemical uptake to living 

organisms in sediment. In our paper, the artificial sediment has an average of 1.13% OC 

and the BSAF generated for µ-C60 is  similar to the BSAF of nanotubes for L. variegatus 

in Peterson’s study with the similar OC% (Petersen et al. 2008a). With the consideration 

of potential accumulation risk of C60 for oligochaetes in natural systems, sediment has 

a %OC average from 0.5 – 10% (Lauritsen et al. 1985; Leppänen and Kukkonen 1998), 

while extremely high OC%  of 25 to 50% will be expected in some cases.  Thus the 

BSAFs for C60 may vary substantially across this natural range of %OC.  

Significantly, different body residues in L. variegatus during the time interval day 

7 to day 28 in exposures with µ-C60 and bulk-C60 agglomerates suggests that larger 

molecular size (bulk-C60) could hinder the cellular uptake and the contaminant would be 

easily excreted with a much less body burden (Figure 3.4). The difference in uptake of   

µ-C60 and bulk-C60 also suggests that the size of C60 agglomerates in the sediment 

determines the bioaccumulation factor for L. variegatus. With increased applications of 

C60 in numerous areas, the likelihood of environmental release of C60 is also increased. 

In the natural environment, C60 would aggregate and change size from its initial form. 

The size distribution of C60 in the natural sediment could span a wide range, which may 

be critical to understand the bioaccumulation factor for uptake into L. variegatus. The 

uptake of nano-sized pristine C60 has not been tested in this paper due to the difficulty of 
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preparing nano-sized C60 at a high concentration in a small volume of THF.  Pakarinen 

et al. (2011) observed fullerene particles in the gut lumen for L. variegatus after 28-d 

exposure. However, this provides insufficient evidence regarding the size dependence of 

fullerene absorption across epithelial membranes and transport to internal organs of         

L. variegatus. Our study demonstrates significantly higher accumulation of µ-C60 as 

compared to bulk-C60. If nano-size C60 follows the same trend of bioaccumulation to    

L. variegatus, this relationship suggests that nano-sized C60 would be higher 

accumulated in L. variegatus than µ-C60 due to the smaller agglomerate size. However, 

the uptake of nano-sized C60 into L. variegatus requires further examination for 

comparison to µ-C60 and bulk-C60 under different conditions.  

Although C60 demonstrates a relative low bioaccumulation potential within 

oligochaetes, this compound may still possibly influence the bioaccumulation and fate of 

other contaminants in environmental systems. Previous studies concerning interaction of 

C60 with other compounds (Baun et al. 2008b) suggest that C60 could increase the 

bioaccumulation of other toxic chemicals through trophic chains. This may present risks 

to both environmental and human health. Further research is required to understand the 

potential bioaccumulation, biomagnification, and biotransformation of C60 to living 

organisms while interacting with other contaminants in the environment.  

 

Conclusion 

This study included a 10-d screening toxicity test and a 28-d bioaccumulation test 

of Lumbriculus variegatus. No mortality was observed in the concentration range of 0.05 

to 11.33 mg C60 / kg dry sediment. Our results demonstrate that C60 is bioavailable to   



Texas Tech University, Jiafan Wang, May 2012 
 

  49 
 

L. variegatus, regardless of C60 aggregate size. However, the size of C60 in the sediment 

affects the compound uptake by L. variegatus. BSAF of bulk-C60 is 0.003 ± 0.006 at day 

28 which is 10-fold lower than the µ-C60. BSAF of µ-C60 was 0.032 ± 0.008 at day 28, 

which is relatively low as compared to the BSAF of pyrene (1.62 ± 0.22). BSAFs 

generated from this study has shown a lower potential of C60 accumulated in                   

L. variegatus than PAHs, but are consistent with the bioaccumulation of nanotubes in     

L. variegatus. This suggests a potential risk of C60 bioaccumulation to living organisms. 

Further research of C60 accumulation mechanisms and interaction with other 

contaminants will be necessary to better understand C60 behavior in the environment.  
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Table 3.1. Concentration of C60 (fullerenes) in spiked sediment after exposure 
determined by extraction protocol in a 10-day screening toxicity test 

     µ-C60 concentration [mg/kg dw] 

Nominal Determined after exposurea 

0.05 0.03±0.02 

0.13 0.08±0.04 

0.44 0.47±0.07 

1.51 1.27±0.15 

3.67 2.53±0.39 

11.33 9.36±1.25 

* a: Mean ± S.D. ,  n=4 

 

 

Table 3.2.  Concentration of fullerene and pyrene in spiked sediment before and through 
the exposure determined by extraction protocol in a 28-day bioaccumulation test 

                                   Contaminant concentration [ mg/kg dw] 

Compound Nominal 

Determined at each day point 

Day 0a Day 3b Day 7b Day 14b Day 28b 

µ-C60 5 3.72±0.16 3.83±0.28 3.52±0.07 3.50±0.38 3.97±0.21 

Bulk-C60 5 3.62±0.50 3.24±0.87 3.41±0.3 3.44±0.62 2.98±0.41 

Pyrene 55 27.58±1.79 27.34±3.05 28.43±1.25 29.35±2.01 25.19±0.30 

* a: Mean ± S.D. ,  n=5 

* b: Mean ± S.D. ,  n=3 
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 Figure 3.1. Particle size distribution of µ-C60 that was vehicle by tetrahydrofuran prior 
to spiking into the sediment.  
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Figure 3.2. Particle size distribution of bulk-C60 that was directly deposited into water 
prior to spiking into the sediment. 

Pariticle size [μm]

0 100 200 300 400 500 600

%
 o

f t
ot

al

0

5

10

15

20

25 % of Total 

C
um

ul
at

iv
e 

%

0

20

40

60

80

100

120Cumulative % 



Texas Tech University, Jiafan Wang, May 2012 
 

  56 
 

 

Figure 3.3. Survival of Lumbriculus variegatus exposed to µ-C60 during 10 day        
exposure. Error bars represent ± 1 SD. * represents statistical difference by ANOVA test 
(p=0.024). (n=4 beaker replicates). 
 

 

 

* 
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Figure 3.4. BSAFs of Lumbriculus variegates for uptake of µ-C60 (5 mg/kg dw), bulk-
C60 (5 mg/kg dw), and pyrene (55 mg/kg) over 28 days.  Error bars represent ± 1 SD. 
(n=3 beaker replicates)  
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Figure 3.5.  C60 body residues in Lumbriculus variegatus for µ-C60 (5 mg/kg dw), bulk-
C60 (5 mg/kg dw) over 28 days.  Error bars represent ± 1 SD. * represents statistical 
difference by t-test (p<0.05). (n=3 beaker replicates).    
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CHAPTER IV 

UPTAKE OF FULLERENE (C60) INDUCED CATALASE (CAT) ACTIVITY IN 

LUMBRICULUS VARIEGATUS 

 

Abstract 

With the rapid development of nanotechnology, nanomaterials (NMs) have been 

mass produced and widely applied in recent decades. Fullerene (C60) with its unique 

physical properties in nano-size has been used in many products. The increased 

likelihood of direct fullerene release into the environment has raised interests in 

understanding its environmental fate and corresponding biological effects to living 

organisms. Few studies have emphasized fullerene uptake by benthic organisms and 

determination of resultant biochemical responses. In this study, the uptake of C60 and 

effects in Lumbriculus variegatus were tested over a 28-d time interval. The uptake of 

C60 in micro-sized agglomerates (µ-C60) was 192 ± 20 µg/kg dry weight sediment, 

while uptake for larger, bulk-sized, C60 was 23 ± 40 µg/kg dry weight. The size of C60 

in sediment affects the C60 accumulation in L. variegatus. The corresponding catalase 

(CAT) activity increased significantly on day 14 for L. variegatus exposed to µ-C60 

(p=0.034).  CAT increases occurred in worms with the highest C60 body residue of     

199 ± 80 µg/kg dry weight. No significant CAT activity changes were found from pyrene 

exposure even for a 600-fold higher body residue compared to C60. This suggests that    

L. variegatus is more susceptible to C60 than pyrene at a relative low concentration. The 

relationship between C60 body residue and the increased CAT activity followed a linear 

regression.  
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Introduction 

Nanotechnology based industries have developed rapidly in the recent decades. 

Mass produced NMs including metal based oxides, nanowires, carbon nanotubes, and 

fullerenes. NMs have been used in numerous applications, such as textiles, cosmetics, 

tires, electronics, aerospacial materials, oil ingredients, and also medical products (Aitken 

et al. 2006; Colvin 2003; Freitas 2005; Grieger et al. 2011; Handy et al. 2008). 

Buckminsterfullerene (C60) has a carbon allotrope structure in nano-size. The elemental 

composition and its small molecular size of C60 controls its physical properties (Brant et 

al. 2005a; Duncan et al. 2008; Jafvert and Kulkarni 2008; Shinohara et al. 2009; Zhu et al. 

2009). As a candidate substance in many nanotechnology products, mass produced C60 

has an increased likelihood of being released into the waste waters (Benn et al. 2011) and 

ultimately into the environment (Colvin 2003; Gottschalk et al. 2009; Simonet and 

Valcarcel 2009).   

 Induced oxidative stress and lipid peroxidation by C60 to different aquatic 

organisms has been demonstrated in several studies. C60 induced oxidative stress was 

first reported to occur in the brain of juvenile largemouth bass (Oberdörster 2004). C60 

may also induce oxidative stress and lipid peroxidation in gills and liver of juvenile carp 

(Zhu et al. 2008). In addition, it was found that under artificial light, C60 can cause lipid 

peroxidation to Cyprinus carpio in vitro (Shinohara et al. 2009). In natural environments, 

light will be an essential factor that can not be omitted.  

In normal healthy cells, reactive oxidative species (ROS) or pro-oxidant products 

could be detoxified by antioxidant defenses (Livingstone 2003). Antioxidant data could 
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indicate the extent of endogenous ROS production and the basal capacity of regulatory 

system in living organisms as a means of detoxication. (Livingstone 2001). Catalase 

(CAT; EC 1.11.1.6) is one of the antioxidant enzymes that specifically convert H2O2 to 

water. Exposure to excess H2O2 by increased ROS production could induce CAT activity, 

which is recognized as an indicator of oxidative stress to the living organisms. If CAT 

activity is overwhelmed by exposure to a contaminant, increased oxidative damage and 

alterations in critical cellular processes could result (Livingstone 2003).  

Lumbriculus variegatus is a model fresh water benthic organism for 

bioaccumulation studies by U.S. Environmental Protection Agency (EPA), OECD, and 

ASTM (ASTM 2008; EPA 2000b; OECD 2007). It has also been suggested as the 

bioassay for studies of biochemical responses (CAT activity) to contamination in 

sediments (Cochon et al. 2007; Contardo-Jara and Wiegand 2008) and also the 

contaminant residue in living organism (Livingstone 2001). In this paper, we present a 

28-d C60 uptake experiment for L. variegatus at 5 mg/kg C60 dry sediment, compared to 

other research. To our knowledge, we have conducted the first study to evaluate CAT 

activity in worms exposed to C60. In addition, groups of worms exposed to 

tetrahydrofuran (THF), and pyrene were analyzed as well for CAT activity comparison.  

In this study, pyrene was used as the positive control for comparison of contamination 

uptake and CAT activity changes to C60. The effect of particle size for C60 uptake is 

discussed. Relationship between accumulated C60 concentration in worm tissue and the 

elevated CAT activities is evaluated as well.  
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Experimental 

 Chemical and reagents 

Fullerenes (99.5%) and pyrene, sublimed (99%) were purchased from Aldrich 

Sigma. THF (Omnisolv grade) and acetonitrile (HPLC grade) were purchased from EMD. 

Toluene (HPLC grade) and Water (HPLC grade) were from JT Baker. Methanol (HPLC 

grade) was from Honeywell. Hydrogen peroxide (H2O2) 30% (v/w) and bovine serum 

albumin (BSA) (Fraction V) were both from Fisher. Sodium phorsphate buffer (0.1M, 

pH=7.0) was obtained from BDH, and protein assay dye reagent was from Bio-Rad. Taq 

(10*) buffer solution was purchased from Gen Script for enzyme extraction purpose. 

Sand was obtained from Fisher Scientific (standard Ottawa), and kaolin clay was from 

MP (CAS 1332-58-7). Peat moss was obtained from Lowes (Lubbock, TX). Water 

(>18MΩ) was obtained from a Barnstead NANOpure infinity system (Dubuque, IA, 

USA). Teflon syringe filters of 0.2 µm pore size were obtained from Fisher Scientific.  

 

 Fullerenes size characterinization  

Fullerene (C60) aggregates in suspensions of THF and water were both measured 

using Nanotrac® and Microtrac® analyzer, respectively (Microtrac Inc., U.S.A.). Mean 

C60 aggregate sizes were calculated and reported for the particle distributions in 

suspensions prior to spiking into the sediment. 
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 Oligochaete (Lumbriculus variegatus) 

Lumbriculus variegatus obtained from Carolina Biological Supply Co. 

(Burlington, NC) were cultured in aquaria using moderate hardness water and used to 

access fullerenes availability to biological uptake and accumulation. Unbleached brown 

paper towels were used to maintain the culture at 22 ± 2 °C with a light:dark cycle of 

16:8 hours. Overlaying water was regularly changed, and daphnia food was used to feed 

aquatic worms at least twice weekly.  

 

Sediments 

Artificial sediment was prepared by the description in OECD method 225 (OECD 

2007), and sediments were characterized by Midwest Laboratory. Sediment contained 

85.5% sand, 4.5% slit, and 10% clay by average.  The mean organic carbon content was 

1.13% in the sediment.  

For µ-C60 in the sediment, sand (5 g) was spiked with THF that contained µ-C60 

and mixed thoroughly with 100 g dry sediment in a tumbler for 3 hours.  Spiked sediment 

was air-dried overnight to evaporate solvent before aquatic exposure preparation. 

Moderately hard water of 100 mL (5 cm high) was used to saturate and to cover spiked 

sediment. The sediment water system was then aeration for 14 days prior to the uptake 

experiment. Pyrene dissolved in THF was prepared the same way for sediment as the 

positive control for comparison. 

Sediment containing bulk-C60 was prepared with direct addition of C60 powder 

to the sediment. Water with 2% of total dry sediment was used to convey the C60 in 
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mixing with sediment. The mixture was tumbled for a week prior to the further exposure 

experiment preparation. 

 

28-d Bioaccumulation test 

A 28-d L. variegatus sediment bioaccumulation test was performed according to 

the EPA test method 100.3 (EPA 2000) with spiked µ-C60, bulk-C60 and pyrene. 

Accumulation of C60 and pyrene in L. variegatus and CAT activities were measured 

during 28 days exposure. Replicates within the test were performed in 300 mL beakers 

containing 100 g sediment and overlying water (150 mL). The bioassay was designed to 

meet EPA standards for 2 complete volumes replacements each day. Three replicate 

beakers were used for each concentration on each collection day. The exposure 

temperature was controlled at 22 ± 2 °C with a light:dark cycle of 16:8 hours. Dissolved 

oxygen, pH, ammonia, hardness, and conductivity were measured on day 0, day 7, day 14, 

and day 28. L. variegatus were not fed during exposure days. Nominal treatments were 

control, solvent control (THF only), 5 mg µ-C60/kg dw sediment, 5 mg bulk-C60 / kg dw 

sediment, and 55 mg pyrene / kg dw sediment. Both sediment and worm samples were 

collected at day 3, 7, 14, and 28. Worms in each replicate was counted and compared to 

both controls and solvent controls. Collected worms were depurated in moderately hard 

water for 6 h and blotted dried.  Worms were snap frozen in liquid nitrogen before 

storage at -80 °C.  
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 Analysis of contaminants in worm tissue 

All L. variegatus samples collected on day 3, day 7, day 14, and day 28 were 

processed for C60 and pyrene quantification in total worm tissue. Extraction of C60 was 

adapted from Isaacson et al. (2007) by using 1 mL of toluene for homogenization with a 

probe sonicator for 15 seconds with 3 pulses. Homogenates were mechanically shaken 

for 120 min at 350 rpm, and the mixture was centrifuged allowing supernatant to be 

collected and filtered through 0.2 µm PTFE filter. Filtered extracts were transferred into 

an auto sampler vial for HPLC analysis. HPLC-UV (Aglient series 1100) was used to 

quantify C60. Chromatographic separation was achieved at room temperature using a gel 

column from Waters (COSMOSIL 5PBB, 250 mm * 4.6 mm, 5 µm packing). The 

isocratic mobile phase was 100% toluene, and the injection volume was 100 µL. A          

2 mL/min flow rate was set with UV absorbance monitored at 335 nm. In this LC-UV 

analysis program, C60 has a retention time at 4.4 ± 0.1 min at room temperature.  

For pyrene extraction, 3 mL of hexane:acetone (1:1(v:v))  was used to homogenize worm 

tissue. Homogenates were mechanically shaken for 60 min at 300 rpm, and the mixture 

was centrifuged for supernatant collection. A 2 ml aliquot was removed from the 3 mL 

supernatants and evaporated using nitrogen evaporator to 0.5 mL.  After adding 5 mL of 

acetonitrile, extract final volume was concentrated to 1 mL and filtered through 0.2 µm 

PTFE filter for HPLC analysis. HPLC-FLD (Aglient series 1100) was used to quantify 

pyrene concentrations. Chromatographic separation was achieved at room temperature 

using a HIBAR® RT-18 column (C18, 125 mm * 4 mm, 5 µm packing). A gradient 

mobile phase program was applied using 60% acetonitrile and 40% HPLC water to 100% 

acetonitrile within 30 min. The injection volume was 25 µL with a flow rate of             
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0.8 mL/min. The excitation of pyrene was at 270nm and emission was at 390 nm. In this 

LC-FLD analysis program, pyrene has a retention time at 9.2 ± 0.1 min at room 

temperature. 

Mean recovery from matrix spikes was 94.0 ± 2.9% for C60 (n=15) and 98.0 ±4.6 % for 

pyrene (n=15). 

 

Catalase extraction 

All L. variegatus samples collected on day 3, day 7, day 14, and day 28 were 

processed for CAT extraction. Preparations were adapted from Schlenk et al. (1991) and 

processed at 4 °C (Schlenk et al. 1991). About 20-40 mg of each worm replicate was 

weighed in a 1.5 mL Eppendorf tube. Worm tissues were homogenized with 0.3 mL TAQ 

(1x) buffer using probe sonicator for 15 s with 3 pulses. Homogenates were mechanically 

vortexed for 30 s and centrifuged at 500 g for 15 min. The supernatant was centrifuged 

again at 12,000 G for 45 min. The resulting supernatant was used for CAT activity 

determination and corresponding total protein quantification.  

 

Catalase activity determination 

CAT activity was analyzed using a 96-well plate reader (Synergy 4 by BioTek) 

with clear bottomed UV plates (Costar® UV plate). According an optimized method of 

Claiborne (1985), the reaction solution contained 180 µL 50 mM sodium phosphate 

buffer (pH 7.0), 50 µL methanol, and 20 µL 3% H2O2. A 50 µL of CAT extraction was 

added into the assay to finalize the total volume of 300 µL for reaction. The mixture was 
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shaken moderately for 5 sec prior to the UV absorbance reading at 240 nm for 4 min. 

Activity was quantified as follows (Claiborne 1985): 

 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑢𝑛𝑖𝑡𝑠 𝑚𝑔⁄ ) =  𝛥𝐴 ∗1000

43.6 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
𝑚𝐿 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑀𝑖𝑥

   

where  

ΔA is the difference of UV absorbance reading of the first 4 min at 240 nm;  

43.6 represents the molar extinction coefficient (1/M*cm) of H2O2 in the reaction at    

240 nm. Results were expressed as µmol H2O2 consumed / mg protein / min. Induced 

CAT activities in response to µ-C60, bulk-C60 and pyrene were presented as ΔCAT% for 

comparison to either controls or solvent controls. 

 

Total protein quantification 

Total protein in worms was measured using a modified colorimetric method 

(Bradford 1976) and included in calculation of  CAT activity. CAT extraction of 2 µL 

was diluted to 800 µL with autoclaved nano-pure water in 1.5 mL Eppendorf tube. 

Protein assay dye reagent (200 µL) was added for color development. The mixture was 

manually vortexed prior to the analysis. For measurement, 0.2 mL of each sample 

preparation was transferred into a 96-well plate in triplicate and read at 595 nm (Costar® 

UV plate) using a plate reader Synergy 4 by BioTek.  A 5 point standard curve was 

generated using concentrations at 0, 5, 10, 15, 20 µL of 1 mg/mL BSA standard. 

Preparation procedures for standards were the same as for protein samples. Each 96-well 

plate contained/included a series of standards while measuring the samples for error 

cancellation.  
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Statistics analysis 

The difference in CAT activities between control and bulk-C60 groups was tested 

by independent t tests. ANOVA was performed to compare the difference of CAT 

activities between exposure groups of control, solvent control, µ-C60 and pyrene on each 

sampling day. Further Dunnett multiple comparison test was performed to investigate the 

significance of each group to vehicle control. The relationship between body residues of 

C60 and the CAT activity increase was determined using linear regression.  All data were 

processed using SigmaPlot 12.0 and SPSS (Chicago, IL, USA) software for analysis and 

presentation.  

 

Results and discussion 

Fullerene characterization 

Aggregate sizes of C60 in both THF and water suspension were measured and 

averaged with 12 replicate samples. Using the same samples collected in Chapter 3, C60 

aggregate sizes conveyed to test solutions by THF included a range of 70 to 6000 nm 

(Figure 3.1) and C60 powder in water suspension produced aggregates distributed in the 

range of 10-600 µm (Figure 3.2). The significantly larger C60 aggregates size in water 

did not overlap sizes found in THF preparations, which contained C60 aggregates smaller 

than 10 µm. Therefore, as demonstrated in Chapter 3, C60 in THF was considered as     

µ-C60, and C60 in water suspension was considered to be bulk-C60 for comparison.   
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Measured C60 and pyrene concentration in sediment 

During 14-d aeration period, biological, chemical or physical transformations via 

aeration process may have affected fullerene and pyrene prior to the examination. 

Determination of C60 and pyrene concentrations in sediment prior to the exposure was 

necessary. Samples collection and analysis during the 28-day experiment were reported 

for previous research (Chapter 3). Actual concentrations of C60 for both µ-C60 and bulk-

C60 are similar throughout the 28-d bioaccumulation test (Table 3.2). In comparison, 

concentration of pyrene in sediment decreased from nominal values, suggesting a lower 

concentration before test initiation (Table 3.2).   

 

Uptake of C60 and pyrene by L. variegatus 

Determination of both C60 and pyrene uptake by L. variegatus used the same 

samples collected in the 28-d bioaccumulation test (Chapter 3). The reported biota-

sediment accumulation factors (BSAFs) were 1.62 ± 0.22 for pyrene,  0.032 ± 0.008 for 

µ-C60 and 0.003 ± 0.006 for bulk-C60 at day 28 (Figure 3.4). With a further comparison 

of the compound uptake by L. variegatus, it was found that pyrene had a much higher 

accumulated amount in tissues through the whole exposure period than did either µ-C60 

or bulk-C60 (Figure 4.1). Mean pyrene body residue were constant over 28 days, and 

includes the range of 78,495 ± 1,690 to 96,185 ± 14,470 µg/kg, while the highest mean 

concentration of C60 was 199 ± 80 µg/kg for µ-C60 at day 14. The possible reason of the 

lower bulk-C60 uptake could be poorer uptake of C60 than pyrene because of larger C60 

molecules and a possible quicker excretion of C60 molecules throughout the exposure 
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(Belfroid et al. 1995). This further suggests that the potential biological responses after 

C60 exposure by different sizes would be dissimilar.  

As discussed in our previous study, the bioaccumulation potential of C60 with 

oligochaetes is relatively low compared to PAHs. However, bioavailable C60  may still 

accumulate in living organisms, and interact with other  contaminants in the environment 

(Baun et al. 2008b).   

 

Catalase activity  

CAT activities of worms after exposure to spiked sediments with µ-C60, bulk-

C60 or pyrene were compared with worms in control and solvent control treatments. 

CAT activities found in control groups were consistent with the background ranges 

reported for L. variegatus (Cochon et al. 2007; Kristoff et al. 2008). CAT activity in 

worms increased significantly on day 14 (p=0.045) but showed no change on the other 

days (Table 4.1). Multi-comparison of CAT activity for all samples to those of solvent 

controls indicated that CAT in worms exposed to µ-C60 were significantly induced 

(p=0.034) with an increase of 72.2 ± 2.1% (Figure 4.2).  No other significant changes of 

CAT activity were found for worms exposed to bulk-C60 and pyrene.  

Induction of the antioxidant enzyme, CAT, has been suggested as a primary 

biomarker to relate sediment contamination with oxidative stress.  Such stress could 

indicate exposure to one or more  contaminant classes, including PCBs (Contardo-Jara 

and Wiegand 2008), PAHs (Bouraoui et al. 2009; Contardo-Jara and Wiegand 2008; 

Zhang et al. 2009), pesticides (Kristoff et al. 2008), herbicides (Cochon et al. 2007) and 

heavy metals (Barata et al. 2005; Zhang et al. 2009). CAT activity was elevated by 
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exposure to pyrene at concentrations higher than 160 mg/kg in soil to Eisenia fetida 

(Zhang et al. 2009). In our study, pyrene exposure at 55 mg/kg did not significantly 

elevate CAT activities through 28 days of exposure.  

No change in CAT activity in L. variegatus could result from an insufficiently 

high concentration of pyrene to induce oxidative stress. The low pyrene concentration 

was used to avoid any acute toxicity during the bioaccumulation study.  However, with a 

concentration of 5 mg/kg dry weight of µ-C60 in sediment (10-fold lower than pyrene), 

CAT activity was significantly induced at day 14.  While the amount of C60 accumulated 

in worm tissue was 600-fold lower than pyrene (Figure 4.1), the CAT increase in worms 

exposed to µ-C60 for 7 days was more than 20% higher than in worms from pyrene 

treatments (Table 4.1).  This comparison demonstrates an increased oxidative stress in L. 

vareigatus exposed to µ-C60 relative to that of pyrene over the 28 d exposure period. 

Furthermore, it suggests a higher amount of H2O2 produced by C60 in L. variegatus than 

pyrene exposure at a much lower concentration. Excess production of H2O2 could 

proceed via dismutation reaction (2H+ + 2 O2·-  H2O2 + O2· ) (Livingstone 2003).  

Superoxide anion radical (O2·-) can be produced by C60 due to its photoactivity (Brunet 

et al. 2009). However, CAT induction could also result from an overwhelmed antioxidant 

response to C60 exposure (Oberdörster 2004; Shinohara et al. 2009; Zhu et al. 2008). A 

longer chronic test using L. variegatus is warranted to further explore the oxidative stress 

responses by µ-C60 exposure.   

In contrast to CAT observations following L. variegatus exposure to µ-C60, CAT 

activity was not significantly elevated over 28 days by bulk-C60. The lack of change in 

antioxidant activity with bulk-C60 exposure is consistent with the C60 accumulation in 
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worm tissues at a very low level as compared to µ-C60 (Figure 4.2). This result further 

supports findings in our previous study that the size of C60 is a crucial factor for 

bioaccumulation potential in oligochaetes and the corresponding biological responses due 

to the accumulation.  Moreover, as discussed in our previous study (Chapter 3), nano-

sized C60 might have higher C60 residues in worms due to its smaller agglomerate size. 

Therefore, it is assumed that CAT elevation could be even higher during exposure to 

nano-sized C60 relating to its bioaccumulation potential.  

A linear regression between increased CAT % (ΔCAT %) and body residue of 

total C60 in worm tissue showed an R-square of 0.758, p =0.0049 (Figure 4.3) as follows:  

y = 2.79 + 265.14 x 

where y is the ΔCAT % and x is the C60 concentration in worm tissue [µg/g].  

The proposed relationship contains 8 data points including both µ-C60 and bulk-

C60 exposures with the consideration of environmental management application. In the 

natural system, size differentiation of C60 will be difficult and quantification of C60 will 

be presented as a total amount. Therefore, the regression including both size classes is 

more relevant to a real situation that could be encountered in the natural environment. 

The regression indicates that a small amount of C60 uptake could elevate CAT in            

L. variegatus. The largest increase of CAT activity relates to the highest C60 body 

residue of 199 ± 80 µg/kg with the same samples (Figure 4.2). However, more data 

points regarding CAT changes and its relationship with C60 uptake in oligochaetes are 

required to improve our understanding of this relationship.  

In addition, our results demonstrated a lower C60 uptake as compared to pyrene, 

and a higher oxidative stress was generated by C60 exposure than the pyrene. The 
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transformation process has been activated in L. variegatus by exposure to relatively low 

concentrations of µ-C60.  This regression suggests that when C60 accumulates in these 

oligochaetes in the range of 0.059 to 0.158 µg/g, oxidative stress would be induced at 

least 30% with a 95% confidence. However, whether this stress will oxidatively damage 

cells and DNA is not known. Further research regarding antioxidant enzymes activities 

and lipid peroxidation for oligochaetes by C60 exposure will be necessary to help 

understand the potential biochemical risks of C60 to the environmental health.  

 

Conclusion 

This study performed a 28-d bioaccumulation test for L. variegatus by exposing 

to µ-C60, bulk-C60, and pyrene. Concentrations of both C60 and pyrene in worm tissues 

were determined. With about 600-fold lower concentration of C60 in worm tissue than 

pyrene, CAT activity was significantly induced by µ-C60 after exposure at day 14 and 

increase of 72.2 ± 2.1 % compare to the control.  A strong linear regression relationship 

(R-square = 0.758) between increased CAT activity (ΔCAT %) and C60 body residue in 

worm tissue was determined. The elevated CAT activity indicated the induced oxidative 

stress for L. variegatus by exposure to µ-C60. This suggests further research of C60 

exposure to living organisms to evaluate a possible oxidative stress while the C60 is 

bioavailable to the organism in the environment. In addition, results of this study suggest 

the future study of the mechanisms of induced CAT activities in   L. variegatus exposure 

to C60.     
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Table 4.1. Catalase (CAT) activities increase (%) by average over 28-day 
bioaccumulation test for Lumbriculus variegatus exposed to bulk-C60 (5 mg/kg dw), µ-
C60 (5 mg/kg dw), and pyrene (55 mg/kg dw) 

 CAT activities increase (%) by average a 

 Bulk-C60 b µ-C60 c Pyrene c 

Day  3 5.2 ± 0.8 12.7 ± 1.0 14.9 ±1.8 

Day  7 14.5 ± 2.0 43.7 ± 1.9  24.2 ± 0.8 

Day  14 4.7 ± 1.7 72.2 ± 2.1 d 12.6 ± 2.6 

Day  28 22.9 ± 4.4 38.4 ±5.5 9 ± 3.9 

* a: Mean ± S.D. ,  n=3 beaker replicates 

* b: CAT activities compared to control on the measurement day 

* c: CAT activities compared to vehicle control on the measurement day 

* d: Statistical different, p < 0.05 

 

 

 



Texas Tech University, Jiafan Wang, May 2012 
 

  79 
 

 

Figure 4.1. C60 and pyrene body residues in Lumbriculus variegatus for µ-C60 (5 mg/kg 
dw), bulk-C60 (5 mg/kg dw), and pyrene (55 mg/kg dw) over 28 days.  Error bars 
represent ± 1 SD. (n = 3 beaker replicates) 
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Figure 4.2. Catalase activity in Lumbriculus variegatus after exposed to tetrahydrofuran,      
µ-C60 (5 mg/kg dw), and pyrene (55 mg/kg dw) over 28 days.  Error bars represent ± 1 
SD. * represents statistical difference by Dunnett test (p = 0.034). (n = 3 beaker replicates) 
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Figure 4.3. Linear regression of C60 body residue to ΔCAT % in Lumbriculus variegatus 
tissue. y=2.79+265.14 x, R-square is 0.758. (p = 0.0049) (n = 3 beaker replicates) 
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CHAPTER V 

NECESSITY AND APPROACH TO INTEGRATED NANOMATERIALS 

LEGISLATION AND GOVERNANCE  

 

Abstract 

 Nanotechnology is one of the most popular and promising technologies to emerge 

in recent decades. Materials that are specially engineered to have at least one dimension 

that is no larger than 100 nm are now continuously manufactured and incorporated as 

critical components of different products that people use daily. While we are taking 

advantage of nanomaterials (NMs) and nano-products, they may pose a risk to the 

environment and human beings.  Some types of fiberous NMs such as nano-carbontubes 

and nano-fibers may present a risk similar to that of asbestos. Some carbon or metal 

based NMs may threaten the environment due to their bioaccumulative nature within 

food webs. In order to prevent future adverse effects from nanotechnology, we suggest an 

integrated multi-faceted governance approach forwarding an integrated regulation that is 

based upon life cycle assessment, empirically derived risk assessment. Advanced 

research that fills the knowledge gap regarding the understanding of NMs in scientific 

and social norms will be helpful in a full life cycle assessment of NMs. Emphasizing 

nanotechnology education to the public for an increased understanding and participation 

associating with the media coverage will finally draw governments’ attention with an 

integrated legislation to be instituted.  Developing the optimal mix of these tools, 

including research, public education, media coverage, integrated legislation, will be 
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significant to proactively manage the complexity of nanotechnology and prevent any 

undesirable effect due to the NMs exposure. 

 

Introduction 

With the rapid development of nanotechnology in recent decades, more products 

deemed “nano” have been marketed and used in our daily lives.  Nanotechnology 

represents one of the biggest engineering innovations since the Industrial Revolution.  

Their uses have expanded and will likely be heavily emphasized with the mass 

production of nanomaterials (NMs).  The concept of “nano” in unit nomenclature 

indicates multiples of one billion.  The term is commonly used to describe the very small 

and minute.  The National Science Foundation (NSF) defines NMs as those in the length 

scale of approximately 1-100 nanometers (NSTC 2000).  With regard to their impact on 

the environment and human health, this paper addresses industrial nanomaterilas that are 

specially engineered and manufactured for multiple purposes.  

Cumulatively, nanotechnology has rapidly grown in recent decades.  With more 

than a 5,000% increase worldwide, nanotechnology patents have risen from 224 in 1991 

to 12,776 in 2008 (Dang et al. 2010).  The United States leads the world in 

nanotechnology patents with more than 5,000 from 1990-2009 (Roco et al. 2011).  

During the 2009 fiscal year, the U.S. government devoted $1.7 billion to nanotechnology 

research (GAO 2010).  Furthermore, the world market estimates that $1 trillion of “nano” 

products will be produced by 2015 (Roco 2005).  

Manufactured nanomaterials embedded in thousands of products can be generally 

organized into four types based on their chemical forms (GAO 2010): carbon-based NMs 
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such as carbon nanotubes (CNTs) and fullerenes; metal-based NMs such as titanium 

dioxide (TiO2), zinc oxidie (ZnO); dendrimers such as nanoscale polymers; and 

composites such as platinum core-silica shell.  Currently, NMs have been produced and 

incorporated within eight major industrial sectors (GAO 2010): automotive, defense and 

aerospace, electronics and computers, energy and environment, food and agriculture, 

housing and construction, medical and pharmaceuticals, and personal care, cosmetics, 

and other consumer products. Among these applications, most NMs have been used in 

products for health and fitness, including both medical/pharmaceuticals and personal care 

products (Palmbery et al. 2009). 

With vast benefits to technology, materials and human health, NMs also have 

unpredictable risks to the environment and human health as increased use in products 

increase the likelihood of exposure.  Due to the minute unit size and large surface areas 

of NMs, they may penetrate the body and individual cells (Elias et al. 2002; Panyam et al. 

2003) and facilitate the direct generation of harmful radical oxygen species (ROS) inside 

the cell (Brunet et al. 2009; Sayes et al. 2005; Shinohara et al. 2009). ROS in cells could 

further injure the cell through processes that may include DNA damage (Livingstone 

2001).  Interactions with other transition metals and organic pollutants could enhance the 

toxicity and bioaccumulation of both nanomaterials and other contaminants (Arnall 2003; 

Baun et al. 2008; Brausch et al. 2010; Cheng et al. 2004).  Some NMs, such as CNTs and 

nano-fibers have characteristics similar to those of asbestos fibers, which can cause 

severe lung inflammation and serve as carcinogens. Some NMs may pose environmental 

threatens via bioaccumulation and biomagnifications as does DDT, a pesticide rapidly 

accumulated in living organisms and biomagnified through the trophic chain to cause 
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different toxic effects. These NMs risk possibilities may adversely affect the environment 

and human health.  

Given the adverse effects of the scenarios above, an effective and integrated 

governance approach would be vital and necessary to prevent unpleasant incidents 

stemming from exposure to NMs. To identify the crucial data, scientific gaps, and 

research challenges relating to nanotechnology and NMs are fundamental. It is significant 

to more fully understanding this information and offering ways for addressing emerging 

questions. Accurately translating the risks and possible solutions to the government 

sectors, stakeholders, and public will be indispensable to draw the government’s attention 

for instituting an integrated legislation. It would be beneficial to have multi-faceted 

elements, such as advanced research, data translation, public and stakeholder education, 

and integrated instituted legislation, included in structuring a sustainable governance 

approach for nanotechnology and its uncertainties along the development and application.   

 

Toxic effects and potential risks of NMs 

Literature that describes the ecotoxicology of NMs from the early 2000s 

emphasizes the acute toxicity, chronic toxicity, environmental fate, and interactions of 

NMs with other contaminants in the environment.  Research has emphasized different 

groups of living organisms to investigate potential risks to biota, such as algae, plants, 

microbes, invertebrates, fish and mammals, and other vertebrates.  Research that 

incorporates mammalian model species is performed to estimate the potential human 

health effects of NMs. Besides mammalian models, in vitro studies using different cell 
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lines including lung epithelia cells, human epidermal cells, and lymphocytes have been 

tested for toxic effects of NMs.   

 

Ecotoxicity 

NMs (metal oxidizes, fullerenes, and NTs) can be harmful to algae (Hund-Rinke 

and Simon 2006) and microbes (Kang et al. 2009; Lyon and Alvarez 2008).  Their 

antibacterial properties could further reduce the bacterial population in the environment 

(Brunet et al. 2009; Fortner et al. 2005).  Among fresh water invertebrates, Daphnia 

magna is the most studied species for testing different NMs regarding toxicity and 

potential uptake.  Both lethal and sublethal effects are found in D. magna after exposure 

to fullerenes, NTs, metal oxides and other NMs. Effects may result from exposures to 

low concentrations (Balbus et al. 2007; Lovern and Klaper 2006; Lovern et al. 2007; Zhu 

et al. 2009).  Research suggests the mixture of functional fullerenes (f-C60) and 

pesticides (Brausch et al. 2010) will reduce number of survival and the reproduction of D. 

magna.  The interaction of fullerenes (C60) with PAHs has been tested, and an increased 

toxicity has been observed with  algae and D. magna (Baun et al. 2008).  The latter 

species would accumulate NMs in the gut which may in turn allow biomagnification 

through trophic chains (Petersen et al. 2009; Tervonen et al. 2010; Zhu et al. 2010).  Even 

if the MN was not actually accumulated in the D magna tissues, the NM in their GI tracts 

would be available to predators at higher trophic levels.  

For burrowing organisms, carbon NMs accumulation is not consistent with 

partitioning theory. Smaller biota-sediment accumulation factors (BSAFs) are observed 

for carbon based NM compared to PAHs, even though carbon NM exhibit relatively 
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higher Kow for both terrestrial and aquatic species (Li et al. 2010; Petersen et al. 2008a; 

Petersen et al. 2008b).  Adverse effects such as growth inhibition, reproduction 

interference, skin irritation, and cellular damage have been found after presenting NMs 

(metal oxides, fullerenes, NTs, quantum dots) to earthworms (Canas et al. 2011; van der 

Ploeg et al. 2011), aquatic polychaete  (Galloway et al. 2010) , aquatic oligochaeta 

(Pakarinen et al. 2011), and bivalves (Ringwood et al. 2009).  No ecotoxic effects have 

been investigated on wildlife to this point, as this is a difficult endeavor.  However, some 

vertebrate species such as fish and amphibians have been tested for NMs toxicity.  

Research suggests fish gills are particularly sensitive to direct NM exposure (Federici et 

al. 2007; Smith et al. 2007).  It has also been reported that fullerene exposure may cause 

developmental toxicity in zebrafish embryos (Zhu et al. 2007).  Furthermore, growth 

inhibition (Zhu et al. 2008), cytotoxicity, including oxidative stress (Balbus et al. 2007; 

Blickley and McClellan-Green 2008; Zhu et al. 2008), lipid peroxidation (Balbus et al. 

2007; Shinohara et al. 2009; Usenko et al. 2007), and genotoxicity (in vitro) (Vevers and 

Jha 2008; Wise Sr et al. 2009) have been found in different species of fish or fish cell 

cultures.  Both acute and chronic toxicity manifested after exposing zinc dioxide (ZnO) to 

Xneopus laevis (Nations et al. 2011a; Nations et al. 2011b).  Other metal-based NMs 

adversely affected X. laevis as well (Nations et al. 2011b).  These recent studies suggest 

that NMs released into the environment have the potential to elicit adverse effects on the 

health of living organisms. 
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Human Health Effects 

Several pathways have been proposed to describe human exposure to NMs. The 

most prevalent exposures include: inhalation in the workplace and through significantly 

contaminated air, ingestion through water or food, and dermal contact through the 

application of personal care products.  Current literature using both mammalian models 

in vivo and human cell lines in vitro has evaluated  the potential human health risks of 

NMs and has shown an increased possibility of oxidative stress (Sharma et al. 2007), 

lipid peroxidation (Sayes et al. 2005), genotoxicity (Dhawan et al. 2006), lung disease 

(Heinrich et al. 1995; Lam et al. 2004; Shvedova et al. 2005), inflammation (Balbus et al. 

2007; Bermudez et al. 2004), and adverse effects on the human immune system 

(Bermudez et al. 2004; Tinkle et al. 2003). 

Carbon-based and metal-based NMs have shown the most adverse effects than 

have been observed for dendrimers or composites on human health.  NTs including both 

single (SWCNT) and multi-walled (MWCNT) have been tested on rodents.  Researchers 

have observed significant pulmonary pathologic changes (Lam et al. 2004), induced 

granulomatous lesions with persistent inflammation (Muller et al. 2005; Shvedova et al. 

2005), and the fibrosis of hydroxyproline and soluble collagen (Muller et al. 2005). 

Additionally, inhalation studies of TiO2 illustrate deleterious effects on rodents as well 

(Bermudez et al. 2004; Warheit et al. 2007).  Pulmonary inflammation and lung injury 

have been found after chronic exposure to TiO2.  Higher incidence of lung tumors was 

detected after exposure to ultrafine TiO2 for two years in rats (Heinrich et al. 1995).  A 

recent in vitro study tested the genotoxicity of carbon nanofibers (CNF) and SWCNT 

compared to asbestos fiber.  This study indicated that even with a less cytotoxic effect of 
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CNT and SWNT in relation to asbestos (asbestos > CNF > SWCNT), DNA damage and 

micronucleus induction are most prevalent with exposure to CNF (Kisin et al. 2011).  

Another in vivo study found that the number of proteins affected by NMs (SWCNT > 

asbestos > ultra fine carbon black) followed the potency to induce inflammation 

(Teeguarden et al. 2011).  Epidemiological evidence of health effects from exposure to 

ultrafine particles (Ibald-Mulli et al. 2002) support findings of risks from NMs inhalation.  

With regard to dermal exposure, direct evidence shows the stimulation of inflammation 

and induction of oxidative stress following exposure to MWCNT (Balbus et al. 2007).  

Evidence that NMs could penetrate cells (Elias et al. 2002; Panyam et al. 2003) suggests 

the potential cytotoxicity of NMs via direct dermal exposure.  Other toxic effects have 

been illustrated, such as DNA damage (Dhawan et al. 2006), and abnormally rapid or 

uncontrolled cell turnover relating to apoptosis and cell growth (Cui et al. 2005).  

 

Importance of life cycle consideration for NMs 

The development of innovative compounds and the emergence of materials 

derived from the convergence of multiple technologies (such as nano, bio, info and cogno) 

have created an attendant demand for improved assessment of potential impacts upon 

public health and the ecosystem.  The notion that new materials and compounds can be 

created first, with impact assessment made post manufacture and distribution is quickly 

becoming an obsolete one (EPA 2006) .  In an effort to become more proactive and to 

enable more holistic public health and environmental protection, adverse effects must be 

evaluated at the point of conception.  Research to devise strategies and approaches for 

enabling material and compound impact assessment throughout the complete material or 
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product life cycle is currently underway(Hauschild et al. 2005; Seager and Linkov 2008; 

WWICS 2007). 

Assessment of potential impacts that arise from materials and compounds 

necessitates consideration of the complete compound or material life cycle, which 

addresses not only the toxicity of NMs, but also the full range of environmental effects 

assignable to products and services from generation of raw compound, through the 

manufacture of the product (first generation, second, and third) through the use and 

finally to the recycling or disposal including all intervening transportation steps necessary 

or caused by the product's existence.  For example, it is not sufficient to state that the 

replacement of one toxic constituent by a less toxic constituent will be good for the 

public or the health of the environment without evaluating the complete life cycle and 

assessing when and where possible exposures might occur.  In addition, social, cultural 

and personal behavior and norms must also be evaluated.  For example, communities 

subsisting on fish for dietary needs compared with one that has limited intake experience 

a greater threat from mercury exposure.  

If NMs are released into an aquatic environment at the end of a product's life and 

interacts with compounds present in that environment or is degraded by organisms 

existing in that environment, this may cause different environmental behaviors. Such 

interactions may facilitate the transition of NMs to a final state that exhibits an increase 

in bioaccumulative potential, and thereby render it more toxic.  Consequently, the 

purportedly “benign” material actually would not be benign at all.  Alternatively, the 

replacement or “more benign” compound may be generated using excessive energy or 

water resources. Then the expenditure of those resources could very possibly cause 
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adverse impacts on public health of the environment that are unrelated to chemical 

toxicity.  Hence, the question arises as to whether that material so developed is truly 

benign. 

 

Life cycle assessment of NMs 

The life cycle assessment of NMs as it was mentioned should include the full 

range of environmental effects assignable to products from raw-material production, 

manufacture, distribution, use and disposal (EPA 2006). The difficulty is in the limited 

understanding of NMs with impacts and exposure routes, such as: where they are 

distributed with the application in a vast array of different materials; what is the NM 

content currently used in each product; and by which routes are these NMs disposed into 

the environment? However, consideration of the life cycle of NMs should be more 

detailed and precautionary based before any unexpected impacts manifest in either 

human beings or the broader environment. Furthermore, a truly holistic approach towards 

environmental and public health assessment and protection should also include social 

context (Hauschild et al. 2005; NSF 2001; UNEP 2009; WWICS 2007). For example, 

children do not behave as adults, societal values differ, and cultural attitudes vary, and 

therefore social context should also be explored. 

Within different steps of a life cycle, the stage of material usage is one of the most 

important exposure stages to human beings and other living organisms. Use of materials 

should incorporate intended and non-intended uses, to the extent possible (NSF 2001).  

For example, considering the life cycle of clothing fabric into which engineered NMs 

have been incorporated should consider, not only potential exposure during wear, but also 

http://en.wikipedia.org/wiki/Sustainable_distribution
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placement of the fabric into one's mouth.  This is necessary because children, for whom 

stain-free clothing seems most useful and for whom many items of such clothing are 

developed, have a tendency to put their clothes into their mouths.   

A second example of the importance of considering usage in the complete life 

cycle of a material’s impact can be seen by examining lead in paint (WHO 2010). The 

health and social issues surrounding the ingestion of lead paint by children prompted 

major policy and regulatory initiatives.  Consider now the addition of certain engineered 

NMs into paint formulations.  Even supposing that engineered NMs were less toxic than 

the constituent they replaced, what is the end result if again the health of those less able 

to protect themselves is impaired?  There may be additional special exposure concerns 

for other sectors of the population with varying susceptibilities. 

 In addition, the consideration of the complete material life cycle should 

incorporate social science into the assessment (UNEP 2009; WWICS 2007).  How and 

when a society adopts or accepts new technologies, why and where innovative materials 

are rejected by one society and welcomed by another are factors that must be explored in 

order to understand the true impact of a material or compound.  

Economics constraints and scientific capability are critical pieces of the life cycle 

assessment puzzle for engineered NMs, but too often are the only pieces assessed (Vikas 

et al. 2008).  An understanding of the nuances of societal preferences, norms, and 

pressures unique to a given society, or subset thereof, is as important a factor.  Only 

through such a holistic life cycle approach can we begin to accurately assess potential 

public health and environmental impacts of innovative technologies such as 

nanotechnology. 



Texas Tech University, Jiafan Wang, May 2012 
 

  93 
 

 

Dilemma and Legislation Needed 

A dilemma exists related to how little is known regarding the risks associated 

with the toxicology and life cycle assessment profile of NMs and their mass proliferation 

(Beaudrie and Kandlikar 2011).  In order to reduce environmental and human health risks 

associated with this emerging group of chemicals, proactive legislation to regulate 

manufacture, usage, and disposal is necessary.  However, regulation of nanotechnology is 

in its infancy. None of the world’s four leading public sector investors (Australia, Japan, 

United Kingdom, United States) are regulating nanotechnology beyond the realm of laws 

intended to govern of the  environmental and human health effects of traditional 

chemicals (Bowman and Hodge 2007). Rather, regulation of nanotechnology is discussed 

within existing chemical regulatory frameworks (Bowman and Hodge 2007). While 

specific legislation aimed at regulating NMs is lacking, there are international and 

national mechanisms in place which provide a rudimentary governance of 

nanotechnology that can evolve as we develop a better understanding of the fundamental 

and environmental and health properties of NM. 

 

The International Community and Nanotechnology 

 Nanotechnology, like many other areas of scientific development, lends itself to 

international coordination of regulatory efforts.  The need for consensus on terminology, 

measurement, and other items of identification and use is not lost on nanotechnology 

stakeholders around the globe (Bergeson and Hester 2008). While there are no 

international laws directly aimed at regulating NMs, efforts to develop uniform 
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nanotechnology standards persist.  The International Organization for Standardization 

(ISO), a nongovernmental organization consisting of 156 nations’ standardization 

institutes, has constructed a 27-nation committee to address nanotechnology standards 

(Bergeson and Hester 2008).  ISO is widely known in the regulatory community for 

providing standards on a variety of chemicals and substances which present 

environmental and human health risks.  The organization continues to develop a 

standardized framework for discussing and governing NMs. 

 In addition to ISO, professional societies have devoted themselves to a global 

standard to be used in characterizing and regulating nanotechnology. The American 

Society for Testing and Materials (ASTM) International formed a committee in 2005 to 

tackle issues of nanotechnology standardization and guidance (Bergeson and Hester 

2008). This ASTM committee has devoted a number of subcommittees to issues of 

nomenclature, characterization, health, safety, and law (Bergeson and Hester 2008). The 

Institute of Electrical and Electronics Engineers (IEEE) has also played a significant role 

in nanotechnology standardization (Bergeson and Hester 2008). In 2006, the IEEE 

Standards Association published IEEE Standard P1650-2005, a guidebook on 

nanotechnology which aids in the understanding of electrical characterization of carbon 

nanotubes (Bergeson and Hester 2008).   

 Efforts have been made to regulate nanotechnology on the international level, 

each finding varying levels of success. The United Kingdom (UK) made major advances 

to recognize nanoparticles as new chemicals, which are governed under existing chemical 

regulatory statutes (Bowman and Hodge 2007). The UK Better Regulation Taskforce also 

pinpointed nanotechnology as an area of concern in need of governance (Bowman and 
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Hodge 2007). However, other nations encountered difficulty gaining traction on 

nanotechnology regulation. For instance, India, is largely unable to handle 

nanotechnology risks (Barpujari 2011), that may affect their extensive population.  The 

nation lacks the resources, expertise, and political mandate to regulate nanotechnology 

(Barpujari 2011).  Japan and Australia fall somewhere in the middle of the United 

Kingdom and India.  Both nations’ regulatory frameworks focus most significantly on 

new chemicals (Bowman and Hodge 2007), an institutional mechanism which has proven 

difficult to break.  The United States finds itself in a similar position (Bowman and 

Hodge 2007).  

 

Regulation of Nanotechnology in the United States 

 The US Environmental Protection Agency (USEPA) is the primarily regulatory 

agency in the USA with governing authority over nanotechnology.  The EPA considers 

NMs “chemical substances,” governed by the Toxic Substances Control Act (TSCA) 

(EPA 2011). The TSCA directs the USEPA to compile and publish the Chemical 

Substance Inventory as well as oversee testing on certain chemical substances in an effort 

to develop environmental and human health data (Bergeson and Hester 2008).  Currently, 

the EPA is attempting a “four-pronged” regulatory approach under the TSCA, which 

includes 1) pre-manufacture notifications, 2) a Significant New Use Rule, 3) an 

information gathering rule, and 4) a test rule (EPA 2011).  The Significant New Use Rule 

is designed to “ensure that nanoscale materials receive appropriate regulatory review” 

(EPA 2011).  The rule would require those intending to “manufacture, import, or process” 

new NMs based on the TSCA Chemical Substance Inventory to submit a notice to the 
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EPA 90 days prior to action (EPA 2011).  This rule affords the EPA “a basic set of 

information on nanoscale materials, such as chemical identification, material 

characterization, physical/chemical properties, commercial uses, production volume, 

exposure and fate data, and toxicity data” (EPA 2011).  This information is designed to 

allow the agency time to respond that should environmental and human health risks be 

suspected.  However, the short time interval (90 days) and the number of potential 

products introduced pose a significant strain on a regulatory process that does not have 

significant post-registration monitoring as part of the paradigm. 

 The Food and Drug Administration (FDA) is becoming increasingly involved in 

nanotechnology regulation as well.  Nanotechnology in the food industry represents a 

significant new direction in research and outcomes (Morris 2011).  The FDA has 

responded by publishing guidelines related to the agency’s process for identifying 

nanoparticles in foods, medical devices, drugs, cosmetics, and other FDA-regulated 

products (FDA 2011). The guide entitled Draft Guidance for Industry, Considering 

Whether an FDA-Regulated Product Involves the Application of Nanotechnology was 

published in the Federal Register in early June, 2011 (FDA 2011).  In conjunction with 

the FDA Nanotechnology Task Force, the guide is designed to continue a dialogue on the 

potential benefits and harms of the use of nanotechnology in the United States’ food, 

drug, medical, and cosmetic supplies (FDA 2011). The FDA seeks broad participation in 

the early stages of its regulatory process, including participation from industry and the 

general public (FDA 2011). 

 In addition to TSCA, other U.S. federal laws exist which have the potential to 

govern nanotechnology.  Bergeson and Hester (2008) suggest the Federal Insecticide, 
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Fungicide, and Rodenticide Act (FIFRA), Clean Air Act (CAA), Comprehensive 

Environmental Recovery, Compensation, and Liability Act (CERCLA), and Resource 

Conservation and Recovery Act (RCRA) are four such laws, though some have 

limitations with regard to regulating NMs.  FIFRA requires chemical substances 

marketed as pesticides to undergo EPA review prior to marketing and distribution.  

However, the level of NMs currently used in pesticides is not believed to be great 

(Bergeson and Hester 2008). Airborne nanoparticles may be viewed as a human health 

risk, but the federal government has shown more regulatory interest in other laws with 

respect to NMs (Bergeson and Hester 2008). CERCLA and RCRA present promising 

avenues by which unwanted or abandoned NMs may be handled, though Bergeson and 

Hester (2008) illustrate the importance of EPA exemptions to the definitions of solid 

waste and hazardous waste within RCRA.  These exemptions are important given the 

prevalence of NMs in household items, such as cleaning supplies and appliances 

(Bergeson and Hester 2008). 

 

Regulation Limitations 

 Beaudrie and Kandikar (2011) suggest that risk assessment related to 

nanotechnology suffers from a large level of scientific uncertainty.  The extent of 

nanotechnology risk assessment revolves around the fact that we know little about the 

specifics of the risk.  Regulators around the globe currently have little ability to identify 

and mitigate risk due to its associated scientific murkiness (Beaudrie and Kandlikar 2011).  

At the same time, nanotechnology is a growing area of the food industry (Morris 2011).  

As the potential for adverse environmental and human health issues increases, effective 
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regulatory mechanisms become all the more imperative.  Tyshenko and Krewski 

recommend nanotechnology regulation by one of two avenues (Tyshenko and Krewski 

2008), 1) modifying current chemical and particulate regulations or 2) treating NMs as an 

entirely separate category of environmental agent.  The second of these pathways may 

well rely on the “revolving door” concept discussed by Meghani and Kuzma (Meghani 

and Kuzma 2011).  The regulation of nanotechnology may require increased cooperation 

and having scientists or experienced employees to transit nanotechnology related 

knowledge to industries. However, the first step may simply be one of increasing our 

scientific knowledge base as to assess the extent to which new regulations are necessary 

to supplement existing ones.  

 

The Environmental Regulatory Challenge 

Compared to their rapid production and application, environmental and human 

safety regulations related to novel compounds typically lag behind.  This lag can be 

attributed to the incremental nature by which environmental regulations are instituted.  

For the past 50 years, the United States has undertaken a series of regulations regarding 

environmental protection due to the prevalence of pollution affecting human and 

environmental health.  After the foundation of the USEPA in 1970, a new age started 

with the monitoring and administration of environmental safety concerns, especially 

regarding the disposal of chemicals into the environment.  However, since the legislation 

accomplishments of the 1970s momentum slowed considerably, especially after the 

1990s.  Some supplemental amendments have been made to existing regulations, but few 

original regulations have been enacted.  In August 1990, the Oil Pollution Act (OPA) was 
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signed into law as one of the rules that specifically addresses one pollution category, 

largely in response to rising public concern following the Exxon Valdez incident.  In the 

United States, such reactionary environmental protection is common and was even a 

characteristic of the Environmental Movement of the 1970s.  

 Regarding nanotechnology and mass produced NMs, current regulations mainly 

exist in the TSCA with supplemental rules from other laws.  However, no integrated 

proactive measures in the form of NMs regulation exist related to their manufacture, 

application, usage, and disposal.  The lack of such regulation reduces the ability of 

government to effectively oversee and control NMs.  Scientific studies suggest this 

unique group of materials could behave adversely in the environment and induce a risk to 

human and environmental health.  Some reports indicate that certain NMs, such as CNTs 

and nano-fibers, may be as carcinogenic as asbestos with regard to their influence on 

human health (Kisin et al. 2011; Teeguarden et al. 2011).  Therefore, we recommend 

federal regulatory legislation that considers all aspects of NMs from manufacture, 

application, usage, to disposal utilizing a holistic life-cycle assessment.  This approach 

should streamline the regulatory power of the federal government over NMs by providing 

original legislation directed at preventative oversight.  In so doing, two major objectives 

would be met.  One, regulation of NMs would no longer rely on multiple government 

agencies overseeing these particles using small, often ambiguous portions of existing 

regulations which are not specifically tailored to the governance of NMs.  Two, a 

proactive and effective governance approach to NMs would greatly mitigate risk of 

experiencing additional negative phenomena such as those related to asbestos and the 
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Exxon Valdez accident, both of which stemmed from lack of post registration monitoring 

of risks at all steps of the supply and production chain.   

  

Approaches to NMs legislation and governance 

Environmental legislation often plays an important role in environmental 

monitoring and governance (Linda K. Breggin and Carothers 2006). Generally, the 

legislation follows a top-down approach whereby the federal government acts to mandate 

environmental regulations for implementation on the federal, state, and local levels 

(Brunner et al. 2005).  However, the effectiveness and efficiency of this process is not 

high when considering the unique need for proactive regulation rather than a reactive 

approach.  The theory of punctuated equilibrium suggests that policy change is most 

likely to occur after a catalytic event due to the policy issue being most visible and salient 

in the event’s aftermath (Eldredge and Gould 1972).  It can be argued that regulations 

related to asbestos and oil spills followed the path of punctuated equilibrium.  This is a 

history we would rather not repeat with regard to nanotechnology. The following are 

avenues by which an integrated multi-pronged governance approach can help drawing the 

government’s attention in pushing a proactive NMs legislation to public policy agenda 

without the aid of an adverse catalytic event for a more sustainable nanotechnology 

management. 

 

Scientific research and life cycle assessment 

In order to overcome the debate between environmental protection and economic 

growth, a framework must exist for integrating scientific knowledge of NMs and societal 
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perceptions related to the economic benefits of nanotechnology.  Scientific research in a 

wide range of fields, such as innovative materials, environmental chemistry, 

nanotoxicology, and medical science will help explain the benefits and risks of NMs to 

environmental and human health.  This knowledge is vital to the integration of research 

into policy advocacy focusing on the regulation of NMs. After decades of study, 

scientific gaps still exist and require significant effort to develop critical data that are 

needed for a fully understand of NMs through their life cycles. Even though it is always 

challenging to unveil unknown benefits and risks associated human and environmental 

health about an emerging technology, it is significant to address the knowledge to help 

achieve a holistic life cycle assessment of NMs and to help direct the governance of 

nanotechnology (Balbus et al. 2007; NRDC 2007; WWICS 2007). An integrated life 

cycle assessment which considers economic norms provides an important basal tool and 

reference for stakeholders to use when advocating for NMs legislation.  Furthermore, a 

NMs life cycle assessment will also be helpful in developing green technology, a more 

favorable option to reactionary regulatory policy which often comes as a result of an 

unfortunate event or discovery. 

Scientific research and life cycle assessment is also critical in governance of 

nanotechnology due to critical data they generated with the consideration of social and 

economic norms. This information will be vital in education not only to government 

sectors and stakeholders, but also the general public.  
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Public education and engagement  

 In governance of nanotechnology, public awareness and focus can be a very 

powerful influence on the policy agenda. However, the power of public awareness will 

only be enhanced with increased public education.   Because of the complexity of 

nanotechnology and the rapid emergence of different NMs and uses, the general public is 

not well educated with current knowledge of benefits and environmental, health, and 

safety effects that may arise from the nanoproducts (Breggin and Carothers 2006).  As 

was mentioned previously, updated information generated by recent and ongoing 

scientific research should be accurately translated to not only the governmental sectors 

and stakeholders, but also the general public (Breggin and Carothers 2006; NSF 2001; 

Pray and Yaktine 2009). Simple, truthful, and reliable presentation of information related 

to NMs is crucial to develop an informed populace and to allow development of 

reasonable policies regarding NMs. Research and surveys suggest an increased public 

knowledge base pertaining to nanotechnology awareness should include the potential 

benefits and risks associated with NMs. This foundational information reduce the 

controversy and fears engendered by public as a result of unknown risks, especially in 

food products (Arnall 2003; Pray and Yaktine 2009). In the United Sates, surveys 

regarding how much the public knows about nanotechnology shows the U. S. community 

is less educated and more focused on the benefits than concerned with  the potential 

environmental and human risks in contrast to the public in EU (Pray and Yaktine 2009). 

In order to engage a larger proportion of a population in understanding nanotechnology 

and its multi-faceted effects, several approaches have been suggested, such as 
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nanotechnology workshops, community based seminars, media coverage, and student 

involvement (Kuzma 2007; Pray and Yaktine 2009). It is important to make sure a 

substantial information asymmetry does not exist to weaken the power of public 

awareness. 

 

Agenda-setting approach 

Agenda setting theory describes the role that news audiences and the general 

public play in focusing the  frequency and prominence of attention that a topic receives in 

media outlets and the ability of media to highlight certain issues onto the public policy 

agenda through increased coverage (Mccombs and Reynolds 2002). As discussed 

previously, educating the general public with accurate information will be essential to 

increase public awareness of nanotechnology.  As a consequence of increased public 

awareness, interest in knowing more about nanotechnology and NMs will be elevated and 

thereby drive media to increase NMs coverage. With more NMs research and reports 

published via the media, the understanding of multi-faceted nanotechnology further 

diffuses through the general public.  This generates a feed-back mechanism that will 

emphasize public education and strengthen the media coverage of the nanotechnology. 

Hence, the media plays an important role in connecting public to nanotechnology 

industry and is crucial to increase public awareness of NMs and their potential benefits 

and risks.  Research regarding media coverage in nanotechnology has shown that from 

1997 to 2007, articles in academic journals regarding nanotechnology dramatically 

increased from approximately 100 to 1,200 annually (Sellers et al. 2009). Meanwhile, 

nanotechnology articles in mainstream news magazines increased from nearly zero to 

around 40 annually (Sellers et al. 2009). With a cause-and-effect relationship between the 
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public’s agenda and the media’s agenda (Iyengar et al. 1982),  the more news pieces on a 

subject posted via the media, the more important and salient the subject matter is to the 

general public during the days of coverage.  Agenda-setting theory states that with 

increased media diffusion of NMs and nanotechnology knowledge, more people will 

come to understand this novel technology and consider the effects of its application. 

However, it is critical to report scientifically valid information that relies upon empirical 

data regarding behaviors and effects of NM. 

In governance of nanotechnology, post-registration and environmental monitoring 

replying on legislation. In order to accelerate the adaption and improvement of current 

regulations, an agenda-setting approach that presented unbiased information about NMs 

would help increasing public knowledge and awareness regarding NM uses and possible 

risks, which could elevate public awareness and concern for the benefits and costs of 

these new technologies.  Public interest in the inclusion and effects of NM would provide 

a sound foundation of support for improved regulatory framework for NMs. This 

approach can be quite powerful in spreading the knowledge of nanotechnology to the 

public and drawing federal government’s attention to a lack of information that is needed 

to determine the need for sound and reasonable regulations. 

 

Conclusion 

This study reviewed the current research regarding NMs risks to the environment 

and human beings. In addition, regulations governing nanotechnology and NMs in the 

United States have been summarized. Limitations of current legislations on NMs may 

cascade into risks throughout raw-material production, manufacture, distribution, use 

http://en.wikipedia.org/wiki/Sustainable_distribution
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and disposal processes. An effective and sustainable governance approach of 

nanotechnology and NMs should be based upon scientific research that fills basic 

knowledge gaps and improves life cycle assessment which may allow us to more fully 

understand the impacts of NMs to the environment and human health. The assessment 

will be helpful in having the reference for cautious development of the nanotechnology. 

Another suggestion is to establish an integrated legislative approach regarding NMs and 

nanotechnology. This will require education of the public with accurate scientific 

knowledge that is crucial in increasing the public interests and understanding of multi-

faceted nanotechnology and NMs. Increased public awareness will expand the frequency 

and prominence of the NMs coverage in the media, which may facilitate an integrated 

regulatory framework. The advocacy of a new regulation would help prevent the 

reactionary environmental protection for NMs.  
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CHAPTER VI 

CONCLUSIONS OF BIOACCUMULATION AND CATALASE ACTIVITIES 

ELEVATION BY C60 EXPOSURE AS COMPARISON TO PYRENE 

 

Many governmental agencies, non-governmental organizations, university 

researchers, industries have voiced the need for knowledge that characterizes the toxicity 

and environmental fate of nanoparticles (Dunphy Guzmán et al. 2006; Moore 2006). 

Results of research presented in this dissertation add to the body of knowledge in 

nanotoxicology. Furthermore, these results have potential implication in risk assessment, 

policy, and development of products containing carbon nanomaterials(NMs).  

 Studies have reported C60 lethality to green algae  

 (Selenastrum capricornutum) (Gelca et al. 2011) and water fleas (Daphnia magna)  

(Lovern and Klaper 2006; Lovern et al. 2007; Oberdörster et al. 2006; Zhu et al. 2009), 

but C60 exhibits less toxicity  to the terrestrial worm Eisenia fetida (Li et al. 2010)  and 

to fish (Danio rerio & Carassius auratus) (Zhu et al. 2008; Zhu et al. 2007). This study 

expands the available toxicity results by confirming no lethality of C60 to Lumbriculus 

variegatus in the concentration range of 0.05 to 11.33mg C60 / kg dry sediment. This 

study also demonstrated the bioavailability of C60 to L. variegatus after 28 days exposure.  

The relatively low biota-sediment accumulation factor (BSAF) of 0.032 ± 0.008 in 

comparison with that of pyrene of 1.62 ± 0.22 is noteable. These findings suggest a 

relatively low C60 bioaccumulation risk to living organisms.   

 While inorganic and organic NMs are released into the environment, particle sizes 

of the NMs may have been changed through agglomeration, aggregation or fusion that 
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may occur through different processes in usage and discharge. Results in this study 

regarding the effect of C60 size on bioavailability suggest that µ-C60 will have a 

significantly larger bioaccumulation than bulk-C60 to L. variegatus. These data suggest, 

but do not prove, that nano-C60 may be more readily bioaccumulated in benthic worms 

than are the larger agglomerates.    

 Additionally, this study has tested catalase (CAT) activities of L. variegatus after 

exposed to both C60 and pyrene. Understanding that CAT activity is a biomarker for 

oxidative stress, leads to the conclusion that elevated CAT in worms after exposed to     

µ-C60 represents biochemical stress to aquatic organisms, such as lipid peroxidation 

(Oberdörster et al. 2006; Shinohara et al. 2009; Usenko et al. 2007), and DNA damage 

(Reeves et al. 2008).  

Results in this dissertation add to the knowledge of C60 accumulation in benthic 

invertebrates and the induction of oxidative stress by C60 exposure. With about 600 fold 

lower concentration of C60 (199 ± 80 µg/kg) in worm tissue than pyrene, CAT activity 

was significantly induced by µ-C60 residues with 72.2 ± 2.1 % compare to the control at 

day 14 throughout the exposure. A linear regression relationship between C60 body 

residues and elevated CAT activity has been developed. Thus, even with a low risk of 

bioaccumulation in the environment, C60 exposure and accumulation in living organisms 

may induce oxidative stress and further problems. However, the knowledge from this 

study and other research regarding the toxicity and bioaccumulation of C60, leaves 

questions to be answered. For example, what is the mechanism of C60 bioaccumulation?  

Are there any interactions of C60 with other contaminants in the sediment? Will other 

species have the same biochemical responses after exposure to C60? Will L. variegatus 
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experience DNA damage after C60 exposure? Answers to these questions require further 

and deeper research for a full understanding of C60 impacts to the environmental health.  

Impacts of C60 and other NMs to both the human health and environment with a 

whole life cycle assessment are critical for sound management, but life cycle assessments 

are not holistic yet. Potential risks of NMs throughout the manufacture, application, 

usage, and disposal are not fully understood and assessed. In order to have a sustainable 

development and governance of nanotechnology in the future, fundamental legislation 

regarding NMs through the whole life cycle are the inevitable requirements. Research 

regarding NMs in both scientific and social norms can generate information to frame any 

future regulation of C60 with a full life cycle consideration. Meanwhile, high 

involvement of the public sectors through knowledge education is critical to increase 

public awareness of NMs. Agenda setting theory in public policy theories is practical to 

apply for educating the public and drawing attention to the government’s lack of 

integrated legislation regarding NMs and nanotechnology.  

Overall, this study has answered some toxicology questions of C60, such as acute 

toxicity, bioaccumulation factor, and biochemical response. However, more questions are 

revealed and will be necessarily to be included in more holistic C60 life cycle 

assessments. Large-scale, scientific research emphasizing human and environmental 

health will be essential not only for proper management of C60, but for other NMs as 

well.  This research is in essential for sustainable NMs management into the future.  
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