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Abstract 

 A large number of nanoparticles are present in the environment in which some are unintentionally 

produced; ultra fine particles or intentionally produced engineered nanoparticle (ENPs). The carbon based 

ENPs include single-walled and multi walled carbon nanotubes (SWCNTs and MWCNTs), spherical 

fullerenes and dendrimers. Among all ENPs, the carbon based ENPs are attracting much attention for 

potential biomedical applications, such as biosensors design, drug design, drug delivery, tumor therapy and 

tissue engineering, because of their electronic, optical and mechanical properties. The pristine CNTs are 

inert in nature so it needs to be functionalized to make it reactive. The functionalization appends different 

functional group e.g. C=O, C–O, –OH and –COOH to CNTs, which make it dispersible and suitable for 

different applications. The biocompatibility of these functionalized CNTs and their composite has to be tested 

before real time applications in the biological system. Determining the toxicity of CNTis the most persistent 

questions in nanotechnology. Inconsistent reports on toxicity of CNTs often appear in the literature and a 

mechanistic explanation of the reported toxicity remains incomprehensible.Results from various scientific 

tests on cells have so far proven confusing, with some results indicating it to be highly toxic and others 

showing no signs of toxicity. Several toxicity mechanisms have been proposed for CNTs including 

interruption of trans membrane electron transfer, disruption/penetration of the cell envelope, oxidation of 

cell components, and production of secondary products such as dissolved heavy metal ions or reactive 

oxygen species (ROS).Toxicity of a CNT sample is dependent on its composition along with its geometry and 

surface functionalization. Several studies have suggested that well-functionalized CNTs are safe to animal 

cells, while raw CNTs or CNTs without functionalization show severe toxicity to animal or human cells at 

even moderate dosage. 
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1. INTRODUCTION - CURRENT 

TOXICOLOGICAL KNOWLEDGE OF 

CARBON NANOTUBES 

 

 In the past several years, a significant number 

of studies have been made to study the toxic effects of 

carbon nanotubes. There are variations in the 

elucidations of these reports, it mainly depend on the 

type of nano materials as well as functionalization 

methods. Properly functionalized carbon nanotubes 

were shown non-toxic to animals conducted by various 

groups (Kam et al. 2004; Dumortier et al. 2006; 

Schipper et al. 2008; Wu et al. 2008), where as, raw 

carbon nanotubes were shown to be toxic to mice lungs 

in aninvivo studies (Lam et al. 2004; Warheit et al. 

2004; Shvedova et al. 2005 and Muller et al. 2005). 

Latest research revealed that non-functionalized, long 

MWNTs might be carcinogenic to mice (Poland et al. 

2008). Pristine nanotubes are indicated to cause 

oxidative stress and decrease cell viability (Cui et al. 

2005 ; Manna et al. 2005), however, there is some sign 

that leftover catalyst particles also contribute to this 

effect (Kagan et al. 2006). The cytotoxicity can be 

decreased to zero via functionalization with a 

covalently attached polar functional group (Sayes et al. 

2006). Similarly, the toxicity of noncovalently 

functionalized carbon nanotubes depends on the nature 

of the functional group. Cells were viable upon 
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internalization of individually encapsulated DNA-

wrapped SWNTs complex (Kam et al. 2005).  

 

Hence, carbon nanotube toxicity depends on 

the type of functionalization, aggregation behavior and 

the presence of metal catalyst particles leftovers during 

synthesis. 

 

2. AN OVERVIEW OF CARBON NANOTUBES 

RESEARCH 

 

 Fabricating structural components with high 

strength to weight ratio using carbon nanotube polymer 

composite is the present focus of the researchers. One 

of the promising applications of polymer 

nanocomposite is the CNT reinforced ultra fine fiber 

via electrospinning (Rajendran et al. 2012; Formhals, 

1934), which has been known since the 1930’s.  

 

 Today, polymer fibers with nanometer 

diameter can be produced reasonably using the 

electrospinning technology with less than 100 nm 

diameters; these fibers are being studied for use in drug 

delivery systems, energy storage, and improved 

functional garments (Reneker et al. 1996; Kenawy et al. 

2002; Laxminarayana et al. 2005). These applications 

require improved (i) fiber strength, (ii) thermal 

conductivity and (iii) electrical conductivity. 

Incorporating carbon nanotubes (CNTs) within 

electrospun fibers offers the probability of 

simultaneously improving all these three properties Ko 

et al. 2003; Dror et al. 2003; Lim et al. 2006). Xie et al. 

(2005) reviewed the dispersion and alignment of CNTs 

in polymer matrix.They found that the serious challenge 

is the development of means and ways to promote and 

increase the dispersion and alignment of CNTs in the 

matrix. Enhanced dispersion of CNTs in the polymer 

matrixwill foster and extend the applications and 

developments of polymer/CNT nanocomposites. 

Though optical detection techniques are possibly the 

most customary in biology and life sciences, 

electrochemical or electronic detection techniques have 

also been used in biosensors/biochips due to their great 

sensitivity, high specificity, and low cost. These 

techniques include voltammetric techniques (cyclic 

voltammetry and differential pulse voltametry), 

chronocoulometry, electrochemical impedance 

spectroscopy and electronic detection based on electric 

field (Cai et al. 2003). The sensors developed from 

CNTs have shown the ability to detect a range of 

analytes such as particular DNA sequences (Tu et al. 

2009) cancer biomarkers (Thakare et al. 2010) and 

larger entities such as viruses (Patolsky et al. 2004). 

These sensor devices have also been used to monitor 

enzymatic activities and study the behavior of potential 

drug molecules (Prato et al. 2008).  The detection of the 

analytes occurs with high specificity and sensitivity in 

rationally short time.Both SWCNT and MWCNT can 

be modified and conjugated to a bioactive molecule and 

biological species including carbohydrates, amino acids 

and peptides, nucleic acid, and proteins, for diverse 

biological applications. These biological applications 

are possible only because the carbon nanotubes possess 

some unique properties like one dimensional structure, 

high aspect ratio, excellent mechanical properties and 

chemical inertness (Endo et al. 2008). The carbohydrate 

functionalized carbon naotubes has already been used 

for recognition of pathogenic microorganisms namely, 

E.coli (Elkin et al. 2005) and B. anthrasis (Wang et al. 

2008). 

 

With respect to energy generation and storage, 

nanotubes show great potential in supercapacitors (Kim 

et al. 2006), Li-ion batteries (Laroux et al. 1999), solar 

cells (Landi et al. 2005) and fuel cells (Wang et al. 

2004).  Energy applications could become the largest 

applications domain in the bulk application of 

nanotubes. For the improvement of Li-ion batteries 

performance, MnO2 and LiFePO4 are being used as 

cathode while MWCNTs and graphene as anode. In the 

field of fuel cell, proton exchange membrane fuel cells 

(PEMFCs) have been extensively investigated 

(Kamavaram et al. 2009). In a PEMFC, the conversion 

of chemical energy to electrical energy occurs via a 

direct electrochemical reaction, and its efficiency is 

directly dependent on the catalysts used (Wang et al. 

2005). The catalysts should have high stability, low cost 

and higher activities in oxygen reduction and/or fuel 

oxidation reaction (Kundu et al. 2005). Presently, the 

most commonly used catalysts in the PEMFCs are 

metal NPs, mainly Pt and/or Pt based alloys because of 

high oxygen reduction and/or fuel oxidation reaction 

due to high surface to volume ratio and better Fermi 

levels for redox reactions (Li et al. 2002). However, 

metal NPs are generally unstable and lost of their 

catalytic activity due to their irreversible aggregation 

during the electrochemical processes. Hence, exclusive 

supports are needed to mobilize and prevent these metal 

NPs from aggregation e.g., Carbon nanotubes (CNTs) 

are the most widely used support system in the current 
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scenario. Though the development of PEMFCs is under 

commercializationprocess, challenges including, how 

the CNTs affect the catalytic activity of the metal/CNTs 

and high materials cost persist. Development of more 

highly efficient catalysts with low cost for fuel cell 

commercialization would be one of the significant 

researches in this area. Because of the increased 

production and proposed use of CNTs in consumer 

products, there is a need for assessment of the potential 

toxicity of these nanoparticles. 

 

3. IN VIVO TOXICITY STUDIES OF CARBON 

NANOTUBES 

 

 In vivo toxicity studies played asignificant role 

in risk assessment. These methods can be used to 

measure: acute toxicity, chronic toxicity, developmental 

toxicity, genotoxicity and reproductive toxicity. In vivo 

investigation is vital in the areas of medicine including 

cancer treatment. Many animal experiments are 

accomplished to highlight the potential harmful effects 

of newly developed medicines and chemical substances 

on human. In some cases, researchers try to mimic 

situations affecting human (e.g. arthritis, cystic fibrosis 

and cancer) in animals, to evaluate the abilities of new 

medicines in treating them. 

 

To address the possible side effects of CNTs 

on human health and environment, animal models have 

been used to studied the toxicology of CNTs. Non-

functionalized CNTs were introduced intratracheally 

(IT) into animals, manifestedas pulmonary toxicity 

including, inflammation and fibrotic reactions due to 

the accumulation of raw CNTs in the lung airways 

(Lam et al. 2004). Those results recommend that 

aerosol exposure of raw CNTs in the workplace should 

be avoided to protect human health. However, 

intratracheal instillation of functionalized soluble CNTs 

has little inference to the toxicology profile. In a latest 

pilot study, asbestos like pathogenicity was observed by 

Poland et al. (2008). when the mesothelial lining of the 

body cavity of mice was exposed to large MWCNTs of 

80 - 160 nm diameter and 10 - 50 nm length (Poland et 

al. 2008). Yet the implication of this finding for 

possible negative effects of CNTs to human health is 

inadequate. It should be noted that the MWCNT 

materials used in this study were simply sonicated in 

bovine serum albumin (BSA) without surface 

functionalization. Moreover, no observable toxic effect 

was seen for shorter and smaller MWCNTs of 1-20 nm 

length and 10 - 14 nm diameter, acclaiming that the 

toxicology profiles of CNTs may differ between CNTs 

of different sizes. It is worth stating that functionalized 

SWCNTs used in biomedical research have length: 50 - 

300 nm and diameter: 1 - 2 nm, which is entirely 

different from the geometry of MWCNTs used by 

Poland et al. (2008). Gambhir and group used 

covalently and noncovalently PEGylated SWCNTs to 

study thein vivo toxicity (Schipper et al. 2008). The 

PEGylated SWCNTs (~3 mg kg-1) were intravenously 

injected into mice and observed over four 

months.Systolic blood pressure, total blood counts and 

serum chemistry recorded every month. Necropsy and 

tissue histology examinations were performed at the 

end of four months. The blood chemistry and 

histological observations were normal.These 

experiments suggest that functionalized biocompatible 

SWCNTs may be safe for in vivo biological 

applications. Another study showed similar results, 

supporting that PEGylated SWCNTs are slowly 

excreted from the body after systemic distribution in 

mouse models, without exhibiting obvious toxicity in 

the process (Liu et al. 2008). Yang et al. (2008) 

revealed that SWCNTs suspended in Tween-80, 

showed low toxicities to the tested mice at a high dose 

of ~40 mg kg-1, following intra venous administration 

for three month. Toxicity may be due to the oxidative 

stress produced by SWCNTs accumulated in the liver 

and lungs of mice (Yang et al. 2008). The toxicity 

revealed was dose-dependent, and seemed to be less 

understandable at lower doses. A recent report by the 

same group revealed that covalently PEGylated 

SWCNTs, exhibited an ultralong blood circulation half-

life in mice. Though the long-term toxicology of 

modified SWCNTs is yet to be examined. No acute 

toxicity has been reported even at a higher dose of 24 

mg kg-1. 

 

3.1 Respiratory toxicity 

 

Aguinea pigs was instilled intratracheally with the soot 

of CNT. Breathing frequency, tidal volume, pulmonary 

resistance, bronchoalveolar fluid and protein content 

were measured. The authors revealed that working with 

soot containing CNT was possibly not a health hazard, 

butthey did not perform his topathological study 

(Huczko et al. 2001). A study in mice is performed by 

Lam et al. (2004) and they established that SWCNT 

could be toxic if they reached the lungs; Warheit et al. 

(2004) conducted a similar study in rats, relating the 
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granuloma formation probably due to aggregation of 

CNT. Muller et al, compared carbon black, MWCNT 

and asbestos effects, instilled in the trachea of rats. 

Authors explained dose-dependent inflammation and 

granuloma formation, more substantial with MWCNT 

than with carbon black than asbestos. Exposer of 

SWCNT in mice resulted in early granulomatous 

reaction, uncommon acute inflammatory response and 

progressive fibrosis. Here pharyngeal aspiration was 

used instead of the intratracheal instillation used in the 

earlier studies, and allowed aerosolization of fine 

SWNCT particles. Another recent study suggests 

changes in deposition pattern and pulmonary response 

when SWCNT are evenly dispersed in the suspension 

prior to pharyngeal aspiration (Mercer et al. 2008). A 

new research suggest, MWCNTs migration to the 

subpleura and associated increased number of pleural 

mononuclear cells and subpleural fibrosis in mice upon 

inhalation (Ryman- Rasmussen et al. 2009), further 

caution and proper security measures are 

recommendedwhen handling CNT. Study by Wang et 

al. (2010), supports the previous reports, they described 

in vitro and in vivo stimulation of collagen deposition, 

lung fibroblasts proliferation, and metalloproteinase 9 

increased expressionwithout inflammation when 

dispersed SWCNT (DSWCNT) was used Wang et al. 

(2010). Following inhalation, other type of 

nanoparticles may reach the central nervous system 

(CNS) Elder et al. (2010) by a process called 

transcytosis (Zensi et al. 2009). Studyrevealed that 

inhaled gold nanoparticles accumulate in olfactory bulb 

of rats and reach the cerebral cortex, lung and theother 

organs such as tongue, esophagus, kidney, spleen, aorta, 

septum, heart and blood (Yu et al. 2007). These 

observations advocate that nanoparticles can enter into 

the CNS via the olfactory nerve if there are present in 

high doses in the air. These nanoparticles may effects 

not only on respiratory tract and neighboring organs but 

spread to distant organs. 

 

3.2 Bio-distributionof carbon nanotubes 

 

 Understanding bio-distribution of CNTs after 

systemic administration into animals is a very important 

consideration. Many scientists carried out in vivo bio-

distribution and pharmacokinetic studies in the past few 

years. They used different CNT materials, surface 

functionalizations methods and tracking methodologies. 

Subsequentlythey obtainedvariable and sometimes 

questionable results. Singh et al. (2006) and Lacerda    

et al. (2008) used radiolabeled (111In-DTPA) SWCNTs 

and MWCNTs to explain bio-distribution (Singh et al. 

2006). Remarkably, after intravenous injection of CNTs 

into mice, no uptake in reticulo-endothelial system 

(RES) such as the liver and spleen was observed. 

However, fast urinal clearance of CNTs was observed. 

>95 % of CNTs were cleared within 3 hrs. These result 

sare similar to the in vivo behavior of small molecules, 

but different from that predicted of most nanoparticles 

with sizes surpassing the glomerular filtration 

threshold. To justify their results, the researchers 

proposed that, the small diameters of CNTs were 

excreted in urine despite they were long. Still, this 

hypothesis is debatable. For example, the protein bio-

distribution and excretion behavior of quantum dots 

(QDs) reported by Choi et al. it is discovered that the 

maximum of ~6 nm size of spherical QDs including 

coatings were allowed to fast urinal excretion. 

However, the QDs are much smaller than the diameter 

of SWCNT bundles (10-40 nm) or MWCNTs             

(20-80 nm) Lacerada et al. (2008) used in these         

bio-distribution studies. Hence, the reported fast urinal 

excretion of CNTs obliges validation. Several other labs 

have also evaluated the bio-distribution of radio labeled 

CNTs in mice. Wang et al., acknowledged slow urinal 

excretion and low RES uptake in their first study. 

However, successive reports by the same group using 
14C-taurine functionalized CNTs, showed persistent 

liver accumulation of CNTs after intravenous injection 

(Deng et al. 2008). A study conducted by McDevitt et 

al. (2007) using antibody conjugated radio labeled 

CNTs functionalized by 1,3-dipolar cyclo addition also 

showed slow urinal excretion and high CNT uptake in 

the liver and spleen McDevitt et al. 2007. The bio-

distribution studies of radio labeled, PEGylated 

SWNTs, revealed uptake of SWNT in RES organs 

without fast clearance (Liu et al. 2007). A considerable 

amount of CNTs in remained in the body even after 15 

days. The radiolabel method is a suitable method to 

detect the bio-distribution of a substance, but may lead 

to false results, if excess free radioisotopes in the radio 

labeled CNT samples not removed completely. The free 

radioisotopes are small molecules that could be fast 

excreted through urine after intravenous injection. 

Furthermore, radiolabels could be steadily liberated 

from CNTs in vivo, and be steadily excreted in the free 

form. Hence, radio labeling is not an ideal strategy to 

analyze the excretion and long-term fate of CNTs. 

Scientist have learned that the photoluminescence is the 

intrinsic properties of CNTs. Cherukuri et al. (2006) 
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used Individual semiconducting SWNTs which exhibit 

NIR photoluminescence, to track nanotubes in rabbits. 

Without finding detailed bio-distribution data, the 

authors could not witnessed SWNT photoluminescence 

signals in any organs except liver.  

 

Yang et al. 2007 carried out the study to see 

the biodistribution of 13C enriched unfunctionalized 

SWNTs over a month using isotope ratio mass 

spectroscopy. The result showed high nanotube uptake 

in liver, lung, and spleen without noticeable excretion 

within 28 days. Raman spectroscopy has been used to 

study the long-term fate of PEGylated nanotubes in 

mice. It was revealed that most of the PEGylated 

SWNTs were accumulated in the liver and spleen after 

intravenous injection, but slowly excreted via the 

biliary pathway into the feces within months. A weak 

SWNT Raman signal also detected in the mouse kidney 

and bladder. It is revealed that small portion of SWNTs 

with short lengths was excreted through urine.  

 

4. IN VITRO TOXICITY OF CARBON 

NANOTUBES 

 

 In vitro toxicological studies are a very 

important tool for nanotoxicology, compared to in vivo 

studies.Because,lower cost, minimizing ethical 

concerns and reducing the number of laboratory 

animals required for testing.  

 

4.1 CNT toxicity studies in animal cell lines    

 

 The issue of carbon nanotubes toxicity is still 

unsettled even in cell culture experiments. Inhibition of 

HEK 293 cell proliferation after exposure to SWCNTs 

(Cui et al. 2005), MWCNTs induce cell cycle arrest and 

increase apoptosis/ necrosis of human skin fibroblasts 

Ding et al. (2005) were observed by different research 

groups. However, it is worth mentioning that, 

functionalized CNTs were not used in those studies.  

Bottini et al. (2006) observed T lymphocytes apoptosis 

provoked by oxidized MWCNTs. However, simple 

oxidation, used in these studies, is not enough to 

disperse carbon nanotubes in saline and cell culture 

media, so it is not a kind of biocompatible 

functionalization.  Sayes et al. (2006) indicated that the 

toxicity of CNTs also dependent on the density of 

functionalization. Least toxicity was observed for those 

functionalized with the high density of phenyl-SO3X 

groups. These results are comprehensible, because 

CNTs without proper functionalization carry a highly 

hydrophobic surface. Consequently, they may 

aggregate in the cell culture medium. The aggregation 

of CNTs leads to binding of various biological species, 

including proteins, via hydrophobic interactions, 

induces cell toxicity. Khalid et al. (2014) reported no 

toxicity of functionalized MWCNT to Saos cell lines up 

to the tested concentration of 1000 g/ml. Other factors 

like surfactants may also play a role in the observed 

toxicity of CNT in vitro. Extra surfactants, present in 

the CNT suspensions, are known to be highly toxic to 

cells (Dong et al. 2008). The metal catalyst,used during 

the synthesis of CNTs, should also be consideredas an 

important factor when the toxicity of carbon nanotubes 

is studied (Plata et al. 2008). Moreover, 

suitableanalytical methods must be hired in toxicity 

analysis to preventinterference of carbon nanotubes 

with the test reagents (Casey et al. 2007). Davoren et 

al. (2007), reported concentration dependent 

cytotoxicity of SWCNT on a lung-carcinoma cell line 

(A549). Another study, led by Sharma, revealed that 

SWCNT induced oxidative stress in rat lung cells 

(Sharma et al. 2007). Herzog et al. (2007) reported the 

same oxidative stress linked alterations in primary 

bronchial epithelial cells and A549 cells but the study 

also revealed that the reaction is strongly dependent on 

the dispersion medium used (Herzog et al. 2007). 

Pulskamp, used two cells lines (human A549 and rat 

macrophages NR8383) and tested with CNTs and 

revealed as oxidative stress were induced to these cell 

lines. However, when purified SWCNT were compared 

with commercial CNT, it is revealed that all the 

biological effects are associated with the metal traces. 

There is a confusing result between WST 2-(4-

Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-

2H-tetrazolium, monosodium salt)and MTT (3-(4,5-

Dimethylthiazol - 2 - yl) - 2, 5 - diphenyltetrazolium 

bromide) viability assays. These dies depend on the 

mitochondrial dehydrogenases activity (Pulskamp et al. 

2007). The variations can only be described based on 

associations of CNT with non-soluble formazan crystals 

in MTT.That is why, a suitable assay methods and  

well-characterized materials is the most important 

requirements for in vitro toxicity assays of carbon 

nanotubes. 

 

4.2 CNT toxicity studies in bacteria and yeast cells   

                 

 As an alternative to animal cells lines, bacteria 

and yeast can be a valuable model for investigating how 

single celled microorganisms respond to the 
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environmental stressors such as CNTs (Boor, 2006). 

Numerous toxicity mechanisms have been proposed for 

CNT, comprising, disruption/ penetration of the cell 

envelope, oxidation of cell components, interruption of 

trans membrane electron transfer, and formation of 

secondary products such as reactive oxygen species 

(ROS) or dissolved heavy metal ions (Kaang et al. 

2007).Toxicity of a CNT is dependent on its 

composition along with its geometry and surface 

functionalization. Numerous studies have indicated that 

well functionalized, serum-stable CNTs are safe to 

animal cells, whereas CNTs without functionalization 

appeared severely toxic to human or animal cells lines 

at moderate dosage (Dumortier et al. 2006).The 

SWCNT carry a strong antimicrobial action for both 

suspended and deposited bacteria, and disturb the 

formation of bacterial films. The direct interaction 

between the SWCNT and bacteria is probable the main 

reason to cause cell death (Kang et al. 2007). Well-

dispersed individual SWCNT are more toxic than 

agglomerates due to better physical puncturing of 

bacterial membranes and ruin the cell integrity (Liu et 

al. 2009). The CNT-bacteria interaction is influenced 

by functionalization and length of CNT. It may regulate 

the toxic effect also. A negatively charged or neutral 

SWCNT functionalized with -OH or -COOH 

aggregates more proficiently with bacteria and 

decreases bacteria viability as compared to the 

positively charged SWCNTs functionalized with -NH2 

(Arias et al. 2009). Similarly, longer SWCNTsinduced 

concentration and time dependent toxicity to 

bacteria.Whereas, short SWCNT were less toxic as they 

aggregated themselves (Yang et al. 2010). Purity of 

SWCNTs may also affect bacterial toxicity. Pure 

SWCNTs was found to be less toxic than SWCNTs 

with higher metal content due to glutathione oxidation 

occurred shortly after contact (Vecitis et al. 2010). 

Additionally, higher ionic strength suspensions, such as 

phosphate buffered saline or brain heart infusion broth, 

also reduces SWCNT toxicity due to reduced intensity 

of interactions between SWCNT and cells, compared to 

low ionic strength suspensions (deionized water or 

saline). Likewise, coating withnatural organic matter 

(NOM) decreases SWCNT toxicity, despite reduced 

aggregation (Kang et al. 2009). Another studies 

revealed that, SWCNT decreases enzyme activity and 

microbial biomass at concentration 300 mg kg-1 and 

higher (Jin et al. 2013). Asit is clear that SWCNT 

induces bacterial death, a surface coating with SWCNT 

would reduce biofilm formation in both natural and 

industrial environments (Rodrigues et al. 2010). The 

MWCNT seems to be less toxic to bacteria as compared 

to SWCNT (Kang et al. 2008). The reduced toxicity 

may be due to lesser interactions between bacteria and 

MWCNT. The less interaction might be due to the 

higher rigidity and probably lesser van der Waal’s 

forces at the MWCNT surface. Thin MWCNT with 

smaller diameter produces higher toxicity to bacteria 

compare to larger ones (Zheng et al. 2010). When the 

effect of length of MWCNT was assessed, shorter 

MWCNT were more toxic to Pseudomonas fluorescens 

compared to long MWCNT (Riding et al. 2012). When 

MWCNT are uncapped, debundled and dispersed in 

solution, the toxicity to bacteria increased (Kang et al. 

2008). The purity of CNT has also been advocated to 

affect the toxicity in microorganisms. However, when 

the toxicity between pristine and purified MWCNT 

were compared in two bacterial strains (Escherichia 

coli and Cupriavidus metallidurans), no difference in 

toxicity of MWCNT was observed between the two 

forms (Simon et al. 2009). Heating purification of CNs 

probably has limited capacity to alter the surface 

compared to acid treatment, thus upholds toxicity of the 

raw form. However, in both the studies, CNTs were 

suspended in Gum Arabic (GA, 0.25 wt %), which 

might have modified the surface, affecting the toxicity. 

During soil toxicity assay, MWCNT reduced microbial 

biomass and enzyme activity at concentration            

5000 mg kg-1 (Chung et al. 2011). In a separate study, 

the conidia of the fungi Paecilomyces fumosoroseus 

were incubated for 865 h with 0.2 mg L-1 raw and/or 

carboxylated MWCNT. Mycelium growth on solid 

medium was observed after incubation. Contact 

between the fungi and CNTs had no significant effect 

on growth and biomass production, but reduction of 

biomass was observed after exposure to raw MWCNT 

for 865 hrs (Gorczyca et al. 2009). Mechanical effects 

of CNT, as witnessed in bacteria, might have induced 

the effects. 

 

5. ECOTOXICITY OF CARBON NANOTUBES 

 

 As the production and extensive application of 

CNTs in industrial and customer products is increasing, 

the release of this nanomaterial into the environment 

also will rise. Various scientific reviews have assessed 

the sources, behavior, fate, and the mechanisms of 

toxicity of carbon nanomaterial. Most of these 

assessments realized that further research is compulsory 

in the field of nano-ecotoxicology Table 1. 
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Table 1. Summary of the studies related to eco-toxicity of the CNTs on different organisms 

Organism 

tested 
Types of CNTs LOEC EC 50 

Mechanism of 

toxicity 
References 

Chlorella 

vulgaris 

Pristine CNT 0.053 mg L-1 1.8 mg L-1 

Oxidative stress, 

agglomeration and 

physical interactions 

(Schwab et al. 2011) 

MWCNT of diameter 

10, 20–40, and 60–100 

nm 

NA 

41.0,12.7, and 

12.4 

mg L-1, 

respectively 

Oxidative stress, 

agglomeration and 

physical interactions 

(Long et al. 2012) 

Pseudokirchn

eriella 

subcapitata 

Pristine CNT 0.053 mg L-1 2.5 mg L-1 

Oxidative stress, 

agglomeration and 

physical interactions 

(Schwab et al. 2011) 

SWCNT 0.25 mg L-1 NA 

Oxidative stress, 

agglomeration and 

physical interactions 

(Youn et al. 2011) 

Thalassiosira 

pseudonanas 
DWCNTs 0.1 mg L-1 1.86 mg L-1 

Oxidative stress, 

agglomeration and 

physical interactions 

(Kwok et al. 2010) 

Dunaliella 

tertiolecta 
MWCNT NA 0.8 mg L-1 

Oxidative stress and 

photosynthesis 

inhibition 

(Wei et al. 2010) 

Tetrahymena 

thermophila 
SWCNT 1.6 mg L-1 NA Physical interactions (Ghafari et al. 2008) 

Stylonychia 

mytilus 

Functionalized 

MWCNT 
1 mg L-1 NA Physical interactions (Zhu et al. 2006) 

Hydra 

attenuata 
SWCNT 1–10 mg L-1 NA Physical interactions 

(Calabrese et al. 

2005) 

Daphnia 

magna 

 

 

SWCNT (60% pure) NA 1.3 mg L-1 Physical interactions (Zhu et al. 2009) 

MWCNT resuspended 

in NOM 

NOEC 20 mg 

L-1 
NA No toxicity (Kim et al. 2009) 

MWCNT grafted with 

polyethylenimine 
NA 25 mg L-1 

Increased size of the 

surface coating 
(Petersen et al. 2011) 

Ceriodaphnia

. dubia 

MWCNT resuspended 

in NOM 
0.25 mg L-1 

 

NA 
Agglomeration (Li et al. 2011) 

Danio rerio 

embryo 
SWCNT 120 mg L-1 NA Agglomeration (Cheng et al. 2007) 

Oryzias 

melastigma 
DWCNT 10 mg L-1 NA Agglomeration (Kwok et al. 2010) 

Xenopus 

leavis larvae 
DWCNT 10 mg L-1 NA Physical interactions (Bourdiol et al. 2013) 

Drosophila 

melanogaster 

SWCNT and MWCNT 

in 1 g kg-1 food 

 

-------- 

 

----------- 
No toxicity (Leeuw et al. 2007) 

Female Fisher 

rats 

Oral gavage of 0.64 

mg kg-1 SWCNT 
NA NA 

Increased levels of 

oxidative damage to 

DNA in liver and lung 

tissue 

(Aschberger et al. 

2010) 

Sprague–  

Dawleyrat 

1000mg kg-1 

of SWCNT from 

gestation day 6 to 19 

NA NA No teratogenicity (Lim et al. 2011) 

 
Abbreviations: LOEC: Least observable effect concentration, EC 50: Effective concentration 50, NOEC: No observed 

effect concentration, NOM: Natural organic matter. 



P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(4), 62-75, (2015) 

69 
 

ACKNOWLEDGEMENT  

  

 This project was supported by the NSTIP 

strategic technologies program in the Kingdom of Saudi 

Arabia - Project No. (11-NAN1544-03). The authors 

also, acknowledge with thanks Science and 

Technology Unit, King Abdulaziz University for 

technical support 

 

FUNDING 

This research received grant from the NSTIP 

strategic technologies program in the Kingdom of Saudi 

Arabia - Project No. (11-NAN1544-03). 

CONFLICTS OF INTEREST 

The authors declare that there is no conflict of 

interest. 

COPYRIGHT 

This article is an open access article 

distributed under the terms and conditions of the 

Creative Commons Attribution (CC-BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 

REFERENCES 

 

Arias, L. R. and Yang, L., Inactivation of bacterial 

pathogens by carbon nanotubes in suspensions, 

Langmuir, 25(5), 3003-3012(2009). 

 doi:10.1021/la802769m 

Aschberger, K., Johnston, H. J., Stone, V., Aitken, R. 

J., Hankin, S. M., Peters, S. A., Tran, C. L. and 

Christensen, F. M., Review of carbon nanotubes 

toxicity and exposure appraisal of human health 

risk assessment based on open literature, Crit. Rev. 

Toxicol., 40(9), 759-790(2010).  

 doi:10.3109/10408444.2010.506638 

Boor, K. J., Bacterial stress responses: What doesn't kill 

them can make them stronger, PLoS. Biol., 4(1), 

e23(2006). 

 doi:10.1371/journal.pbio.0040023 

Bottini, M., Bruckner, S., Nika, K., Bottini, N., 

Bellucci, S., Magrini, A., Bergamaschi, A. and 

Mustelin, T., Multi- walled carbon nanotubes 

induce T lymphocyte apoptosis, Toxicol Lett., 

160(2), 121-26(2006).  

 doi:10.1016/j.toxlet.2005.06.020 

Bourdiol, F., Mouchet, F., Perrault, A., Fourquaux, I., 

Datas, L., Gancet, C., Boutonnet, J. C., Pinelli, E., 

Gauthier, L. and Flahaut, E., Biocompatible 

polymer-assisted dispersion of multi walled carbon 

nanotubes in water, application to the investigation 

of their ecotoxicity using Xenopus laevis 

amphibian larvae, Carbon, 54, 175-91(2013).  

 doi:10.1016/j.carbon.2012.11.024 

Cai, H., Cao, X., Jiang, Y., He, P. and Fang, Y., Carbon 

nanotube-enhanced electrochemical DNA 

biosensor for DNA hybridization detection, Anal. 

Bioanal. Chem., 375(2), 287-93(2003).  

 doi:10.1016/j.envpol.2004.10.001 

Calabrese, E. J., Paradigm lost, paradigm found: The 

re-emergence of hormesis as a fundamental dose 

response model in the toxicological sciences, 

Environ. Pollut., 138(3), 378-11(2005).  

 doi:10.1016/j.envpol.2004.10.001 

Casey, A., Herzog, E., Davoren, M., Lyng, F. M., 

Byrne, H. J. and Chambers, G., Spectroscopic 

analysis confirms the interactions between single 

walled carbon nanotubes and various dyes 

commonly used to assess cytotoxicity, Carbon, 

45(7), 1425-1432(2007). 

 doi:10.1016/j.carbon.2007.03.033 

Cheng, J., Flahaut, E. and Cheng, S. H., Effect of 

carbon nanotubes on developing zebrafish (Danio 

rerio) embryos, Environ. Toxicol. Chem., 26(4), 

708-16(2007). 

 doi:10.1897/06-272R.1 

Cherukuri, P., Gannon, C. J., Leeuw, T.  K., Schmidt, 

H. K., Smalley, R. E., Curley, S. A., and Weisman, 

R. B., Mammalian pharmacokinetics of carbon 

nanotubes using intrinsic near infrared 

fluorescence, Proc. Natl. Acad. Sci., 103(50), 

18882-86(2006).  

 doi:10.1073/pnas.0609265103 

Chung, H., Son, Y., Yoon, T. K., Kim, S. and, Kim, W., 

The effect of multi walled carbon nanotubes on soil 

microbial activity, Ecotoxicol. Environ. Saf., 74(4), 

569-575(2011).  

 doi:10.1016/j.ecoenv.2011.01.004 

Cui, D. X., Tian, F. R., Ozkan, C. S., Wang, M. and 

Gao, H. J., Effect of single wall carbon nanotubes 

on human HEK293 cells, Toxicol. Lett., 155(1), 73-

85(2005).  

 doi:10.1016/j.toxlet.2004.08.015 

Cui, D. X., Tian, F. R., Ozkan, C. S., Wang, M. and 

Gao, H. J., Effect of single wall carbon nanotubes 

on human HEK293 cells, Toxicol. Lett., 155(1), 73-

85(2005).  

 doi:10.1016/j.toxlet.2004.08.015 

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1021/la802769m
http://dx.doi.org/10.3109/10408444.2010.506638
http://dx.doi.org/10.1371/journal.pbio.0040023
http://dx.doi.org/10.1016/j.toxlet.2005.06.020
http://dx.doi.org/10.1016/j.carbon.2012.11.024
http://dx.doi.org/10.1016/j.envpol.2004.10.001
http://dx.doi.org/10.1016/j.envpol.2004.10.001
http://dx.doi.org/10.1016/j.carbon.2007.03.033
http://dx.doi.org/10.1897/06-272R.1
http://dx.doi.org/10.1073/pnas.0609265103
http://dx.doi.org/10.1016/j.ecoenv.2011.01.004
http://dx.doi.org/10.1016/j.toxlet.2004.08.015
http://dx.doi.org/10.1016/j.toxlet.2004.08.015


P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(3), 62-75, (2015) 

70 
 

Davoren, M., Herzog, E., Casey, A., Cottineau, B., 

Chambers, G., Byrne, H. J. and Lyng, F. M., In 

vitro toxicity evaluation of single walled carbon 

nanotubes on human A549 lung cells, Toxicol in 

Vitro, 21(3), 438-448(2007). 

 doi:10.1016/j.tiv.2006.10.007 

Deng, X. Y., Yang, S. T., Nie, H. Y., Wang, H. F. and 

Liu, Y. F., A generally adoptable radiotracing 

method for tracking carbon nanotubes in animals, 

Nanotechnol., 19(7), 75101(2008). 

 doi:10.1088/0957-4484/19/7/075101 

Ding, L. H., Stilwell, J., Zhang, T. T., Elboudwarej, O., 

Jiang, H. J., Selegue, J. P., Cooke, P. A., Gray, J. 

W. and Chen, F. Q. F., Molecular characterization 

of the cytotoxic mechanism of multiwall carbon 

nanotubes and nano-onions on human skin 

fibroblast, Nano Lett., 5(12), 2448-64(2005).  

 doi:10.1021/nl051748o 

Dong, L., Joseph, K. L., Witkowski, C. M. and Craig, 

M. M., Cytotoxicity of single-walled carbon 

nanotubes suspended in various surfactants, 

Nanotechnol., 19(25), 255702(2008). 

 doi:10.1088/0957-4484/19/25/255702 

Dror, Y., Salalha, W., Khalfin, R. L., Cohen, Y., Yarin, 

A. L. and Zussman, E., Carbon nanotubes 

embedded in oriented polymer nanofibers by 

electrospinning, Langmuir, 19(17), 7012-

7020(2003). 

doi:10.1021/la034234i 

Dumortier, H., Lacotte, S., Pastorin, G., Marega, R., 

Wu, W., Bonifazi, D., Briand, J. P., Prato, M., 

Muller, S. and Bianc, A., Functionalized carbon 

nanotubes are non-cytotoxic and preserve the 

functionality of primary immune cells, Nano Lett., 

6(7), 1522-28(2006). 

 doi:10.1021/nl061160x 

Dumortier, H., Lacotte, S., Pastorin, G., Marega, R., 

Wu, W., Bonifazi, D., Briand, J. P., Prato, M., 

Muller, S. and Bianco, A., Functionalized carbon 

nanotubes are non-cytotoxic and preserve the 

functionality of primary immune cells, Nano Lett., 

6(7), 1522-1528(2006).  

Elder, A., Gelein, R., Silva, V., Feikert, T., Opanashuk, 

L., Carter, J., Potter, R., Maynard, A., Ito, Y., 

Finkelstein, J. and Oberdorster, G., Translocation 

of inhaled ultrafine manganese oxide particles to 

the central nervous system, Environ. Health Persp., 

114(8), 1172-1178(2010). 

 doi:10.1289/ehp.9030 

Elkin, T., Jiang, X., Taylor, S., Lin, Y., Gu, L., Yang, 

H., Brown, J., Collins, S. and Sun, Y. P., Immuno 

carbon nanotubes and recognition of pathogens, 

Chem. Biochem., 6(4), 640-43(2005). 

 doi:10.1002/cbic.200400337 

Endo, M., Strano, M. S. and Ajayan, P. M., Potential 

applications of carbon nanotubes, Appl. Phy., 111, 

13-61(2008). 

doi:10.1007/978-3-540-72865-8_2 

Formhals, A., Process and apparatus for preparing 

artificial threads, U.S. Patent 1,975,504., (1934). 

Ghafari, P., St-Denis, C. H., Power, M. E., Jin, X., 

Tsou, V., Mandal, H. S., Bols, N. C. and Shirley, 

X., Impact of carbon nanotubes on the ingestion 

and digestion of bacteria by ciliated protozoa, Nat. 

Nanotechnol., 3(6), 347-51(2008). 

 doi:10.1038/nnano.2008.109 

Gorczyca, A., Kasprowicz, M. J. and Lemek, T., 

Physiological effect of multi walled carbon 

nanotubes (MWCNTs) on conidia of the 

entomopathogenic fungus, Paecilomyces 

fumosoroseus (Deuteromycotina: Hyphomycetes), 

J. Environ. Sci. Health A, 44(14), 1592-

1597(2009). 

doi:10.1080/10934520903263603 

Herzog, E., Casey, A., Lyng, F. M., Chambers, G., 

Byrne, H. J. and Davoren, M., A new approach to 

the toxicity testing of carbon-based nanomaterials - 

The clonogenic assay, Toxicol. Lett., 174(1-3),49-

60(2007). 

doi:10.1016/j.toxlet.2007.08.009 

Huczko, A., Lange, H., Calstrokko, E., Grubek-

Jaworska, H. and Droszcz, P., Physiological test of 

carbon nanotubes: Are they asbestos like?, 

Fullerene Sci. Technol., 9(2), 251-54(2001). 

doi:10.1081/FST-100102973 

Jin, L., Son, Y., Yoon, T. K., Kang, Y. J., Kim, W. and 

Chung, H., High concentrations of single walled 

carbon nanotubes lower soil enzyme activity and 

microbial biomass, Ecotoxicol. Environ. Saf., 88, 

9-15(2013). 

doi:10.1016/j.ecoenv.2012.10.031 

Kagan, V. E., Tyurina, Y. Y., Tyurin, V. A., Konduru, 

N. V., Potapovich, A. I., Osipov, A. N. and 

Shvedova, A. A., Direct and indirect effects of 

single walled carbon nanotubes on RAW 264.7 

macrophages: Role of iron, Toxicol. Lett., 165(1), 

88-100(2006). 

doi:10.1016/j.toxlet.2006.02.001 

 

http://dx.doi.org/10.1016/j.tiv.2006.10.007
http://dx.doi.org/10.1088/0957-4484/19/7/075101
http://dx.doi.org/10.1021/nl051748o
http://dx.doi.org/10.1088/0957-4484/19/25/255702
http://dx.doi.org/10.1021/la034234i
http://dx.doi.org/10.1021/nl061160x
http://dx.doi.org/10.1289/ehp.9030
http://dx.doi.org/10.1002/cbic.200400337
http://dx.doi.org/10.1007/978-3-540-72865-8_2
http://dx.doi.org/10.1038/nnano.2008.109
http://dx.doi.org/10.1080/10934520903263603
http://dx.doi.org/10.1016/j.toxlet.2007.08.009
http://dx.doi.org/10.1081/FST-100102973
http://dx.doi.org/10.1016/j.ecoenv.2012.10.031
http://dx.doi.org/10.1016/j.toxlet.2006.02.001


P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(4), 62-75, (2015) 

71 
 

Kam, N. W. S., Jessop, T. C., Wender, P. A. and Dai, 

H. J., Nanotube molecular transporters: 

Internalization of carbon nanotube-protein 

conjugates into mammalian cells, J. Am. Chem. 

Soc., 126(22), 6850-51(2004). 

 doi:10.1021/ja0486059 

Kam, N. W. S., O'Connell, M., Wisdom, J. A. and Dai, 

H., Carbon nanotubes as multifunctional biological 

transporters and near-infrared agents for selective 

cancer cell destruction, Proc. Natl. Acad. Sci., 

102(33), 11600-605(2005). 

 doi:10.1073/pnas.0502680102 

Kamavaram, V., Veedu, V. and Kannan, A. M., 

Synthesis and characterization of platinum 

nanoparticles on in situ grown carbon nanotubes 

based carbon paper for proton exchange membrane 

fuel cell cathode, J. Power Sources, 188(1), 51-

56(2009). 

doi:10.1016/j.jpowsour.2008.11.084 

Kang, S., Herzberg, M., Rodrigues, D. F., and 

Elimelech, M., Antibacterial effects of carbon 

nanotubes: Size does matter, Langmuir, 24(13), 

6409-6413(2008). 

doi:10.1021/la800951v 

Kang, S., Mauter, M. S. and Elimelech, M., 

Physicochemical determinants of multiwalled 

carbon nanotube bacterial cytotoxicity, Environ. 

Sci. Technol., 42(19), 7528-7534(2008). 

doi:10.1021/es8010173 

Kang, S., Mauter, M. S., Elimelech, M., Microbial 

cytotoxicity of carbon based nanomaterials: 

Implications for river water and wastewater 

effluent, Environ. Sci. Technol., 43(7), 2648-

2653(2009). 

doi:10.1021/es8031506 

Kang, S., Pinault, M., Pfefferle, L. D. and Elimelech, 

M., Single walled carbon nanotubes exhibit strong 

antimicrobial activity, Langmuir, 23(17), 8670-

8673(2007). 

doi:10.1021/la701067r 

Kenawy, E. R., Bowlin, G. L., Mansfield, K., Layman, 

J., Simpson, D. G., Sanders, E. H. and Wnek, G. 

E., Release of tetracycline hydrochloride from 

electrospun poly(ethylene-co-vinylacetate), 

poly(lactic acid) and a blend, J. Control Release., 

81(1), 57-64(2002). 

 doi:10.1016/S0168-3659(02)00041-X 

Khalid, P., Hussain, M. A., Rekha, P. D. and Arun, A. 

B., Carbon nanotube-reinforced hydroxyapatite 

composite and their interaction with human 

osteoblast in vitro, Hum. Exp. Toxicol., 33(9), 897-

990(2014). 

Kim, K. T., Edgington, A. J., Klaine, S. J., Cho, J. 

W. and Kim, S. D., Influence of multi-walled 

carbon nanotubes dispersed in natural organic 

matter on speciation and bioavailability of 

copper, Environ. Sci. Technol., 43(23), 8979-

8984(2009).  
Kim, Y. J., Kim, Y. A., Chino, T., Suezaki, H., Endo, 

M. and Dresselhaus, M. S., Chemically modified 

multi walled carbon nanotubes as an additive for 

Supercapacitors, Small., 2(3), 339-45(2006). 

doi:10.1002/smll.200500327 

Ko, F., Gogotsi, Y., Ali, A., Naguib N., Ye, H., Yang, 

G. L., Cristopher, Li. and Willis, P., 

Electrospinning of continuous carbon nanotube 

filled nanofiber yarns, Adv. Mater., 15(14), 1161-

65(2003). 

doi:10.1002/adma.200304955 

Kundu, S., Nagaiah, T. C., Xia, W., Wang, Y., 

Dommele, S. V., Bitter, J. H., Santa, M., 

Grundmeier, G., Bron, M., Schuhmann, W. and 

Muhler, M., Electrocatalytic activity and stability 

of nitrogen-containing carbon nanotubes in the 

oxygen reduction reaction, J. Phys. Chem. C., 

113(32), 14302-14310(2009). 

 doi:10.1021/jp811320d 

Kwok, K. W., Leung, K. M., Flahaut, E., Cheng, J. and 

Cheng, S. H., Chronic toxicity of double walled 

carbon nanotubes to three marine organisms: 

Influence of different dispersion methods, 

Nanomed., 5(6), 951-961(2010). 

 doi:10.2217/nnm.10.59 

Lacerda, L., Soundararajan, A., Singh, R., Pastorin, G., 

Al-Jamal, K. T., Turton, J., Frederik, P., Herrero, 

M. A., Bao, S. L. A., Emfietzoglou, D. and 

Kostarelos, K., Dynamic imaging of functionalized 

multi-walled carbon nanotube systemic circulation 

and urinary excretion, Adv. Mater., 20(2), 225-

30(2008).  

 doi:10.1002/adma.200890002  

Lam, C. W., James, J. T., McCluskey, R. and Hunter, 

R. L., Pulmonary toxicity of single wall carbon 

nanotubes in mice 7 and 90 days after intratracheal 

instillation, Toxicol. Lett., 77(1), 126-34(2004). 

doi:10.1093/toxsci/kfg243 

Lam, C. W., James, J. T., McCluskey, R., and Hunter, 

R. L., Pulmonary toxicity of single wall carbon 

nanotubes in mice 7 and 90 days after intratracheal 

instillation, Toxicol. Lett., 77(1), 126-134(2004). 

doi:10.1093/toxsci/kfg243 

 

http://dx.doi.org/10.1021/ja0486059
http://dx.doi.org/10.1073/pnas.0502680102
http://dx.doi.org/10.1016/j.jpowsour.2008.11.084
http://dx.doi.org/10.1021/la800951v
http://dx.doi.org/10.1021/es8010173
http://dx.doi.org/10.1021/es8031506
http://dx.doi.org/10.1021/la701067r
http://dx.doi.org/10.1016/S0168-3659(02)00041-X
http://dx.doi.org/10.1002/smll.200500327
http://dx.doi.org/10.1002/adma.200304955
http://dx.doi.org/10.1021/jp811320d
http://dx.doi.org/10.2217/nnm.10.59
http://dx.doi.org/10.1002/adma.200890002
http://dx.doi.org/10.1093/toxsci/kfg243
http://dx.doi.org/10.1093/toxsci/kfg243


P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(3), 62-75, (2015) 

72 
 

Landi, B. J., Castro, S. L., Ruf, H. J., Evans, C. M., 

Bailey, S. G. and Raffaelle, R. P., CdSe quantum 

dot single wall carbon nanotube complexes for 

polymeric solar cells, Sol. Energ. Mater. Sol. C., 

87(1), 733-46(2005). 

 doi:10.1016/j.solmat.2004.07.047 

Laxminarayana, K. and Jalili, N., Functional nanotube-

based textiles: Pathway to next generation fabrics 

with enhanced sensing capabilities, Text Res. J., 

75(9), 670-80(2005). 

 doi:10.1177/0040517505059330 

Leeuw, T. K., Reith, R. M., Simonette, R. A., Harden, 

M. E., Cherukuri, P., Tsyboulski, D. A., 

Beckmingham, K. M. and Weisman, R. B., Single-

walled carbon nanotubes in the intact organism: 

Near-IR imaging and biocompatibility studies in 

Drosophila, Nano Lett., 7(9), 2650-54(2007). 

doi:10.1021/nl0710452 

Leroux, F., Metenier, K., Gautier, S., Frackowiak, E., 

Bonnamy, S. and Beguin, F., Electrochemical 

insertion of lithium in catalytic multi walled carbon 

nanotubes, J. Power Sources, 81, 317-22(1999). 

doi:10.1016/S0378-7753(99)00130-5 

Li, M. and Huang, C. P., The responses of 

Ceriodaphnia dubia toward multi- walled carbon 

nanotubes: 

Li, W., Liang, C., Qiu, J., Zhou, W., Han, H., Wei, Z., 

Sun, G. and Xin, Q., Carbon nanotubes as support 

for cathode catalyst of a direct methanol fuel cell, 

Carbon, 40(5), 791-94(2002). 

 doi:10.1016/S0008-6223(02)00039-8 

Lim, J. H., Kim, S. H., Lee, I. C., Moon, C., Kim, S. H., 

Shin, D. H., Kim, H. C. and Kim, J. C., Evaluation 

of maternal toxicity in rats exposed to multi-wall 

carbon nanotubes during pregnancy, Environ. 

Health Toxicol., 26, e2011006(2011). 

 doi:10.5620/eht.2011.26.e2011006 

Lim, J. Y., Lee, C. K., Kim, S. J., Kim, I. Y. and Kim, 

S. I., Controlled Nanofiber Composed of 

Multinwall carbon nanotube/poly (ethylene oxide), 

J. Macromol. Sci. A., 43(4-5), 785-96(2006). 

 doi:10.1080/10601320600598936 

Liu, S., Wei, L., Hao, L., Fang, N., Chang, M. W., Xu, 

R., Yang, Y. and Chen, Y., Sharper and faster nano 

darts kill more bacteria: A study of antibacterial 

activity of individually dispersed pristine single-

walled carbon nanotube, ACS Nano, 3(12), 3891-

3902(2009). 

doi:10.1021/nn901252r 

 

 

Liu, Z., Cai, W. B., He, L. N., Nakayama, N., Chen, K., 

Sun, X. M., Chen, X. Y. and Dai, H. J., In vivo 

biodistribution and highly efficient tumour 

targeting of carbon nanotubes in mice, Nat. 

Nanotech. 2(1), 47–52(2007). 

 doi:10.1038/nnano.2006.170 

Liu, Z., Davis, C., Cai, W., He, L., Chen, X. and Dai, 

H., Circulation and long-term fate of 

functionalized, biocompatible single-walled carbon 

nanotubes in mice probed by Raman spectroscopy, 

Proc. Natl. Acad. Sci., 105(5), 1410-1415(2008). 

doi:10.1073/pnas.0707654105 

Long, Z., Ji, J., Yang, K., Lin, D. and Wu, F., 

Systematic and quantitative investigation of the 

mechanism of carbon nanotubes' toxicity toward 

algae, Environ. Sci. Technol., 46(15), 8458-

8466(2012). 

doi:10.1021/es301802g 

Manna, S. K., Sarkar, S., Barr, J., Wise, K., Barrera, E. 

V., Jejelowo, O. and Ramesh, G. T., Single walled 

carbon nanotube induces oxidative stress and 

activates nuclear transcription factor-κB in human 

keratinocytes, Nano Lett., 5(9), 1676-684(2005). 

doi:10.1021/nl0507966 

McDevitt, M. R., Chattopadhyay, D., Kappel, B. J., 

Jaggi, J. S., Schiffman, S. R., Antczak, C., 

Njardarson, J. T., Brentjens, R. and Scheinberg, D. 

A., Tumor targeting with antibody functionalized, 

radiolabeled carbon nanotubes, J. Nucl. Med., 48, 

1180-1189(2007). 

doi:10.2967/jnumed.106.039131 

Mercer, R. R., Scabilloni, J., Wang, L., Kisin, E., 

Murray, A. R., Schwegler-Berry, D., Shvedova, A. 

A. and Castranova, V., Alteration of deposition 

pattern and pulmonary response as a result of 

improved dispersion of aspirated single-walled 

carbon nanotubes in a mouse model, Am. J. 

Physiol. Lung Cell Mol. Physiol., 294(1), L87-

97(2008). 

doi:10.1152/ajplung.00186.2007 

Muller, J., Huaux, F., Moreau, N., Misson, P., Heilier, 

J. F., Delos, M., Arras, M., Fonseca, A., Nagy, J. 

B. and Lison, D., Respiratory toxicity of multi-wall 

carbon nanotubes, Toxicol. Appl. Pharmacol., 

207(3), 221-31(2005). 

 doi:10.1016/j.taap.2005.01.008 

 

 

http://dx.doi.org/10.1016/j.solmat.2004.07.047
http://dx.doi.org/10.1177/0040517505059330
http://dx.doi.org/10.1021/nl0710452
http://dx.doi.org/10.1016/S0378-7753(99)00130-5
http://dx.doi.org/10.1016/S0008-6223(02)00039-8
http://dx.doi.org/10.5620/eht.2011.26.e2011006
http://dx.doi.org/10.1080/10601320600598936
http://dx.doi.org/10.1021/nn901252r
http://dx.doi.org/10.1038/nnano.2006.170
http://dx.doi.org/10.1073/pnas.0707654105
http://dx.doi.org/10.1021/es301802g
http://dx.doi.org/10.1021/nl0507966
http://dx.doi.org/10.2967/jnumed.106.039131
http://dx.doi.org/10.1152/ajplung.00186.2007
http://dx.doi.org/10.1016/j.taap.2005.01.008


P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(4), 62-75, (2015) 

73 
 

Patolsky, F., Zheng, G., Hayden, O., Lakadamyali, M., 

Zhuang, X. and Lieber, C. M., Electrical detection 

of single viruses, Proc. Natl. Acad. Sci., 101, 

14017-22(2004). 

doi:10.1073/pnas.0406159101 

Petersen, E. J., Pinto, R. A., Mai, D. J., Landrum, P. F. 

and Weber, W. J. Jr., Influence of 

polyethyleneimine graftings of multi walled carbon 

nanotubes on their accumulation and elimination 

by and toxicity to Daphnia magna, Environ. Sci. 

Technol., 45(3), 1133-138(2011). 

 doi:10.1021/es1030239 

Plata, D. L., Gschwend, P. M. and Reddy, C. M., 

Industrially synthesized single walled carbon 

nanotubes: Compositional data for users, 

environmental risk assessments and source 

apportionment, Nanotechnol., 19(18), 

185706(2008). 

doi:10.1088/0957-4484/19/18/185706 

Poland, C. A., Duffin, R., Kinloch, I., Maynard, A., 

Wallace, W. A. H., Seaton, A., Stone, V., Brown, 

S., MacNee, W. and Donaldson, K., Carbon 

nanotubes introduced into the abdominal cavity of 

mice show asbestos like pathogenicity in a pilot 

study, Nat. Nanotechnol., 3(7), 423-28(2008). 

doi:10.1038/nnano.2008.111 

Poland, C. A., Duffin, R., Kinloch, I., Maynard, A., 

Wallace, W. A. H., Seaton, A., Stone, V., Brown, 

S., MacNee, W. and Donaldson, K., Carbon 

nanotubes introduced into the abdominal cavity of 

mice show asbestos like pathogenicity in a pilot 

study, Nat. Nanotech., 3(7), 423-28(2008). 

doi:10.1038/nnano.2008.111 

Prato, M., Kostarelos, K. and Bianco, A., 

Functionalized carbon nanotubes in drug design 

and discovery, Acc. Chem. Res., 41(1), 60-

68(2008). 

doi:10.1021/ar700089b 

Pulskamp, K., Diabaté, S. and Krug, H. F., Carbon 

nanotubes show no sign of acute toxicity but 

induce intracellular reactive oxygen species in 

dependence on contaminants, Toxicol. Lett., 

168(1), 58-74(2007). 

 doi:10.1016/j.toxlet.2006.11.001 

Rajendran, V., Selvamurthy, W. and Saminathan, K., 

Compendium on Indian capability on nano science 

and technology, Macmillan Publishers, India, 

ISBN 978-93-5059-030-0, (2012). 

 

 

 

 

Reneker, D. H. and Chun, I., Nanometre diameter fibres 

of polymer, produced by electrospinning, 

Nanotechnol., 7(3), 216(1996). 

 doi:10.1088/0957-4484/7/3/009 

Riding, M. J., Martin, F. L., Trevisan, J., Llabjani, V., 

Patel, I. I., Jones, K. C. and Semple, K. T., 

Concentration dependent effects of carbon 

nanoparticles in gram negative bacteria determined 

by infrared spectroscopy with multivariate 

analysis, Environ. Pollut., 163, 226-234(2012). 

doi:10.1016/j.envpol.2011.12.027 

Rodrigues, D. F. and Elimelech, M., Toxic effects of 

single walled carbon nanotubes in the development 

of E. coli biofilm, Environ. Sci. Technol., 44(12), 

4583-4589(2010). 

doi:10.1021/es1005785 

Ryman-Rasmussen, J. P., Cesta, M. F., Brody, A. R., 

Shipley-Phillips, J. K., Everitt, J. I., Tewksbury, E. 

W., Moss, O. R., Wong, B. A., Dodd, D. E., 

Andersen, M. E. and Bonner, J. C., Inhaled carbon 

nanotubes reach the subpleural tissue in mice, Nat. 

Nanotechnol., 4(11), 695-80(2009). 

 doi:10.1038/nnano.2009.305 

Sayes, C. M., Liang, F., Hudson, J. L., Mendez, J., Guo, 

W., Beach, J. M. and Colvin, V. L., 

Functionalization density dependence of single-

walled carbon nanotubes cytotoxicity in vitro, 

Toxicol. Lett., 161(2), 135-42(2006). 

 doi:10.1016/j.toxlet.2005.08.011 

Schipper, M. L., Nakayama-Ratchford, N., Davis, C. 

R., Kam, N. W. S., Chu, P., Liu, Z., Sun, X., Dai, 

H. and Gambhir, S. S., A pilot toxicology study of 

single-walled carbon nanotubes in a small sample 

of mice, Nat. Nanotechnol., 3(4), 216-21(2008). 

doi:10.1038/nnano.2008.68 

Schwab, F., Bucheli, T. D., Lukhele, L. P., Magrez, A., 

Nowack, B., Sigg, L. and Knauer, K., Are carbon 

nanotube effects on green algae caused by shading 

and agglomeration?, Environ. Sci. Technol., 

45(14), 6136-6144(2011). 

 doi:10.1021/es200506b 

Sharma, C. S., Sarkar, S., Periyakaruppan, A., Barr, J., 

Wise, K., Thomas, R., Wilson, B. L. and Ramesh, 

G. T., Single walled carbon nanotubes induces 

oxidative stress in rat lung epithelial cells, J. 

Nanosci. Nanotechnol., 7(7), 2466-2472(2007). 

doi:10.1166/jnn.2007.431 

 

 

 

 

http://dx.doi.org/10.1073/pnas.0406159101
http://dx.doi.org/10.1021/es1030239
http://dx.doi.org/10.1088/0957-4484/19/18/185706
http://dx.doi.org/10.1038/nnano.2008.111
http://dx.doi.org/10.1038/nnano.2008.111
http://dx.doi.org/10.1021/ar700089b
http://dx.doi.org/10.1016/j.toxlet.2006.11.001
http://dx.doi.org/10.1088/0957-4484/7/3/009
http://dx.doi.org/10.1016/j.envpol.2011.12.027
http://dx.doi.org/10.1021/es1005785
http://dx.doi.org/10.1038/nnano.2009.305
http://dx.doi.org/10.1016/j.toxlet.2005.08.011
http://dx.doi.org/10.1038/nnano.2008.68
http://dx.doi.org/10.1021/es200506b
http://dx.doi.org/10.1166/jnn.2007.431


P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(3), 62-75, (2015) 

74 
 

Shvedova, A. A., Kisin, E. R., Mercer, R., Murray, A. 

R., Johnson, V. J., Potapovich, A. I., Tyurina, Y. 

Y., Gorelik, O., Arepalli, S., Schwegler-Berry, D. 

and Baron, P., Unusual inflammatory and 

fibrogenic pulmonary responses to single-walled 

carbon nanotubes in mice, Am. J. Phys. Lung Cell 

Mol. Physiol., 289(5), L698– L708(2005). 

doi:10.1152/ajplung.00084.2005 

Simon-Deckers, A., Loo, S., Mayne-L'hermite, M., 

Herlin-Boime, N., Menguy, N., Reynaud, C., 

Gouget, B. and Carriere, M., Size composition and 

shape dependent toxicological impact of metal 

oxide nanoparticles and carbon nanotubes toward 

bacteria, Environ. Sci. Technol., 43(21), 8423-

8429(2009). 

doi:10.1021/es9016975 

Singh, R., Pantarotto, D., Lacerda, L., Pastorin, G., 

Klumpp, C., Prato, M., Bianco, A. and Kostarelos, 

K., Tissue biodistribution and blood clearance rates 

of intravenously administered carbon nanotube 

radiotracers, Proc. Natl. Acad. Sci., 103(9), 3357-

3362(2006). 

doi:10.1073/pnas.0509009103 

Thakare, V. S., Das, M., Jain, A. K., Patil, S. and Jain, 

S., Carbon nanotubes in cancer theragnosis, 

Nanomed., 5(8), 1277-301(2010). 

 doi:10.2217/nnm.10.95 

Tu, X., Manohar, S., Jagota, A. and Zheng, M., DNA 

sequence motifs for structure specific recognition 

and separation of carbon nanotubes, Nat., 

460(7252), 250-53(2009). 

 doi:10.1038/nature08116 

Vecitis, C. D., Zodrow, K. R., Kang, S. and Elimelech, 

M., Electronic structure dependent bacterial 

cytotoxicity of single walled carbon nanotubes, 

ACS Nano., 4(9), 5471-5479(2010). 

 doi:10.1021/nn101558x 

Wang, C., Waje, M., Wang, X., Tang, J. M., Haddon, 

R. C. and Yan, Y., Proton exchange membrane fuel 

cells with carbon nanotube based electrodes, Nano 

Lett., 4(2), 345-48(2004). 

 doi:10.1021/nl034952p 

Wang, H., Gu, L., Lin, Y., Lu, F., Meziani, M. J., Luo, 

P. G., Wang, W., Cao, L. and Sun, Y. P., Unique 

aggregation of anthrax (Bacillus anthracis) spores 

by sugar coated single walled carbon nanotubes, J. 

Am. Chem. Soc., 128(41), 13364-13365(2008). 

doi:10.1021/ja065455o 

 

 

 

Wang, L., Mercer, R. R., Rojanasakul, Y., Qiu, A., Lu, 

Y., Scabilloni, J. F., Wu, N. and Castranova, V., 

Direct fibrogenic effects of dispersed single walled 

carbon nanotubes on human lung fibroblasts, J. 

Toxicol. Environ. Health A., 73(5-6), 410–

422(2010). 

doi:10.1080/15287390903486550 

Wang, X., Waje, M. and Yan, Y., CNT based 

electrodes with high efficiency for PEMFCs, 

Electrochem Solid State Lett., 8(1), A42-

A44(2005). 

doi:10.1149/1.1830397 

Warheit, D. B., Laurence, B. R.,  Reed, K. L., Roach, 

D. H., Reynolds, G. A. M. and Webb, T. R., 

Comparative pulmonary toxicity assessment of 

single-wall carbon nanotubes in rats, Toxicol Lett., 

77(1), 117-125(2004). 

 doi:10.1093/toxsci/kfg228 

Wei, L. P., Thakkar, M., Chen, Y. H, Ntim, S. A., 

Mitra, S. and Zhang, X. Y., Cytotoxicity effects of 

water dispersible oxidized multiwalled carbon 

nanotubes on marine alga, Dunaliella tertiolecta, 

Aquat. Toxicol., 100(2), 194-201(2010). 

 doi:10.1016/j.aquatox.2010.07.001 

Wu, P., Chen, X., Hu, N., Tam, U. C., Blixt, O., Zettl, 

A. and Bertozzi, C. R., Biocompatible carbon 

nanotubes generated by functionalization with 

glycodendrimers, Angew. Chem., 120(27), 5100-

103(2008). 

doi:10.1002/ange.200705363 

Xie, X. L., Mai, Y. W. and Zhou, X. P., Dispersion and 

alignment of carbon nanotubes in polymer matrix: 

A review, Mat. Sci. Eng. R., 49(4), 89-112(2005). 

doi:10.1016/j.mser.2005.04.002 

Yang, C., Mamouni, J., Tang, Y. and Yang, L., 

Antimicrobial activity of sigle walled carbon 

nanotubes lenght effect, Langmuir, 26(20), 16013-

16019(2010). 

doi:10.1021/la103110g 

Yang, S. T., Fernando, K. A., Liu, J. H., Wang, J., Sun, 

H. F., Liu, Y., Chen, M., Huang, Y., Wang, X. and 

Wang, H., Covalently PEGylated carbon nanotubes 

with stealth character in vivo, Small., 4(7), 940-

44(2008). 

doi:10.1002/smll.200700714 

Yang, S. T., Guo, W., Lin, Y., Deng, X. Y., Wang, H. 

F., Sun, H. F., Liu, Y. F., Wang, X., Wang, W., 

Chen, M. and Sun, Y. P., Biodistribution of pristine 

single-walled carbon nanotubes in vivo, J. Phys. 

Chem. C., 111(48), 17761-64(2007). 

 doi:10.1021/jp070712c 

 

 

 

http://dx.doi.org/10.1152/ajplung.00084.2005
http://dx.doi.org/10.1021/es9016975
http://dx.doi.org/10.1073/pnas.0509009103
http://dx.doi.org/10.2217/nnm.10.95
http://dx.doi.org/10.1038/nature08116
http://dx.doi.org/10.1021/nn101558x
http://dx.doi.org/10.1021/nl034952p
http://dx.doi.org/10.1021/ja065455o
http://dx.doi.org/10.1080/15287390903486550
http://dx.doi.org/10.1149/1.1830397
http://dx.doi.org/10.1093/toxsci/kfg228
http://dx.doi.org/10.1016/j.aquatox.2010.07.001
http://dx.doi.org/10.1002/ange.200705363
http://dx.doi.org/10.1016/j.mser.2005.04.002
http://dx.doi.org/10.1021/la103110g
http://dx.doi.org/10.1002/smll.200700714
http://dx.doi.org/10.1021/jp070712c


P. Khalid et al. / J. Environ. Nanotechnol., Vol. 4(4), 62-75, (2015) 

75 
 

 

Yang, S. T., Wang, X., Jia, G., Gu, Y., Wang, T., Nie, 

H., Ge, C., Wang, H. and Liu, Y., Long term 

accumulation and low toxicity of single walled 

carbon nanotubes in intravenously exposed mice, 

Toxicol. Lett., 181(3), 182-89(2008). 

 doi:10.1016/j.toxlet.2008.07.020 

Youn, S., Wang, R., Gao, J., Hovespyan, A., Ziegler, K. 

J., Bonzongo, J. C. and Bitton, G., Mitigation of 

the impact of single-walled carbon nanotubes on a 

freshwater green algae: Pseudokirchneriella 

subcapitata, Nanotoxicol., 6(2), 161-72(2011). 

http://dx.doi.org/10.3109/17435390.2011.562329 

Yu, L. E, Lanry, Y. L. Y., Ong, C. N., Tan, Y. L., 

Balasubramaniam, K. S., Hartono, D., Shui. G., 

Wenk, M., R. and Ong, W. Y., Translocation and 

effects of gold nanoparticles after inhalation 

exposure in rats, Nanotoxicology, 1(3), 235-

242(2007) 

doi:10.1080/17435390701763108 

Zensi, A., Begley, D., Pontikis, C., Legros, C., 

Mihoreanu, L., Wagner, S., Buchel, C., von, B. H. 

and Kreuter, J., Albumin nanoparticles targeted 

with Apo E enter the CNS by transcytosis and are 

delivered to neurons, J. Control Release., 137(1), 

78-86(2009). 

doi:10.1016/j.jconrel.2009.03.002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zheng, H., Liu, L., Lu, Y., Long, Y., Wang, L. and Ho, 

K. P., Rapid determination of nanotoxicity using 

luminous bacteria, Anal. Sci., 26(1), 125-

128(2010). 

doi:10.2116/analsci.26.125 

Zhu, X., Zhu, L., Chen, Y. and Tian, S., Acute 

toxicities of six manufactured nanomaterial 

suspensions to Daphnia manga, J. Nanopart. Res., 

11(1), 67-75(2009). 

 doi:10.1007/s11051-008-9426-8 

Zhu, Y., Zhao, Q., Li, Y., Cai, X. and Li,W., The 

interaction and toxicity of multi walled carbon 

nanotubes with Stylonychia mytilus, J. Nanosci. 

Nanotechnol., 6(5), 1357-64(2006). 

 doi:10.1166/jnn.2006.194 
 

 

http://dx.doi.org/10.1016/j.toxlet.2008.07.020
http://dx.doi.org/10.3109/17435390.2011.562329
http://dx.doi.org/10.1080/17435390701763108
http://dx.doi.org/10.1016/j.jconrel.2009.03.002
http://dx.doi.org/10.2116/analsci.26.125
http://dx.doi.org/10.1007/s11051-008-9426-8
http://dx.doi.org/10.1166/jnn.2006.194

