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ABSTRACT 
 
Chemical functionalization of single-walled carbon 

nanotubes (SWCNTs) can improve their solubility in water 
and organic solvents to allow use in solution-based 
techniques and extend the range of applications. With 
increasing production and use, functionalized SWCNTs 
will undoubtedly end up in aquatic ecosystems.  Therefore, 
it is necessary to use aquatic animal models as potential 
indicators of toxicological effect.  We tested 1) aqueous 
lignin-functionalized and 2) carboxy-functionalized 
SWCNTs, manufactured by the National Research Council, 
to determine the effect of different degrees and types of 
functional groups. Carboxy-functionalized SWCNTs were 
manufactured via oxidation at 30, 40 and 50°C in a 
HNO3/H2SO4 mixture.  Lignin-functionalized SWCNTs 
were manufactured by suspending the pristine material in 
an aqueous lignin sulfonate solution. We exposed zebrafish 
(Danio rerio) embryos over a 72-hour period to a range (1, 
10, 50, 100 and 200 mg/L) of pristine and functionalized 
SWCNTs following Organization for Economic Co-
Operation and Development (OECD) guidelines. Endpoints 
including lethality, hatch inhibition, morphological 
impairments and changes in gene expression (in progress) 
were measured. Results show lethal and sublethal effects 
with pristine and functionalized SWCNTs. 
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1 INTRODUCTION 
 
Since their discovery in 1991 [1], single-walled carbon 

nanotubes (SWCNTs) have been extensively studied due to 
their unique structural, electrical and mechanical properties.  
Despite their high tensile strength, conductivity and 
flexibility, use in biomedical applications such as drug 
delivery have been limited due to their inability to be 
dispersed in any solution and biodegraded in the 
environment [2].  SWCNTs can be functionalized via 
oxidation to produce a more hydrophilic material that 
differs in toxicity compared to their pristine or un-
functionalized counterparts due to differences in purity and 
surface properties [3].  

Zebrafish (Danio rerio) are a commonly used animal 
model in acute toxicity studies.  Their embryos are small 
(~1.0mm), transparent and develop rapidly to minimize 
nanomaterial use and allow complete documentation of 
developmental impairments [4-5]. The expansion in zebrafish 
research is partly attributed to their fully sequenced genome 
that can be used in conjunction with quantitative real-time 
PCR (qPCR) to measure changes in gene expression in 
response to chemical treatment [6].    

We tested the differential expression of stress-related 
genes including alpha-tocopherol transfer protein (α-TTP), 
glutamate-cysteine ligase, catalytic subunit (GCLc) and heat 
shock protein 70 kDa (HSP70) that were found to be 
significantly up-regulated over 2-fold in response to 100µL 
fullerene [7].  These toxicity biomarkers were normalized to 
housekeeping genes, elongation factor 1 alpha (elfa) and beta 
actin (β-actin), which are stably expressed following 
chemical treatment [6].  

Our objective was to determine the toxicological effects 
of SWCNTs covalently functionalized with carboxylic acid 
groups or noncovalently functionalized with lignin to 
facilitate dispersion.  We predict that SWCNTs 
functionalized for increased water solubility will display 
more effects at whole animal and molecular levels compared 
to pristine unfunctionalized SWCNTs due to their increased 
solubility and bioavailability.  
 

2 METHODS 
 

2.1 Pristine and Functionalized SWCNTs  

The National Research Council (NRC) manufactured the 
pristine SWCNTs used in this study via the induction thermal 
plasma process [8].  Pristine SWCNTs were carboxy-
functionalized via oxidation at 30, 40 and 50°C in a 
HNO3/H2SO4 mixture for two hours then suspended in water 
(1g/L).  Pristine SWCNTs were also functionalized via 
addition of lignin sulfonate (10g/L) then suspended in water 
(5g/L).    

NRC provided physicochemical characteristics such as 
size, concentration of carboxylic acid groups, catalyst (Ni and 
Y) content and solubility using techniques such as 
transmission electron microscopy (TEM) and inductively 
coupled plasma – atomic emission spectroscopy (ICP-AES).  
A chemical substitution of H+ with K+, the latter quantified 
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using ICP-AES, was used to determine the concentration of 
carboxylic acid groups.  Solubility was measured using the 
fraction of carboxy-functionalized SWCNTs remaining in 
suspension following filtration and a three-week 
stabilization period.  

 All SWCNT stock suspensions were stirred (1200rpm) 
for 20 minutes and diluted to a range of concentrations with 
de-chlorinated tap water (DTW) without dispersants.  Prior 
to zebrafish exposure, test suspensions were probe 
sonicated for 20 seconds and vortexed for 10 seconds to 
disperse the SWCNTs.   

 
2.2 Zebrafish Embryo Toxicity Assay 

Embryos at the same developmental stage (1-2 hours 
post fertilization, hpf) were collected from adult wild-type 
AB/TB strain zebrafish maintained at the University of 
Alberta.  Embryos were exposed to 0 (DTW), 1, 10, 50, 100 
and 200mg/L pristine and functionalized SWCNTs 
according to the method described by Felix et al. [9].  We 
measured lethality, hatch inhibition and morphological 
impairments such as stunted development, edema and tail 
curvature at 24, 48, 52, 56 and 72 hpf.  Exposure 
experiments were replicated at least 10 times at each 
concentration and time point tested.  Data was collected 
from experiments with at least 80% survival in the DTW 
control as per Economic Co-Operation and Development 
(OECD) guidelines.  Larvae at 72hpf were used for RNA 
extraction. 
 
2.3 Gene Expression Analysis 

Zebrafish larvae were collected immediately after 
exposure to DTW, H2O2 (1mM), as a positive control, and 
SWCNTs (100 and 200mg/L).  RNA was pooled from five 
randomly selected larvae per treatment and repeated four 
times.  RNA was extracted using the MasterPureTM RNA 
Purification Kit (Epicentre, MCR85102) with the following 
modifications.  The RNA pellet was rinsed twice with 75% 
ethanol and suspended in nuclease free water.  Following 
incubation at 37°C for 30 minutes, EDTA and 
SUPERase�InTM RNase Inhibitor (Ambion®) were added to 
each sample and stored at 4°C overnight.  Total RNA was 
diluted (50ng/µL) with nuclease free water and reverse 
transcribed using the RevertAid First Strand cDNA 
Synthesis Kit (K1621, K1622) according to the 
manufacturers instructions (Thermo Scientific).  Reaction 
conditions were as follows: 42°C for 60 minutes and 70°C 
for 5 minutes.  

Oligonucleotides were synthesized for zebrafish genes, 
α-TTP, GCLc and HSP70 using sequences from the 
National Centre for Biotechnology Information (NCBI) 
database.  Primer sets (Table 1), previously designed in our 
lab, were validated using PCR amplification and qPCR 
(data not shown).  PCR amplification was performed with  
2% agarose gel electrophoresis at 60V for two hours.  PCR 

Table 1: Forward (F) and reverse (R) primer sequences (5’ - 
3’) of housekeeping genes and genes of interest used in 

quantitative real-time PCR (qPCR). 
 

Abbreviation Primer Sequences (5' - 3')
!-actina (F)  TAG CAA TGA GAT TCA AAC GAA CGA

(R)  GAG CAG AAG CCA TGC TGA TG
elfaa (F)  GCT GGC AAG GTC ACA AAG TCT

(R)   CCT TTG GAA CGG TGT GAT TGA
" - TTPb (F)  AAG GTG GCG CAC ATG GA

(R)  CCT TTG GAA CGG TGT GAT TGA
GCLcb (F)  CGA AAG CTC CTC TGC ATG AGA

(R)  AAA CGT TTC CAT TTT CGT TGC T
HSP70b (F)  GGG CAG GCT GAG CAA AGA G

(R)  TGC AGA TCG TCT TCA GCT TTG T  
a Housekeeping gene. 
b Gene of Interest. 
 
reaction conditions were as follows: 95°C for 2.5 minutes, 
95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 
seconds, followed by 29 cycles of 95°C for 30 seconds and 
72°C for 5 minutes.   

qPCR was performed using a 7500 Fast Real-Time PCR 
System (Applied Biosystems) and Sequence Detection 
Software (Version 1.4).  A slope of ± 0.3 and a correlation 
coefficient (R2) > 0.90 were deemed acceptable for primer 
validation.  Each sample (10µL) contained SYBR Green PCR 
master mix (University of Alberta), gene primer (Integrated 
DNA Technologies, IDT) and cDNA template (1:10 
dilution).  Reaction conditions were as follows: 95°C for 2 
minutes, 40 cycles of 95°C for 15 seconds and 60°C for 1 
minute, followed by a dissociation step.  An endogenous 
stability assay was used to determine the stability of β-actin 
and elfa in response to each treatment.  Changes in gene 
expression were calculated by the 2-ΔΔCT method [10].   

  
2.4 Statistical Analysis 

Statistical analysis was performed using SigmaPlot 11.0 
for Windows (Systat Software Inc.).  All data are presented 
as mean ± SE.  A one-way analysis of variance (ANOVA) 
with a post hoc multiple comparisons Tukeys test was used to 
determine significant differences.  A Student’s t-test was used 
to identify significant differences between survival of 
embryos exposed to pristine and functionalized SWCNTs.  
Level of significance was set at p < 0.05. 

 
3 RESULTS AND DISCUSSION  

 
3.1 SWCNT Characterization 

The anisotropic pristine SWCNT bundles were 
approximately 10 to 20nm in diameter and 2µm in length.  
Size was difficult to measure due to the presence of 
amorphous carbon.  Price et al. [11] found that increasing the 
temperature of the oxidative treatment can shorten the length 
of SWCNT bundles suggesting that COOH-50°C SWCNTs 
are shorter than COOH-40 SWCNTs. 
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Chemical analysis of K+ content using ICP-AES 
suggests that the concentration of carboxylic acid groups 
increases with the temperature of the oxidative treatment 
(data not shown).  ICP-AES also showed a metal catalyst 
content of 11.1 ± 0.3% Ni and 3.4 ± 0.1% Y.  Other metal 
impurities have yet to be determined. 

The solubility of COOH-30°C, COOH-40°C and 
COOH-50°C SWCNTs was 677, 591 and 800mg/L, 
respectively.  Physicochemical characteristics such as 
purity and solubility are important factors in determining 
the fate and toxicity of SWCNTs in aquatic ecosystems.  
 
3.2 Zebrafish Survival and Hatch 

Exposure to pristine and functionalized SWCNT test 
suspensions caused death of ≥ 30% of the population at 
each concentration (Figure 1).  We found a significant  

 

 
 
Figure 1: Cumulative percent survival of zebrafish embryos 

exposed to 1, 10, 50, 100 and 200mg/L pristine 
(N =19), COOH-30°C (N = 13), COOH-40°C (N = 11), 
COOH-50°C (N = 12) and lignin-functionalized single-
walled carbon nanotubes (SWCNTs, N = 10) at 72hpf. 

Values are mean ± SE. * Indicates significant difference 
compared to control (ANOVA, p < 0.05).  # Indicates 

significant difference between pristine and functionalized 
SWCNTs (t-test, p < 0.05).  Each N represents 30 embryos 

per well for a given treatment group. 
 

decrease in survival of zebrafish exposed to 200mg/L 
lignin-functionalized SWCNTs, compared to control, at 72 
hpf.  Survival of embryos exposed to each concentration of 
lignin-functionalized SWCNTs and 50mg/L COOH-50°C 
SWCNTs were significantly different compared to the same 
concentrations of pristine SWCNTs.  Using human dermal 
fibroblast cells, Sayes et al. [12] found that as the degree of 

functionalization increases, water-soluble SWCNTs become 
less cytotoxic in vitro. 

We observed a delay in hatch of zebrafish exposed to 
200mg/L pristine SWCNTs at 48, 52 and 56hpf and an 
increase in hatch of zebrafish exposed to 200mg/L COOH-
30°C SWCNTs (Figure 2).  Our findings agree with Cheng et  
 

 
 

Figure 2: Percent hatch of zebrafish embryos exposed to 
control (N = 65) and 200mg/L pristine (N =19), COOH-30°C 
(N = 13), COOH-40°C (N = 11), COOH-50°C (N =12) and 

lignin-functionalized single-walled carbon nanotubes 
(SWCNTs, N = 10) at 48, 52, 56 and 72 hpf.  Values are 

mean ± SE. * Indicates significant difference compared to 
control (ANOVA, p >0.05).  Each N represents 30 embryos 

per well for a given treatment group. 
 
al. [3] who observed a hatching delay of zebrafish exposed to 
≥ 120mg/L pristine SWCNTs at 52 and 56 hpf.  The increase 
in hatch of 56hpf zebrafish embryos may be attributed to 
absorbance of the COOH-30°C SWCNTs to the chorionic 
membrane thereby preventing gas exchange [3].  Following 
exposure of 200mg/L polymer-coated CeO2 nanoparticles to 
zebrafish, Felix et al. [9] found that 37.79 ± 2.65% was 
adsorbed to the chorion and 0.07 ± 0.01% was adsorbed to 
the animal.  Morphological impairments were not observed in 
zebrafish exposed to any treatment (not shown).   
 
3.3     Zebrafish Gene Expression 
 

The differential expression of α-TTP, GCLc and HSP70 
were tested in response to 100 and 200mg/L SWCNTs.  
These genes were selected based on their biological function 
and response to other carbon-based nanomaterials [7].  The α-
TTP is expressed in the liver, functions to maintain plasma 
levels of α-tocopherol or vitamin E [13] and has been shown 
to inhibit fullerene-induced peroxidation by 80% [14].  The 
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GCL is an enzyme involved in the synthesis of glutathione 
and its expression is up-regulated by reactive oxygen 
species (ROS) and different xenobiotics [15].  The HSP70 
is involved in cellular processes relating to protein folding 
and is expressed in response to various environmental 
stressors such as heat shock, hypoxia and chemical 
treatment [16].  qPCR results identifying changes in gene 
expression of zebrafish exposed to pristine and 
functionalized SWCNTs are in progress. 

 
4 CONCLUSIONS 

 
All functionalized SWCNTs were derived from the 

same pristine material suggesting that the degree and type 
of functional group influences their level of toxicity.  The 
results obtained in this study may be partly attributed to 
catalyst contaminants, however it is appropriate to consider 
the combined effects of impurities and SWCNTs. 

At 72hpf, zebrafish may have recovered from SWCNT 
exposure; therefore, in future studies we will examine 
changes in gene expression at earlier developmental stages.  
Additional experiments that are in progress include 
calculating the lethal concentration 50 (LC50) values, 
measuring molecular effects at lower concentrations and 
identifying trace metal content for each SWCNT type.    
Further testing of these functional derivatives is required to 
determine their effect on human health and the 
environment. 
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