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Environmental significance statement: (~ 3-5 sentences)

The blooming rate in the production and application of CNTs in various fields has prompted 

accompanying rise in public concerns on the possible toxicological risks and implications related 

to these CNMs. Systematic studies of the relationship between the toxicological effects and 

mechanisms of SWCNTs and their physicochemical properties are still scarce in the literature and 

thus are greatly needed. This study quantitatively compared the cellular toxicity profiles and 

mechanisms among 6 SWCNTs with varying length, functional groups and electronic structures 

with the object to elucidate the toxicological effects of SWCNTs and their dependence on 

physicochemical properties. The results contribute to the advancement of our mechanistic 

understanding of SWCNT nanotoxicity based on their fundamental properties, which will provide 

a scientific basis for CNM regulatory management and risk mitigation.
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Abstract (50-250 words)

Single-walled carbon nanotubes (SWCNTs) are a group of widely used carbon-

based nanomaterials (CNMs) with various applications, which raise increasing public 

concerns associated with their potential toxicological effect and risks on human and 

ecosystems. In this report, we comprehensively evaluated the nanotoxicity of SWCNTs 

with their relationship to varying lengths, functional groups and electronic structures, by 

employing both newly established quantitative toxicogenomics test, as well as 

conventional phenotypic bioassays. The objective is to reveal potential cellular toxicity 

and mechanisms of SWCNTs at the molecular level, and to probe their potential 

relationships with their morphological, surface, and electronic properties. The results 

indicated that DNA damage and oxidative stress were the dominant mechanisms of action 

for all SWCNTs and, the toxicity level and characteristics varied with length, surface 

functionalization and electronic structure. Distinguishable molecular toxicity fingerprints 

were revealed for the two SWCNTs with varying length, with short SWCNT exhibiting 

higher toxicity level than the long one. In terms of surface properties, SWCNT 

functionalization, namely carboxylation and hydroxylation, led to elevated overall 

toxicity, especially genotoxicity, as compared to unmodified SWCNT. Carboxylated 

SWCNT induced a greater toxicity than the hydroxylated SWCNT. The nucleus is likely 

the primary target site for long, short, and carboxylated SWCNTs and mechanical 

perturbation is likely responsible for the DNA damage, specifically related to degradation 

of the DNA double helix structure. Finally, dramatically different electronic structure-

dependent toxicity was observed with metallic SWCNT exerting much higher toxicity 

than the semiconducting one that exhibited minimal toxicity among all SWCNTs.
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Introduction

Carbon nanotubes (CNT) are a broadly utilized group of carbon-based 

nanomaterials (CNMs) due to their unique mechanical, optical, electrical and thermal 

properties. The hollow CNTs are divided into single-walled carbon nanotubes (SWCNT) 

and multi-walled carbon nanotubes (MWCNT). There has been tremendous enthusiasm 

in exploring the exemplary CNT properties for various bioengineering applications, 

including biosensors and biodevices for identification of biomolecules and cells 1-3, 

delivery of drugs and vaccines 4-6, tissue bioengineering 7, 8, and neuronal growth 9, 10.

The blooming rate in the production and application of CNTs in various fields has 

prompted accompanying rise in public concerns on the possible toxicological risks and 

implications related to these CNMs. Due to the difficulty in determining the accurate 

CNT concentrations in real environmental matrices 11, 12, modeling approaches have 

estimated the expected CNT concentrations in the aquatic environment and sediments to 

be in the range of ng/L to perhaps low μg/g based on estimates of production, disposal, 

and persistence 13-15. Although the risk of CNT bioaccumulation in the environment is 

considered to be low 16, 17, laboratory studies have demonstrated that CNTs may be 

accumulated by both plants and animals 18, 19. Petersen et al. have reported that the water 

flea Daphnia magna can accumulate CNTs in its gut, although the absorption into 

cellular tissues was unobservable 20, 21. 
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4

Due to their fiber-like structure, CNT could stimulate asbestos-like pathology, e.g. 

oxidative stress as well as pulmonary and inflammatory effects 22-25. CNT-induced effects 

observed in humans, mice, rats and many other species have been associated with 

cytotoxicity 26-28, genotoxicity 29-31, epigenetic toxicity 32, splenic toxicity 33, 

immunotoxcity 34, 35, dermal and eye irritation and skin sensitization 36, inhibition of 

lactate dehydrogenase activity 37 as well as fecundity and growth 38. CNT toxicity has 

been recognized to be influenced by various factors such as material preparation, surface 

properties, and characterization methodologies, which have resulted in seemingly 

inconsistent and even contradictory observations 39-41. 

The toxicity of single-walled carbon nanotubes (SWCNTs) could be affected by a 

wide range of morphological, surface, and electronic properties 42-46. Most previous 

studies on SWCNT toxicity have focused on a single or few properties and features each 

time. Moreover, most studies focused on specific phenotypic endpoints, and molecular 

level mechanisms were relatively rare. It is of great significance to develop a 

comprehensive mechanistic understanding of SWCNT nanotoxicity based on their 

fundamental properties, which will provide a scientific basis for CNM regulatory 

management and risk mitigation. In summary, systematic studies of the relationship 

between the toxicological effects and mechanisms of SWCNTs and their 

physicochemical properties are still scarce in the literature 47 and thus are greatly needed. 

Most nanotoxicity studies have employed conventional animal-based, e.g. mice 

and rats, phenotypic toxicity assessment methods due to their anatomical similarities to 

human health issues 25, 48-50. However, the resource-intensiveness, sophisticated analytical 

methodology, and long testing periods associated with animal-based experiments make it 
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very challenging, if even possible at all, to evaluate the large and ever increasing number 

and diversity of nanomaterials 51. Therefore, a systematic transition from animal-based 

tests to a tiered screening and evaluation system that incorporates high throughput, 

mechanistic nanotoxicity testing methodologies and predictive toxicological models is 

urgently needed 51-53.

Recently, we have developed and demonstrated a novel toxicogenomics-based 

high-throughput 3-dimensional (exposure time, specific protein, expression alteration 

magnitude) differential protein expression profiling technique, using GFP-fused yeast 

reporter arrays, for fast, effective and mechanistic toxicity assessment 31, 54. In addition, 

we have developed the Protein Expression Level Index (PELI) for determination of 

quantitative toxicogenomics endpoints 31, 55-57. We have demonstrated successful 

application of this technology for comparing and evaluating genotoxicity potential and 

mechanisms among various NMs 31. Additionally, a variety of researchers have 

demonstrated the successful application of genomics 58, as well as other omics 

technologies such as proteomics 59-63 and metabonomics 64-66 for SWCNT toxicity 

evaluation. 

In this study, we comprehensively assessed the nanotoxicity of SWCNTs with 

different lengths, surface groups, and electronic structures by employing the newly 

established quantitative toxicogenomics-based toxicity assay as well as by conventional 

phenotypic bioassays. In addition, detailed and comprehensive characterization of the 

SWCNTs of varying properties were performed. The results elucidated the SWCNT 

structure-dependent toxicology and revealed the relationship between the observed 

toxicity mechanisms and SWCNT physicochemical properties.
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2. Materials and Methods

2.1 Nanomaterials Information and Preparation

Six different types of single-walled carbon nanotubes (SWCNTs), including two 

SWCNT with different lengths (unmodified SWCNTs; 0.5-2 and 5-30 m; purity > 90%; 

Cheap Tubes Inc., VT, USA), two with different functional groups (carboxyl and 

hydroxyl; purity > 90%; Cheap Tubes Inc., VT, USA), and two with different electronic 

states (metallic and semiconducting; purity > 98%; NanoIntegris, IL, USA), were 

assessed in this study (see detailed information in Table 1). The SWCNT characterization 

is provided in Section 2.2. The synthesis of unmodified and functionalized SWCNTs 

were through catalytic chemical vapor deposition, followed by purification using dilute 

nitric acid solution, containing < 3 wt% amorphous carbons and 5-6 wt% MWCNTs 

(product information from Cheap Tubes). The functionalization of SWCNTs was 

achieved by air oxidation. The metallic and semiconducting SWCNT were further 

purified by first heating to 300 C in an oven for 4 h to remove amorphous carbon 

(Vecitis et al., ACS Nano, 2010). The SWCNT were then dispersed by bath sonication in 

concentrated HCl and heated to 60 C overnight to remove any residual metals.

SWCNTs stock solutions were prepared as 20 times (640 mg/L) of the highest 

tested concentrations in phosphate buffered saline (PBS) using 1% bovine serum albumin 

(BSA; purchased from Acros, NJ, USA) as the dispersant which is commonly used in 

nanotoxicity bioassays 63, 67. The stock solutions were sonicated using a bath sonicator at 

∼130 watt or 15 min to obtain a good dispersion, immediately followed by dilution in 

synthetic defined (SD) medium for subsequent tests. 
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The intention of this study is to perform hazard assessment that reveals the impact 

of various SWCNT properties on its molecular toxicity profiles and mechanisms, rather 

than to conduct environmental relevant risk analysis. Due to the ability of the 

toxicogenomics assay for capturing subtle molecular level responses, six sub-cytotoxic 

concentrations with 4-fold change (i.e. 32-0.031 mg/L for unmodified and functionalized 

SWCNTs, and 8-0.0078 mg/L for metallic and semiconducting SWCNTs), with the 

highest concentration as IC5 (inhibition concentration, 5%), were selected based on our 

previous nanotoxicity study 31.

2.2 Characterization of SWCNTs

The characterization of SWCNTs were performed using a Field Emission SEM 

(FE-SEM) with an in-lens secondary electron (Zeiss ULTRA, CA) for morphological 

observation, a transmission electron microscope (TEM) (Philips Tecnai F20) for 

examining the purity and defects in metallic and semiconducting nanotubes, and an X-ray 

photoelectron spectroscopy (XPS; Thermo Scientific, USA) for surface elemental 

composition analysis. The quantification of elemental compositions was performed by 

the Thermo Scientific Avantage software. The XPS instrumental error for elemental 

percentages was ± 0.1% 68. Zeta potential, conductivity and aggregation sizes of 

SWCNTs in SD medium during exposure time of toxicogenomics assay (2 h) were 

examined by a dynamic light scattering (DLS) analyzer (Malvern Zetasizer Nano ZS90).

2.3 Toxicogenomics Assay and Quantitative Molecular Endpoint Derivation

The yeast biomarkers ensemble-based library was based on selected of cellular 

stress response pathways and biomarkers that are considered conserved across species. 

Yeast cells have commonly been used for toxicity studies because they share fundamental 
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strategies and defense responses to damage and stress with different eukaryotic cells 69-71, 

providing a promising basis for cross-species extrapolation commonly used in toxicity 

tests. Further, the yeast genome has been well studied, with substantial information 

available on gene function in public database (e.g. Saccharomyces Genome Database) 

and, through this, systematic cellular response pathways and molecular events occurring 

as a response to chemical exposure can be evaluated 72-74. Yeast also offers several 

advantages over higher organisms, including being easy and fast to grow in unlimited 

quantities, ease of maintenance and storage, low cost, and rapid response.

The detailed description about the procedures of the toxicogenomics assay 

employing GFP-fused reporter yeast cells (S. cerevisiae) can be found in our previous 

reports 31, 55-57. We used a library of 74 in frame GFP-fused proteins (SI Table S1) of 

yeast (Invitrogen, no. 95702, ATCC 201388) that were built through homologous 

recombination directed by oligonucleotide to label each ORF with Aequrea victoria 

(jellyfish) GFP in its chromosomal location at the 3’ end 31, 75, 76. The assay covers a wide 

range of key biomarkers indicative of all known important toxicological pathways of 

yeast in main stress categories, i.e. general, chemical, DNA, oxidative and protein stress 

75, 77-79.

Briefly, yeast strains selected for toxicity assessment were incubated in clear-

bottom black-wall 384-well plates with SD medium until the growth of cells reached the 

early exponential phase (with OD600 around 0.2-0.4). The 10 μL SWCNTs solution (pre-

dissolved in PBS), along with blank control (SD medium + 0.25% YPD medium with or 

without SWCNTs), and internal control (SD medium + 0.25% YPD medium + PGK1 

strain with or without SWCNTs), were added to plate wells to obtain the desired final 
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concentrations. PBS with 1% BSA was employed as the vehicle control. The yeast strain 

fused with housekeeping gene PGK1 was used as an internal control for plates 

normalization 55. After adding the chemicals and controls, the plates were then monitored 

for cell growth (OD600 absorbance) and GFP signals of protein expression (485 nm 

excitation and 535 nm emission) by a microplate reader (Synergy H1 Multi-Mode, 

Biotech, Winooski, VT) for 2 h exposure at an interval of 5 min. All testing was 

conducted in dark in triplicate. Details of data processing for the yeast toxicogenomics 

assay can be found in the Electronic Supplementary Information (ESI). 

For each SWCNT, PELI-based concentration-response patterns were modeled 

employing the Four Parameter Logistic (4PL) nonlinear regression model. Toxicity of 

positive or negative threshold value was set as PELI value of 1.5, which was determined 

based on the signal to noise ratio for the similar systems based on previous research and 

the standard deviation range in our toxicogenomics assay 31, 56. The derivation of PELI-

based molecular endpoint PELI1.5 (mg/L) was described in our previous studies 55, 57. 

Additionally, genotoxicity and oxidative stress induced by each SWCNT at PELI1.5 was 

expressed as toxic equivalents geno-TEQ1.5 and oxi-TEQ1.5, respectively, for which 

mitomycin C (MMC) and H2O2 was employed as the reference compound, respectively 

80, 81,49. Since molecular weight is not available for SWCNTs, the unit mg/L was used in 

the equation. 

2.4 Intracellular ROS Production Measurement

The intracellular ROS production induced by all the 6 SWCNTs at the two 

highest concentrations, i.e. 8 and 32 mg/L for unmodified and functionalized SWCNTs 

and 2 and 8 mg/L for metallic and semiconducting SWCNTs, was measured according to 
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the protocol of Abcam (http://www.abcam.com) and literature 82, 83, using probe 2’,7’-

Dichlorofluorescin diacetate (DCFDA, Sigma-Aldrich, D6883-50MG). Briefly, GFP-

negative yeast strain was incubated in YPD medium overnight, and then seeded in SD 

medium for 4-6 h at 30 °C. DCFDA probe was then added to reach a final concentration 

of 25 μM, and incubated for 45 min at 30 °C in dark. The cells were collected, washed 

once by PBS and then suspended in SD medium. The suspended cells were seeded into 

clear bottom black side 96-well plate to reach OD600 about 0.3 to 0.4, and chemicals 

were added to reach the desired final concentration for 2 h exposure. The fluorescence 

signals were read for 485-nm excitation and 535-nm emission, and the fold change in 

ROS production was calculated using the following equation: (Ftest–Ftest blank)/(Fcontrol–

Fblank), where Ftest, Ftest blank, Fcontrol, and Fblank, represent the fluorescence readings from 

SWCNT-treated wells, chemical control with probe (no cells), stained control wells, and 

blank media control with probe (no cells), respectively. The plate reader has been 

calibrated and verified to provide a linear response for the tested conditions in the assay 

84. The equivalent to H2O2 (positive control) was also obtained. The test was conducted in 

triplicate. 

2.5 DNA Damage Alkaline Comet Assay in Human A549 Cells

Alkaline comet assay in human lung epithelial cells A549 (American Type 

Culture Collection ATCC, Manassas, VA) in response to each SWCNT exposure at 1 

mg/mL based on their IC5 concentrations in human A549 (SI Figure S1) or 1% FBS-F12 

medium only (as untreated control) for 24 h was performed following the ITRC protocol 

85 with the CometAssay 96 Kit (Trevigen Inc., Gaithersburg, MD). Cytotoxicity of plain 

and functionalized SWCNTs in human A549 cells for 24 h exposure was performed by 
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first seeding 2×104/well of cells in a 96-well plate in the complete growth medium-F12K 

medium with 10% FBS. Cells are incubated for 24 hours at 37 °C in the presence of 5% 

CO2 to reach continuous mono-layer growing. Then the cells were washed by PBS and 

tested SWCNT samples previously prepared in 1% FBS were added (200 μL/well) in 

designated wells in triplicates; meanwhile, 200 μL of medium with 1% FBS were added 

into designated wells in triplicates as untreated controls for each tested sample. The 96-

well plate was incubated for 24 hours at 37 °C in the presence of 5% CO2. The cells were 

then stained, washed and extracted, and the cell amount was quantified via microplate 

reader as OD630. Survival ratio was calculated as OD630, test/OD630, untreated. The acute 

toxicity endpoints were reported as IC5 based on dose-response curves.

All the testing procedures in comet assay were conducted in dark in triplicate. For 

each treatment, 25 cells were randomly selected and examined using the CASP software 

(University of Wroclaw, Institute of Theoretical Physics) and the damages were 

calculated as % Tail DNA. For a given tested SWCNT, it was recognized as genotoxicity 

positive if the % Tail DNA of treated sample significantly (p < 0.05) increased compared 

to the untreated control. 

2.6 Data Analysis

Hierarchical clustering (HCL) was carried out to cluster the 6 SWCNTs across the 

6 concentrations according to altered protein expression levels of 74 biomarkers in 

response to each sample during the 2 h exposure employing the MultiExperiment Viewer 

(MeV) v4.8 software suite 86. The relationship among the 36 samples was revealed by the 

order of complete average linkage clustering according to correlation distance.
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To simplify the complex data sets of categories, principal component analysis 

(PCA) was conducted through examining the components with the highest variance 

according to their altered protein expression profiles using MultiExperiment Viewer 

(MeV) v4.8 software suite 86 with centering mode as mean and number of neighbors for 

KNN imputation as 10.

Furthermore, we performed gene set enrichment analysis (GSEA) to assess the 

activities of a particular pathway or assembly of proteins by ranking a list of proteins per 

their PELI values based on the study by Subramanian et al 87. The significance of each 

pathway was generated through comparisons between their ranking scores and the 

associated empirical distributions. The null distributions were obtained via the random 

permutation of the specific pathway and all others 1000 times.

Additionally, gene ontology (GO) enrichment analysis for determining the 

significantly represented (overrepresented) biological categories was performed with the 

Network Ontology Analysis (NOA) method 88 using the selected stress library as the 

reference set 56. The activated ORFs that had a mean PELIORF > 1.5 were employed as 

test sets 56, 76, 89. A p-value < 0.05 was considered to be statistically significant. GO 

analysis was performed for the concentrations at which the largest number of proteins 

(ORFs) were activated, i.e. 32 mg/L for unmodified and functionalized SWCNTs, and 8 

mg/L for metallic and semiconducting SWCNTs.

3. Results

3.1 Characterization of SWCNTs
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The physical and chemical characteristics of the six SWCNT samples are 

provided in Table 1. Representative scan electron microscope (SEM) and transmission 

electron microscope (TEM) images of the samples are shown in Figure 1. Visual 

inspection indicated that the tubes were highly bundled, with the diameter of bundles as 

high as 50 nm (versus ~1.2 nm for single tube). We selected three pairs of SWCNTs with 

different lengths (unmodified short and long), functional groups (short hydroxylated and 

carboxylated) and electronic structures (short unmodified semiconducting and metallic). 

The unmodified and functionalized SWCNTs are mixture of approximately 2/3 

semiconducting and 1/3 metallic SWCNTs. 

All of the carbon nanotubes utilized in this study were pretreated with calcination 

to remove any amorphouse carbon and hot acid solution wash (concentrated HCl or dilute 

HNO3) to dissolve any residual surficial metals (Supplementary Information). Therefore, 

the potential impact of residual metals on the bioassay are likely minimal. 

The characterization of aqueous-based SWCNT was performed in SD bioassay 

medium after 2 h duration, similar to the conditions for the toxicogenomics bioassay, thus 

the results will be strongly affected by the medium as compared to aqueous SWCNT. The 

metallic and semiconducting SWCNTs with the lowest zeta potential will be most 

inclined to aggregate while the functionalized SWCNTs with the highest zeta potential 

will be the most resistant to aggregation. However, overall the zeta-potentials are quite 

similar which is likely due to SWCNT interactions with the SD medium.  SWCNT Z-

average size using DLS is subject to even more error since the light scattering device 

assumes dense spherical particles and the aggregation of 1D nanotubes will result in low 
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density non-spherical particles. On top of this, the DLS laser scattering wavelength is 632 

nm falls within the metallic SWCNT UV-vis absorption peak.

The measured conductivity for all of the SWCNT samples was quite similar since 

the measurements were made on vacuum filtered films and thus are a bulk conductivity 

and not a single particle measurement. Although the conductivity of metallic and 

semiconducting SWCNTs is significantly different on a single nanotube measurement 90, 

the bulk measurement could miss the difference since the conductivity will be resisted by 

the large number of hops an electron must make between tubes over the whole bulk.

Table 1. Characterization of SWCNT. Zeta potential, conductivity, and changes in 
aggregation size were measured in SD medium during 2 h period, similar to the 
conditions for bioassays. Mean ± SD. The length range has been supplemented by 
addition of the mean in parentheses.

SWCNTs Long Short -COOH -OH Metallic Semiconducting
Diameter (nm) 1.2 ± 0.4 1.2 ± 

0.4
1.2 ± 
0.4

1.2 ± 
0.4

1.4 ± 0.3 1.4 ± 0.3

Length (µm) 5-30 
(15.0)

0.5-2 
(1.0)

0.5-2 
(1.0)

0.5-2 
(1.0)

0.1-4.0 
(1.0)

0.1-4.0 (1.0)

Oxygen content 
(%)

2.98 ± 
0.27

2.43 ± 
0.28

6.40 ± 
0.67

4.72 
± 
0.06

N/A N/A

Zeta (mV) -4.16 ± 
0.48

-4.77 
± 0.07

-6.01 ± 
0.29

-5.23 
± 
0.06

-3.15 ± 
0.16

-3.25 ± 0.12

Conductivity 
(mS/cm)

11.20 ± 
0.45

10.73 
± 0.42

10.02 ± 
0.27

9.24 
± 
0.28

11.17 ± 
0.69

11.13 ± 0.54

0h 588.2 379.1 516.9 200.3 429.5 63.88Aggregation 
size, Z-
average 
(nm)

2h 755.3 959.2 686.4 719.9 488.1 99.22

Note: N/A: data not available.
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Figure 1. SWCNTs morphology measured using scanning electron microscope (SEM; A - 
D) and transmission electron microscope (TEM; E - F): (A) long SWCNT, (B) short 
SWCNT, (C) carboxylated SWCNT, (D) hydroxylated SWCNT, (E) metallic SWCNT, 
(F) semiconducting SWCNT. The scale is shown at the left bottom corner. 

3.2 Distinctive Toxicity Profiles Among Various SWCNTs Revealed by the 

Quantitative Toxicogenomics Analysis
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The high-resolution toxicogenomics assay revealed the distinctive molecular 

stress response related toxicity profiles among the six SWCNTs with varying 

characteristics (Figure 2A). The molecular toxicity of SWCNTs is concentration- and 

structure-dependent, indicating that the varying modification and treatment of the 

SWCNTs indeed impacted the toxicity fingerprints as results of the changes in surface 

functionalization, lengths and electronic properties. The magnitude in the induction of 

protein expression increased with the increase in concentrations for all SWCNTs. In 

general, the six SWCNTs were separated by clusters, and SWCNTs with the same 

physicochemical trait (e.g. length) but varying concentrations clustered together, 

suggesting a more physicochemical-property-dependent toxicity fingerprints. The 

exception is that at the highest concentrations the different SWCNTs all clustered 

together. This may be explained by the strong cellular response across all stress pathways 

and categories exerted by SWCNTs at the highest sub-cytotoxic concentration, which 

masked the individual CNT-specific stress responses.

The clustered altered protein expression patterns revealed the protein markers and 

indicated biological processes that shared similar regulation behavior in response to the 6 

SWCNTs. There are sub-clusters (i.e. a, b, c) with biomarkers belong to the same stress 

response categories such as DNA damage and oxidative stress due to their shared co-

regulation (Figure 2A). For example, cluster “a” included mostly oxidative stress, DNA 

damage, and protein damage related biomarkers such as CCS1, YBP1, OGG1, CHK1, 

UTH1, and OXA1. This cluster of biomarkers exhibited the highest altered protein 

expression level in response to 4 of the 6 SWCNTs (i.e. unmodified and functionalized 

SWCNTs) at their highest concentrations, indicating strong DNA and protein damage, 
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and oxidative effect of these SWCNTs at higher concentrations near the yet sub-

cytotoxicity thresholds.

Principal component analysis was performed based on differential protein 

expression profiles of biomarkers indicative of various cellular stress responses of the 6 

SWCNTs with varying structure characteristics (Figure 2B). The results showed that the 

first two principle components (PCs) explained around 60% of the total variance among 

all the 6 SWCNTs across 6 concentrations. It is revealed that the studied SWCNTs with 

different physicochemical properties, and at varying concentrations, were separated with 

different projection directions, suggesting that they all have distinct toxicity profiles and 

underlying molecular mechanisms. The lower concentration ( 2 mg/L) samples were 

projected along the left X-axis PC1 direction, while the high concentration ( 8 mg/L) 

samples were scattered towards the right along X-axis, suggesting that the difference in 

toxicity profiles among varying concentrations was likely captured by the first PC. Along 

the Y-axis PC2 direction, the metallic SWCNTs were noticeably projected along the 

upper PC2 direction, indicating a distinct cellular effect likely related to the metallic 

conductivity. Interestingly, the short and long SWCNTs were projected oppositely along 

Y-axis, implying their differential molecular toxicity characteristics associated with the 

length effects. Semiconducting SWCNTs at varying concentrations were all clustered 

together, close to the lowest concentrations of other SWCNTs, with the lowest magnitude 

of overall toxicity response. 
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Figure 2. (A) Hierarchical Cluster (HCL) analysis diagram on the basis of differential protein expressions (lnI, average of triplicates) 
of the 74 stress biomarkers in yeast in response to the 6 studied single-walled carbon nanotubes (SWCNTs). The mean natural log of 
positive induction factors (lnI) indicate the magnitude of regulated protein expressions (scaled by the green-black-red color spectrum 
at the top. Green color spectrum indicates downregulation, and red color spectrum indicates upregulation. The lnI values beyond ± 2 
were indicated as ± 2). X-axis bottom: sample names and concentrations of the SWCNTs, and cluster root of the samples. C1-C6 
indicate concentrations 1-6, which are 0.031, 0.125, 0.5, 2, 8 and 32 mg/L, respectively, for unmodified and functionalized SWCNTs, 
and 0.0078, 0.031, 0.125, 0.5, 2 and 8 mg/L for metallic and semiconducting SWCNTs. Y-axis left: list of proteins categorized within 
five stress categories (captions shown at top). Y-axis right: cluster root of stress proteins and sub-clusters a, b, c. All tests were 
performed in triplicate (n = 3). (B) Principal component analysis (PCA) with differential protein expressions (lnI, average of 
triplicates) in GFP-fused yeast library exposed to the 6 SWCNTs across 6 concentrations. Samples are color-coded and each legend 
shape indicates one treatment with larger legend size representing the higher concentration.
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3.3 Insights into Distinct Molecular Toxicity Mechanisms Revealed by Comparison 

Among Various SWCNTs

The quantitative toxicity indicators, as PELI values, of the 6 SWCNTs (Figure 3) 

showed that as the concentration increased, the toxicity levels were generally elevated. 

Genotoxicity and oxidative stress were the two main stress categories induced upon 

response to unmodified and functionalized SWCNTs at higher concentrations (8 and 32 

mg/L), for which almost all the known DNA damage pathways were induced. The 

dominant molecular response seemed to be DNA stress for all samples disregarding the 

functionalization and length, which was also confirmed by GSEA analysis (Figure 3 and 

SI Table S2; detailed results and discussion described below). This is consistent with the 

previous finding indicating that single-stranded DNA possessed the ability to wrap CNT 

91. Additionally, functionalization of SWCNTs led to elevated overall toxicity, especially 

notably greater genotoxicity than unmodified SWCNTs at the higher concentration range. 

Semiconducting SWCNT exhibited the lowest and nearly marginal observable toxicity 

(PELI < 1.5) among all SWCNTs.

The PELI-based molecular endpoint PELI1.5 (mg/L) was determined from the 

4PL nonlinear concentration-response curves (SI Figure S3) at the studied concentration 

range, as shown in Table 2. PELI1.5 marks the beginning of observable toxicological 

effects (PELI = 1.5), and can quantitatively reflect toxicity levels at the lower 

concentration range. Consistent with toxicity level profiles and GSEA analysis, the 

PELI1.5 of DNA damage was the lowest among the five stress categories for each 

SWCNT, meaning that DNA damage category exhibited the highest toxicity level among 

all categories. Short SWCNT showed notably lower PELI1.5 in general, DNA, oxidative, 
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protein, and overall stress than long SWCNT, indicating a higher toxicity for short 

SWCNT. Although the PELI1.5 of oxidative stress was comparable for the two 

functionalized SWCNTs, carboxylated SWCNT had lower PELI1.5 in chemical stress, 

DNA damage, protein damage and total stress than the hydroxylated tube variant, 

indicating that carboxylation induced a higher SWCNT toxicity compared to 

hydroxylation. Metallic SWCNT exhibited a greater DNA damage capability than 

semiconducting variant based on PELI1.5, which is consistent with toxicity level and 

protein expression profiles.

Furthermore, toxic equivalents geno-TEQ1.5 and oxi-TEQ1.5 induced by each 

SWCNT at PELI1.5 were calculated using MMC and H2O2 as the reference compound, 

respectively, as listed in Table 2. It is worth noting that the PELI1.5 was determined at 

the tested concentration range (0.031-32 mg/L for unmodified and functionalized 

SWCNTs), and from the concentration-response curves, short SWCNT has a PELI1.5geno 

less than 0.031 mg/L, and thus has the highest genotoxic equivalent. In contrast, based on 

PELI1.5 of oxidative stress, metallic SWCNT possessed the highest oxidative stress 

equivalent in reference to H2O2.

The stress categories were analyzed by GSEA to further compare toxicity 

responses and potential MOAs among all the 6 SWCNTs (SI Table S2). Results indicated 

that DNA damage and oxidative stress were the main MOA for all samples disregarding 

the functionalization and length. In particular, DNA damage was the dominant stress 

category. Oxidative stress was significantly enriched for long and semiconducting 

SWCNTs at the highest concentrations, and for hydroxylated and metallic SWCNTs at 

the lower concentrations.
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GO enrichment analysis was performed for the activated ORFs (PELIORF > 1.5) in 

yeast cells in response to the 6 SWCNTs exposure at their highest concentrations, i.e. 32 

mg/L for unmodified and functionalized SWCNTs, and 8 mg/L for metallic and 

semiconducting SWCNTs, which had the largest number of ORFs activated. The 

overrepresented (p-value < 0.05) GO biological categories, i.e. biological processes, 

cellular components and molecular functions, are listed in Table S3. Results showed that 

the biological processes induced by the 32 mg/L long SWCNT were mainly associated 

with cellular response to stimulus and stress, and response to DNA damage stimulus, 

indicating DNA stress was one of the main stress categories, which was consistent with 

GSEA results. Additionally, the significantly represented GO cellular components 

suggesting the macromolecules such as protein and DNA might be the main targets for 

long-SWCNT-induced toxicity. For the 32 mg/L short SWCNT, macromolecule 

modification, post-translational protein modification, and phosphorylation were mainly 

induced. Moreover, transferase activity, specifically transferring phosphorus-containing 

groups such as diphosphate or nucleotides was induced by short SWCNT. 

Regarding the two functionalized SWCNTs, negative regulation of biological 

process and cellular process were mainly induced by the carboxylated SWCNT, implying 

that yeast cells might undertake down-regulation of some biological and cellular 

processes to stop or reduce their rate or extent in response to carboxylated SWCNT 

exposure. Additionally, macromolecular complex and nuclear part might be the main 

target sites by carboxylated SWCNT, indicated by the overrepresented GO cellular 

components. While for the 32 mg/L hydroxylated SWCNT, response to stimulus, 

negative regulation of biological and cellular process, and autophagy were induced. 
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DNA-damage-related biological processes, such as DNA metabolic process, response to 

DNA damage stimulus, and DNA repair were significantly induced by the 8 mg/L 

metallic SWCNT, and nucleus might be the main target site indicated by the 

overrepresented GO cellular components. Regarding the semiconducting SWCNT, 

biological processes such as response to stimulus and oxidative stress, and cell redox 

homeostasis, and molecular functions oxidoreductase activity were overrepresented, 

indicating oxidative stress is the main toxicity category, which is consistent with GSEA 

analysis (Figure 3 and SI Table S2). 
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Figure 3. Quantitative molecular toxicity profiles of the 6 studied single-walled carbon 
nanotubes (SWCNTs) in terms of the PELI values for the 5 stress categories and total 
PELI: (A) long SWCNT, (B) short SWCNT, (C) carboxylated SWCNT, (D) 
hydroxylated SWCNT, (E) metallic SWCNT, (F) semiconducting SWCNT. X-axis: 
concentrations of examined SWCNTs (mg/L). Y-axis: PELI as molecular toxicity 
endpoint. Mean ± SD; replication number n = 3. The “*” indicates the enriched stress 
categories revealed by GSEA.
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Table 2. Summary of PELI-based molecular endpoint PELI1.5 (mg/L) and toxic 
equivalents geno-TEQ1.5 and oxi-TEQ1.5. PELI1.5 was determined from the Four 
Parameter Logistic (4PL) nonlinear concentration-response curves (SI Figure S3) at the 
studied concentration range for the 5 stress and total categories. Toxic equivalents geno-
TEQ1.5 and oxi-TEQ1.5 are for genotoxicity and oxidative stress, respectively, induced 
by each SWCNT at PELI1.5, using mitomycin C (MMC) and H2O2 as the reference 
compound, respectively. 

PELI1.5 (mg/L) TEQ1.5
SWCNTs Chemica

l
Genera
l

DNA Oxidativ
e

Protei
n

Tota
l

Geno
-

Oxi-

Long 0.30 8.36 0.04
8

1.52 10.23 1.58 14.98 2.24

Short 5.22 < 0.031 < 
0.03
1

0.24 7.39 0.14 > 
23.19

14.1
8

-COOH 4.99 3.85 0.20
9

7.29 2.801 2.98 3.44 0.46
7

-OH 6.58 2.91 1.52 7.47 4.88 3.89 0.47 0.45
6

Metallic 1.46 1.51 0.48 < 0.0078 N/A 1.93 1.50 > 
436.
3

Semiconductin
g

N/A N/A N/A 7.57 7.86  N/A N/A 0.45

Note: N/A: data not available. PELI1.5 is not available when the concentration-response 
curve falls below the line PELI = 1.5 at the highest studied concentration.

3.4 Conventional Phenotypic Toxicity Endpoints of SWCNTs and Comparison with 

Molecular Toxicity Endpoints comparisons

To validate and compare molecular endpoints with phenotypic endpoints, we also 

performed oxidative stress related ROS production measurement in yeast cells and 

genotoxicity alkaline comet assay in human A549 cells for the 6 SWCNTs. The 

correlation between molecular and phenotypic endpoints can evaluate and quantify the 
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capability of the quantitative molecular disturbance quantifier based on altered expression 

of key proteins involved in oxidative stress and DNA damage pathways to capture the 

ROS production and DNA damage potential, and therefore to predict phenotypical 

outcomes in terms of ROS production and DNA damage phenotypic endpoints, which are 

shown in Figure 4.

The ROS production comparison among all SWCNTs are shown in Figure 4A. 

Results showed that the ROS production induced in yeast cells increased as the 

concentrations increased for each SWCNT. Additionally, the long and hydroxylated 

SWCNTs induced the highest ROS production at 8 and 32 mg/L. Furthermore, we 

examined the consistency and correlation between ROS production and toxicogenomics 

assay endpoints PELI values induced by each SWCNT at the same concentration. The 

PELI values of oxidative stress and total stress had a good correlation with ROS 

production (r = 0.8642 and 0.9501, respectively) (Figure 5). 

The DNA damage results via comet assay revealed that all SWCNTs except the 

semiconducting one exhibited the positive genotoxicity in human A549 cells (Figure 4B), 

which are consistent with the toxicogenomics assay results. Furthermore, the phenotypic 

genotoxicity endpoints generated from comet assay in human cells were in a good 

agreement with the molecular endpoints PELIgeno (r = 0.9198) (Figure 5). This suggested 

that the biomarkers ensemble selected in the toxicogenomics assay for DNA damage 

stress categories were cable to capture and predict the potential DNA-damage, as shown 

in our previous studies 20,47-49. Comet assay detects DNA strand breaks resulted from 

various DNA damages, including single strand breaks, double strand breaks, alkali-labile 

sites, incomplete excision repair sites, and crosslinks (DNA-DNA or DNA-protein) 92, 
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therefore cautions should be taken in correlating Comet assay results with individual 

biomarker or damage pathway 93. This highlights the advantages of real-time multi-

biomarker and multi-pathway ensemble-based approaches. In addition, possible 

interferences of NMs on Comet assay, as suspected by Lin et al 93, require considerations 

as well.   
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Figure 4. (A) Intracellular ROS production (equivalent to mg/L H2O2) in yeast cells 
induced by the 6 tested single-walled carbon nanotubes (SWCNTs), and (B) % Tail DNA 
compared to untreated control determined by alkaline comet assay for the 6 SWCNTs. 
The % Tail DNA compared to untreated control indicates DNA damage caused in human 
A549 cells by the 6 SWCNTs. (A) and (B): X-axis bottom: name of the 6 SWCNTs; Y-
axis: (A) ROS production (equivalent to mg/L H2O2), and (B) % Tail DNA compared to 
untreated control. The “*” indicates significantly higher than untreated control (p < 0.05). 
Mean ± SD. For ROS production, n = 3; for comet assay, n = 4. 
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Figure 5. Correlation of intracellular ROS generation (equivalent to mg/L H2O2) with 
PELIoxi (A) and PELItotal (B) in yeast, and correlation of % Tail DNA compared to 
untreated control with PELIgeno for the 6 tested single-walled carbon nanotubes 
(SWCNTs) (C). The % Tail DNA compared to untreated control examined by alkaline 
comet assay indicates DNA damage caused in human A549 cells by the 6 SWCNTs. The 
95% confidence intervals are indicated by the dash lines. (A) and (B): X-axis bottom: 
ROS production in yeast equivalent to mg/L H2O2; Y-axis: PELIoxi (A) or PELItotal (B) in 
yeast assay. (C) X-axis bottom: % Tail DNA compared to untreated control; Y-axis: 
PELIgeno in yeast assay. r indicates Pearson correlation coefficient; p value shows 
whether the correlation is significantly linear. Mean ± SD. For ROS production, n = 3; for 
comet assay, n = 4. An error bar was not shown when it was smaller than marker size. 
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4. Discussion

The ROS generated from the interaction between engineered CNMs (including 

SWCNTs) with biological molecules, which thus lead to oxidative stress, have been 

proposed as possible mechanisms involved in their nanotoxicity 94, 95. ROS are well 

known to have both harmful and beneficial effects on biological systems. The deleterious 

influence on cells has been demonstrated to generally result in DNA damage, oxidation 

of amino acids in proteins and fatty acids in lipids (lipid peroxidation), as well as 

oxidative inactivation of specific enzymes via co-factor oxidation 96. Our results from 

molecular toxicogenomics assay and conventional phenotypic assay indicated that all the 

6 studied SWCNTs can induce oxidative stress and ROS production in yeast cells in a 

concentration-dependent pattern.  

Genotoxicity is the main toxicity category for unmodified and functionalized 

SWCNTs in our study. Concerns have been raised about the genotoxic effects of 

nanomaterials in recent years 97, which should be carefully investigated, considering that 

the instability of genetic materials is directly related to the cancer development 98. 

Genotoxicity caused by nanomaterials could be ascribed to several reasons, such as direct 

interaction of the particles with DNA or other cellular components, indirect damage 

induced by ROS, as well as release of toxic ions 99. The quantitative toxicogenomics-

based genotoxicity indicator PELI values were higher than those for the oxidative stress 

effects, suggesting that, the mechanical injury, rather than, or in addition to oxidative 

effects, was likely responsible for the DNA damage induced by SWCNTs 100. 

Specifically, SWCNTs possibly penetrated cell nucleus via nucleopores, followed by 

degrading the double helix structure of DNA 101. 
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In spite of the similarity in the oxidative stress and genotoxicity commonly 

exerted by all the 6 SWCNTs, our results further revealed more detailed molecular 

toxicity natures and fingerprints that were differentially affected by their physicochemical 

properties, i.e. lengths, surface functional groups and electronic structure as discussed 

below.

4.1 Effect of Lengths on Toxicity of SWCNTs

Comparison of quantitative toxicogenomics assay endpoints PELI values 

suggested that the short SWCNT (0.5-2 m) had a higher toxicity level than long 

SWCNT (5-30 m) (Table 2). Additionally, both the stress response profiling and PCA 

results revealed distinguishable molecular toxicity fingerprints for the two SWCNTs with 

different lengths (Figure 2).

The documented data citing in vitro toxicity of SWCNTs with different lengths 

are inconsistent. The interactions between SWCNTs and cells include internalization and 

penetration 102-104. Phagocytosis was regarded as the most critical pathway for 

internalization of SWCNTs having 1 μm or longer length and thus for SWCNT related 

toxicity 102, 105. Therefore, cells that cannot uptake nanoparticles via phagocytosis should 

have higher vulnerability to CNTs with consequently lower toxicity 106. In contrast, Cui 

et al. investigated the uptake and exocytosis of SWCNTs in three lengths in 

macrophages, and found that the cellular accumulation of SWCNTs was independent on 

length 107. In this study, the size of yeast cells (3-4 μm) is comparative to that of CNTs, 

which makes the phagocytosis of nanotubes by yeast cells not likely, therefore the 

expected difference in toxicity effects resulted from preference in phagocytosis due to 

SWCNT length may not be as evidence. 
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The other mode of action of SWCNTs to cells is penetration 103, which is likely 

the main interaction mode between yeast cells and the studied SWCNTs considering their 

comparative sizes. Rotoli et al. compared the effects of two SWCNTs with length of 0.5-

100 μm and 0.5-2 μm on human lung cancer cell line Calu-3, and the results indicated 

that only shorter SWCNTs induce a significant decrease in cell viability 108. Our results 

showed that the varying CNT lengths not only resulted in significant difference in the 

toxicity endpoints magnitude between the SWCNTs based on PELI values, but also 

induced the differences in their observably distinguishable molecular impacts on cells 

elucidated by the high-resolution molecular response profiles, which may entail certain 

different toxicological outcomes. Specifically, the SWCNT with a shorter length showed 

a higher toxicity, which might be due to that the short tubes are more mobile and less 

prone to aggregation, making the penetration easier compared to long tubes. In addition, a 

number of key biomarkers showed up-regulated expression in response to short SWCNT 

only and not to long SWCNT, such as cell wall integrity related plasma membrane 

protein PUN1, apoptosis related protein NMA111, and cytosolic unfolded protein 

response (cytUPR) related protein UBC8 (SI Figure S2). 

4.2 Effect of Functional Groups on Toxicity of SWCNTs

The results in our study showed that DNA damage and genotoxicity was the 

dominant toxicity category for both carboxylated and hydroxylated SWCNTs (Figure 3). 

Based on quantitative toxicogenomics assay endpoints, carboxylated SWCNT induced a 

greater genotoxicity, chemical stress, protein damage and overall toxicity compared to 

hydroxylated one, while the oxidative stress level was comparable for both. This might 

be partially explained by that carboxylated SWCNT has a higher permanent negative 
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charge and is significantly more water stable. Functionalization has been increasingly 

employed to modify the hydrophobicity or hydrophilicity of nanoparticles 109, facilitating 

covalent biomolecule binding 110 and providing active sites to immobilize target enzymes 

111. SWCNT functionalization modifies their surface chemistry and dispersion, and thus 

may influence their toxicological effects. Yang et al. found a higher toxicity of  

functionalized SWCNTs and attributed this to their higher solubility and dispersion in 

water 112, and thus they had a higher chance to bind with the protein, peptide or 

oligonucleotide 96. 

A study conducted by Mrakovcic et al. showed carboxylated short SWCNTs (1-2 

m) exhibited higher genotoxicity in V79 Chinese hamster fibroblasts and human A549 

cells than unmodified SWCNTs 30. Others also showed evidence that COOH modified 

SWCNTs exhibited higher toxicity than unmodified SWCNTs in human endothelial cells 

(HUVEC) 113, as well as in fish embryos 114. Our finding confirmed the elevated toxicity 

related to functionalization on SWCNT at the higher concentration range, as discussed 

above. Furthermore, the finer-resolution differences between the two different functional 

groups, namely COOH versus OH, in their cellular molecular toxicity responses were 

revealed for the first time. For example, signal transduction related biomarker CDC28 

was up-regulated in response to carboxylated SWCNT only; while only hydroxylated 

SWCNT induced the up-regulation of protein RAD30 that is related to translesion 

synthesis (TLS) DNA repair pathway.

4.3 Effect of Electronic Structure on SWCNT Toxicity

Comparison of the toxicity between metallic and semiconducting SWCNTs 

showed dramatic differences in their toxicity levels and stress response profiles, with 
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metallic SWCNT exerting relatively higher toxicity, while semiconducting SWCNT 

showing the lowest and nearly no observable toxicity (PELI < 1.5) (Figures 2 and 3). 

Various studies demonstrated semiconducting SWCNTs were significantly less reactive 

than metallic SWCNTs with similar dimensions 115-119. The higher electron density and 

conductivity near the SWCNT Fermi level could be attributed to the higher reaction rate 

for metallic SWCNTs. Vecitis et al. showed that the metallic SWCNT had a higher 

cytotoxicity than semiconducting SWCNTs in E. coli, and proposed that the metallic 

SWCNT facilitated cellular oxidation by conductively bridging over the lipid bilayer and 

then electronically aiding oxidation of some key polypeptides such as glutathione that 

plays a crucial role in maintaining cell redox environment and its significant oxidation 

leads to cell death. Another mechanism proposed is that the metallic SWCNTs could 

induce direct oxidization of bacteria through a process like Fermi level equilibration 120, 

121. Our results confirmed that metallic SWCNT indeed led to a higher molecular toxicity 

than semiconducting SWCNT. This might be attributed to that the micrometer length and 

conductive characteristics of metallic SWCNTs enabled the potential “short-circuit” of 

cells by acting as conductive bridges over the insulating lipid bilayers, accompanying by 

release of cellular energy into the external environment. 

Moreover, the high-resolution toxicogenomics assay depicted distinctive 

molecular stress response profiles for metallic and semiconducting SWCNTs, revealing 

that a large number of key biomarkers were significantly upregulated in response to 

metallic SWCNT but not to semiconducting (Figure 2 and SI Figure S2). For example, 

chemical stress related protein SNQ2 that is a ATP-binding cassette (ABC) transporter, 

general stress related protein FIS1 involved in mitochondrial fission and peroxisome 
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abundance, oxidative stress regulators SKN7, and DNA repair proteins RAD30 for TLS, 

RAD4 for nucleotide excision repair (NER), and PHR1 for direct reversal repair (DRR) 

exhibited significant upregulation only with metallic SWCNT. It is recognized that there 

is still considerable pathway level detail that is yet to be elucidated and the differences 

between yeast and higher organisms are bound to exist. Therefore, the method described 

here is more suitable for Tox21 vision tiered testing as screening, prioritization and initial 

assessment of toxicity, especially for environmental applications that have challenges in 

high resource cost-demand due to large number of samples/conditions. This will help 

guide and prioritizing the resources for further evaluation in specific and relevant 

biological systems.

5. Conclusions 

This study quantitatively compared the cellular toxicity profiles and mechanisms 

among 6 SWCNTs with varying lengths, functional groups and electronic structures with 

the object to elucidate the toxicological effects of SWCNTs and their dependence on 

physicochemical properties. The results revealed that DNA damage and oxidative stress 

seemed to be the dominant molecular effects for all SWCNTs, although the molecular 

toxicity profiles were distinct indicating distinguishable and SWCNT property-dependent 

toxicity effects and mechanisms among the SWCNTs with varying lengths, 

functionalization and electronic structures. Comparison of quantitative toxicogenomics 

assay endpoints PELI values suggested that the short SWCNT (0.5-2 m) had a higher 

toxicity level than long SWCNT (5-30 m) and they have distinguishable molecular 

toxicity fingerprints with short SWCNT having the highest oxidative stress effects in 
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contrast to more pronounced DNA damage effects by long SWCNT. Due to the 

comparable size of yeast cells (3-4 μm) to that of CNTs, the phagocytosis of nanotubes 

by yeast cells is not likely and penetration is likely the main interaction mode between 

yeast cells and the studied SWCNTs. Functionalization also impacts the toxicity nature. 

Carboxylated SWCNT induced a greater genotoxicity, chemical stress, protein damage 

and overall toxicity compared to hydroxylated one, while the oxidative stress level was 

comparable for both. This might be partially explained that carboxylated SWCNT has a 

higher permanent negative charge with higher water solubility. Comparison of the 

toxicity between metallic and semiconducting SWCNTs showed dramatic differences in 

their toxicity levels and stress response profiles, with metallic SWCNT exerting relatively 

higher toxicity than semiconducting SWCNT that has nearly no observable toxicity. This 

confirms the previous observation that the metallic SWCNT had a higher cytotoxicity 

than semiconducting SWCNTs in E. coli. The results seem to support the hypothesis that 

that metallic SWCNTs enabled the potential “short-circuit” of cells by acting as 

conductive bridges over the insulating lipid bilayers and then electronically aiding 

oxidation. 

The data generated in this study can be used to develop prototype nanotoxicity 

Quantitative Structure Activity Relationship (QSAR) models with hierarchical structures 

that integrates current QSAR framework with molecular bioassay information through 

correlative links among nanomaterial descriptors, nanotoxicity mechanism-specific 

molecular endpoints and phenotypic nanotoxicity endpoints. The comprehensive 

comparison of cellular toxicity profiles and mechanisms among the 6 SWCNTs can 

bridge the knowledge gap on relationship between nanomaterial toxicity mechanisms and 

Page 38 of 57Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



37

physicochemical properties. The high-resolution molecular stress response profile and 

toxicity level comparisons would advance and contribute to a systematic understanding 

of CNT toxicity, and is expected to be a screening tool to guide for nanomaterial 

manufacturing and risk management. In addition, the knowledge on the impact of single 

CNT property factor as elucidated in this study would facilitate the assessment of synergy 

of multiple property variables, which warrants future investigation.
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