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Abstract

Single-walled carbon nanotubes (SWCNTs) implementation in a variety of biomedical 

applications from bioimaging, to controlled drug delivery and cellular-directed alignment for 

muscle myofiber fabrication, has raised awareness of their potential toxicity. Nanotubes structural 

aspects which resemble asbestos, as well as their ability to induce cyto and genotoxicity upon 

interaction with biological systems by generating reactive oxygen species or inducing membrane 

damage, just to name a few, have led to focused efforts aimed to assess associated risks prior their 

user implementation. In this study, we employed a non-invasive and real-time electric cell 

impedance sensing (ECIS) platform to monitor behavior of lung epithelial cells upon exposure to a 

library of SWCNTs with user-defined physicochemical properties. Using the natural sensitivity of 

the cells, we evaluated SWCNT-induced cellular changes in relation to cell attachment, cell–cell 

interactions and cell viability respectively. Our methods have the potential to lead to the 

development of standardized assays for risk assessment of other nanomaterials as well as risk 

differentiation based on the nanomaterials surface chemistry, purity and agglomeration state.
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1. Introduction

Nanomaterials implementation in a variety of fields from microelectronics (Ouyang et al., 

2002), to photo-optics (Li and Zhang, 2009), aerospace (Baur and Silverman, 2007), energy 

(Frackowiak and Béguin, 2001), sensors (Merkoçi et al., 2005), bioimaging (Barone et al., 

2005), and drug delivery (Bianco et al., 2005) has raised awareness of their occupational 

safety and health-posed issues (Barillet et al., 2010; Golin et al., 2013). Current available 
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techniques to assess in vitro toxicity of nanomaterials such as silica (Clément et al., 2013), 

silver nanoparticles (Speranza et al., 2013), carbon- (Gui et al., 2011) or metal-oxide-based 

(Vittori Antisari et al., 2013) rely on the functionality, affinity and/or selectivity of a 

biological recognition elements (e.g., biosensor, antibodies, cellular membrane, organelles or 

DNA etc.) as well as the processing power and detection capabilities of micro and 

optoelectronics (Mulchandani and Bassi, 1995; Zhao et al., 2014). Such techniques record 

nanomaterial-induced changes to single or a population of cells (for instance generation of 

reactive oxygen species (ROS) following exposure to silver nanoparticles (Gliga et al., 2014) 

or changes in cellular viability and proliferation post-exposure to gold (Jain et al., 2014) or 

titanium dioxide (Jaeger et al., 2012) etc.) at discrete, user-controlled time points (e.g., 12, 

24 or 48 h) and mainly through invasive, laborious and costly assays that require intensive 

and time-sensitive manipulation or handling of the samples (Kostarelos et al., 2007; Nowak 

et al., 2014).

Recently it was however found that some of these techniques are less applicable and reliable 

for assessing toxicity of carbon nanotubes (CNTs), fullerenes (C60), carbon black (CB), or 

quantum dots (QD) (Dhawan and Sharma, 2010; Monteiro-Riviere et al., 2009). For 

instance, results showed that CNTs’ high surface area, high adsorption capability, high 

catalytic activity and their characteristic optical properties could interfere with the reagents 

used for toxicity detection affecting their emission capability (Kroll et al., 2009; Monteiro-

Riviere et al., 2009; Worle-Knirsch et al., 2006). Specifically, several studies showed that the 

suitability and accuracy of assays relying on catalytic and affinity biosensors such as 

tetrazolium salt and neutral red (Dhawan and Sharma, 2010) routinely used to evaluate 

cellular viability, become questionable due to the adsorption or binding affinity of the 

reagents onto the CNT surfaces (Kroll et al., 2009; Monteiro-Riviere et al., 2009; Worle-

Knirsch et al., 2006). Such limitations in the current CNT-induced hazard assessments 

(Monteiro-Riviere et al., 2009) as well as the continuous development of different CNT 

forms and shapes with various functionalities and physicochemical properties (Dong et al., 

2013a; Marcolongo et al., 2007) do not allow for high-throughput and efficient toxicity 

assessment to be standardized and thus lead to minimum regulations of such nanomaterials 

exposure limits (Rogers-Nieman and Dinu, 2014). Specifically, according to Occupational 

Safety and Health Administration (OSHA), CNT exposures currently fall under the category 

of “particles not otherwise regulated” at a limit concentration of 5 mg/m3 particles (Erdely et 

al., 2013; Lee et al., 2010). If CNTs are to reach their full potential for biotechnological 

applications (Bianco et al., 2005), new and scalable methods that allow for accurate cyto and 

genotoxicity evaluations need to be developed and implemented. Further, such methods 

should also allow for real-time assessment, minimum false positives, risk analysis of a 

variety of concentrations of nanomaterial being used for exposure, as well as risk 

correlations based on the nanomaterial length (Sato et al., 2005), diameter (Nagai et al., 

2011), aggregation (Wick et al., 2007), impurities content (Aldieri et al., 2013), and/or 

surface chemistry (Saxena et al., 2007), just to name a few.

In this study, we implemented a rapid, non-invasive, high throughput, real-time continuous 

monitoring platform to detect CNT-induced changes in the behavior of confluent model 

human lung epithelial cells regularly used to investigate toxicity of nanomaterials of carbon 

(Gliga et al., 2014; Rogers-Nieman and Dinu, 2014; Siegrist et al., 2014). Our approach 
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relied on an electric cell impedance sensing (ECIS) platform that used cells immobilized 

onto gold electrodes as a proxy to assess SWCNT-associated risk exposures as well as help 

perform risk analysis and risk differentiation based on the nanotubes’ physicochemical 

properties. By relying on the natural resistivity of the cells and the restrictions in the current 

pathways as imposed by the cell plasma membrane, comprehensive and multi-parametric 

analysis of the cellular behavior, cell attachment and cell–cell interactions were provided. 

ECIS platform was previously employed to monitor cellular changes upon exposure to 

digitoxin (a cardiac glycoside with anti-cancer potential; (Eldawud et al., 2014), 

cytochalasin D (a cytoskeletal inhibitor) (Opp et al., 2009) or sodium arsenate (a toxin 

responsible for cell retraction and changes in cytoskeleton) (Xiao et al., 2002a), all under 

user-controlled conditions. Our experimental procedure does not only capitalize on 

bioengineering means to provide parallel analysis of the cellular behavior upon exposure to a 

library of CNTs, all with high-sensitivity, in real-time and with minimum sample invasion, 

but further overcomes the limitations and concerns associated with the CNT interactions 

with the biological sensing elements. Further, our analysis could be extended to evaluate 

toxicity of other nanomaterials in a high-throughput and non-invasive fashion thus extending 

the ability for standardizing nanomaterial risk evaluation.

2. Materials and methods

2.1. Formation of the single-walled carbon nanotubes (SWCNTs) library

Acid treated single-walled carbon nanotubes (SWCNTs) were obtained by liquid phase 

oxidation of commercial (i.e., pristine) SWCNTs purchased from Unidym Inc. Specifically, 

the pristine SWCNTs were treated in a mixture of 3:1 (V/V) concentrated sulfuric (Fisher 

Scientific, 96.4%) and nitric (Fisher Scientific, 69.6%) acids for either 3 or 6 h to obtain 

SWCNTs with different degree of O-related functionalities and lengths (Campbell et al., 

2013; Dong et al., 2013b). Upon time elapse, the SWCNTs/acids mixture was diluted in 

deionized water, filtered through a GTTP filter membrane (0.2 μm, Fisher Scientific) and 

washed extensively with deionized water to remove impurities or dissociated metal catalysts.

2.2. Characterization of the SWCNTs library

Raman spectroscopy was used to investigate the physical and chemical properties of the 

SWCNTs. For this, SWCNT powders (pristine or acid treated SWCNTs, both 3 and 6 h were 

assessed) were deposited onto clean glass slides and scanned using a Raman spectrometer 

(CL532-100, 100 mW, USA) and a 532 nm green laser with a spot size of <0.01 mm2 

directed though a 50X objective. Detailed scans were recorded in the 100 to 3200 cm−1 

range; low energy laser (i.e.,<0.5 mV) and short exposure time (i.e., 10 s) were maintained 

throughout data acquisition to prevent unexpected heating effects of the samples.

Energy dispersive X-ray spectroscopy (EDX) was employed for quantitative elemental 

analysis of the SWCNTs. Dry samples (pristine and acid treated SWCNTs) were mounted 

onto carbon tape and their elemental composition was evaluated using a Hi-tachi S-4700 

Field Emission Scanning Electron Microscope with a S-4700 secondary detector and 

backscattered electron detector (in a single unit).
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Atomic Force Microscopy (AFM) was used in air tapping mode to investigate the lengths of 

pristine and acid treated SWCNTs (Dong et al., 2013a; Marshall et al., 2006). Briefly, 

commercial Si tips (Asylum Research, AC240TS) were employed under their original 

manufacturing resonance frequency varying from 50 to 90 kHz. During the scanning 

process, the topography, phase and amplitude images of the SWCNT samples were collected 

simultaneously; a minimum of 3 scans were obtained for each SWCNTs sample being 

investigated and at least 30 individual SWCNTs were measured for an average of their 

length distribution.

Analysis of SWCNTs agglomeration state was performed using a dynamic light scattering 

device (DLS, Delsa Nano-Particle Analyzer, Beckman Coulter) that evaluated the dynamic 

fluctuations in the intensity of the scattered light as caused by the particles’ Brownian 

motion (Cheng et al., 2011; Schwyzer et al., 2013, 2012). For this, suspensions of 50 μg/ml 

pristine and acid treated SWCNTs (both 3 and 6 h) were prepared in Dulbacco Minimum 

Essential Media (DMEM, Invitrogen) with 5% Fetal Bovine Serum (FBS, Invitrogen) and 

analyzed at 20 °C. For each sample, 150 measurements were recorded and the mean particle 

diameter was calculated using Stokes–Einstein relationship based on Photon Correlation 

Spectroscopy and it was corrected by analyzing the intensity, volume, and number 

distribution data collected for each samples using analytical software Delsa Nanoversion 

2.21/ 2.03.

2.3. Cell culture and cell exposure to the SWCNTs library

Immortalized human lung epithelial cells (BEAS-2B) purchased from American Type 

Culture Collection (ATCC) were cultured in DMEM medium supplemented with 5% FBS, 2 

mM L-glutamine and 100 units/ml penicillin/streptomycin (Invitrogen). Cells were passaged 

regularly and kept in 5% CO2 at 37 °C. To prepare the pristine and acid treated SWCNTs 

(both 3 and 6 h) for cellular exposures, the samples were first dispersed by sonication in 

deionized water to eliminate all large agglomerates (visual assessment). Subsequently, the 

samples were filtered using a 0.2 μm pore filter membrane, resuspended in DMEM media 

with 5% FBS, and again sonicated for 2 min to form stable suspensions.

2.4. Electric cell impedance sensing (ECIS)

Real-time analysis of cellular behavior post-exposure to SWCNTs (pristine and acid treated, 

both 3 and 6 h) was performed using an electric cell impedance sensing (ECIS, Applied 

Biophysics) platform. In one set of experiments, two 8W10E+ ECIS arrays with 40 gold 

electrodes each were simultaneously employed to provide concomitant measurements of 16 

samples, all at multiple frequencies. Prior to each experiment, the gold electrodes were pre-

equilibrated and stabilized for 3 h with 400 μl of cellular media. Subsequently, BEAS-2B 

cells were seeded at a density of 2.5 × 105 cells/ml into each well and allowed to settle and 

grow over the electrodes for 24 h. After 24 h, the cells were exposed to suspensions of 100, 

50 and 25 μg/ml pristine and acid treated SWCNTs in cellular media and their behavior was 

continuously monitored for 48 h. Using a multi-frequency recording mode, the resistance 

due to the current passing in the spaces between the basal cell membrane and gold electrodes 

was recorded as the alpha parameter (Eldawud et al., 2014) to evaluate the cell adhesion 
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characteristics and cell–substrate interactions (Giaever and Keese, 1993; Tiruppathi et al., 

1992).

2.5. Cell analysis

BEAS-2B cells were seeded overnight onto a 12-well plate at a density of 2.5 × 105 cells/ml 

and exposed to suspensions of 100, 50 and 25 μg/ml pristine or acid treated SWCNTs (both 

3 and 6 h were used) in cellular media for 24 and 48 h respectively. Subsequently, the cells 

were incubated with 10 μg/ml of Hoechst 33342 (Molecular Probes) for 30 min at 37 °C and 

then analyzed using fluorescence microscopy (Leica Microsystems) to assess the percentage 

of intensely condensed chromatin and/or fragmented nuclei. The apoptotic percentage was 

calculated as the percentage of cells showing apoptotic nuclei over the total number of cells 

investigated, both per field of view being considered.

Cellular viability was investigated using Trypan Blue exclusion assay (Invitrogen). For this, 

BEAS-2B cells were seeded overnight onto a 12-well plate at a density of 2.5 × 105 cells/ml 

and exposed to 100, 50 and 25 μg/ml pristine or acid treated SWCNT samples for 24 and 48 

h respectively. Subsequently, the cells were washed twice with Phosphate Buffer Saline 

(PBS, Invitrogen), collected, stained with 0.4% Trypan Blue dye at 1:1 volume ratio and 

counted using Countess™ Automated Cell Counter (Invitrogen).

2.6. Statistical analyzes

All results are presented as mean±standard deviation. Two-way analysis of variance 

(ANOVA) and unpaired two-tailed Student’s T-test were performed using JMP 8.0 (SAS 

Institute) and SigmaPlot 10.0 (Systat Software Inc.). Live cell count and apoptosis 

experiments were performed at least 3 times. The apoptotic percentage was calculated from 

scoring the nuclear deformation from approximately 1000 nuclei from ten random fields for 

each sample, at every time point, for a total of at least 30 measurements per each sample 

being investigated. ECIS experiments were performed in duplicates and repeated at least 3 

times, for a minimum of 6 replicates per each sample. Results are considered significant 

when *p<0.05.

3. Results

3.1. Preparation and characterization of the single-walled carbon nanotubes library

We prepared a library of single-walled carbon nanotubes (SWCNTs) with different 

physicochemical properties by using liquid phase oxidation of pristine SWCNTs in a strong 

mixture of nitric and sulfuric acids for 3 and 6 h respectively (Dong et al., 2013b; Wepasnick 

et al., 2011). The approach has been previously used to introduce O-containing functional 

groups (i.e., carboxyl, carbonyl groups), shorten the SWCNTs at the defect sites (Liu et al., 

1998) and eliminate residual metal catalysts introduced during nanotube synthesis 

(Campbell et al., 2013; Dong et al., 2014).

Raman spectroscopy was used to characterize the structure, surface chemistry and degree of 

functionalization of the SWCNTs’ library, all as a function of the acid treatment time (Fig. 

1a). Results showed that the G band (1590 cm−1), mainly associated with atomic 
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arrangement on the circumferential and axial direction of the SWCNT, did not undergo 

major changes upon acid treatment. In contrast, the D band (reflective of the sample 

disorder) became wider and shifted toward lower wavelengths, i.e., 1340.7 and 1338.1 for 

the 3 and 6 h treated SWCNTs both relative to 1353.50 cm−1 for pristine SWCNTs, 

suggesting that acid treatment altered the nanotubes surface chemistry and disrupted their 

well-structured walls. The intensity ratio between the D and Gpeaks (ID/IG) for the 6 h treated 

SWCNTs was 0.47 ±0.056 relative to 0.253±0.048 for the pristine, and 0.21±0.102 for the 3 

h treated SWCNTs respectively.

Energy dispersive X-ray spectroscopy (EDX; Fig. 1b) was used to characterize the elemental 

composition of the SWCNTs library before and after acid treatment. Analysis showed that 

acid treatment changed the composition of the SWCNTs by changing the percentage of O 

and C contents and reducing the percentage of metal impurities (i.e., Fe, Co, Cl), all as a 

function of the treatment period.

Analysis of the average length and agglomerate formation of pristine and acid treated 

SWCNTs were performed using an atomic force microscope (AFM) and dynamic light 

scattering respectively (Fig. 1c). Results showed that after 3 h acid treatment the average 

length of the pristine SWCNTs (844±162 nm) was reduced by 22% (656±207 nm), while 6 

h acid treatment led to a 39% reduction (517±208 nm). Complementary, the average 

agglomerate size was reduced by 40% upon 3 h (from 615±133 to 378±83 nm) and by 22% 

(from 615±133 to 481±95 nm) upon 6 h acid treatment.

3.2. Real-time evaluation of the cellular behavior upon exposure to the SWCNTs’ library

The effects of the SWCNTs’ library on the behavior of model human lung epithelial cells 

(BEAS-2B) were assessed using electric cell impedance sensing (ECIS) and employing 

cells’ natural sensitivity to provide high-throughput, parallel measurements of cellular 

attachment and cell–cell interactions (Giaever and Keese, 1993). Briefly, BEAS-2B cells 

were seeded onto the ECIS electrodes and exposed to 100, 50 and 25 μg/ml of either sample 

of SWCNTs being tested (namely pristine, 3 or 6 h treated) for 48 h. The doses chosen for 

this investigation were extrapolated from in vivo studies mimicking acute human exposure 

levels at Occupational Safety and Health Administration (OSHA) for particles less than 5 

μm in diameter which correspond to workspace exposure at 5 mg/m3 from 8 years up to a 

lifetime span (32 years) (Luanpitpong et al., 2014a; Sargent et al., 2012a).

Representative measurements of the resistance values of cells from the time of inoculation to 

the formation of a confluent monolayer, and subsequently post-exposure to pristine and acid 

treated SWCNTs are shown in Fig. 2. Results showed that upon cellular inoculation, the 

normalized resistance values increased in a time-dependent manner. This was shown to be 

due to the changes in the sensing area as determined by the interface between the cellular 

membrane and the gold electrode (Giaever and Keese, 1993; Tiruppathi et al., 1992). 

Specifically, if initially this interface was very small since when the cell reach/come into 

contact with the gold electrodes they have a near-spherical morphology, as the cells spread 

and grow onto the electrodes their shapes flatten leading to larger contact interfaces, with 

more attachment to the electrodes, and thus to an increase in the resistance value (Eldawud 

et al., 2014; Giaever and Keese, 1993; Xiao et al., 2002b) As the cells reached confluence, 

Eldawud et al. Page 6

Biosens Bioelectron. Author manuscript; available in PMC 2016 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



minor fluctuations were recorded in the resistance values presumably due to the cellular 

micromotion onto the gold electrodes (Eldawud et al., 2014; Yashunsky et al., 2010) (Fig. 

2a).

Upon exposure to the library of SWCNTs however, the resistance values exhibited 

significant changes in a manner dependent on the properties and doses of the SWCNTs 

being investigated. For instance, the resistance values for the cells exposed to pristine 

SWCNTs have dropped significantly to values lower than those of the control cells, however 

with no significant differences being observed for the different exposure doses being used 

(Fig. 2b). Cells exposed to 3 h treated SWCNTs showed a reduction in the resistance value 

relative to the control cells, with significant dose responses differences (Fig. 2c). 

Specifically, exposure to 100 μg/ml of the 3 h treated SWCNTs led to the highest drop in 

resistance; cells exposed to 50 and 25 μg/ml respectively showed smaller drops, all relative 

to controls. Cells exposed to 6 h treated SWCNTs also showed a drop in their resistance 

values relative to their control counterparts, all in a time and dose dependent manner; 

further, a gradual increase in the normalized resistance values was observed for the cells 

exposed for the 50 and 25 μg/ml exposure doses (Fig. 2d). Lastly, the analysis also showed 

that these cells were able to overcome the disturbance caused by the exposure and regained 

their resistance values within 48 h from the initial time of exposure.

Analyzes of the restrictions of the different current pathways passing through the spaces 

beneath the cellular monolayer and the gold electrodes were also performed as a function of 

the SWCNTs physicochemical characteristics. Specifically, analysis showed that alpha 

parameter, known to reflects cellular adhesion characteristics (Eldawud et al., 2014; Giaever 

and Keese, 1993), of the cells exposed to SWCNTs was significantly lower than that of the 

control cells, with the differences being dependent on both the type of the nanotube and the 

exposure dose being investigated. Specifically, while the cells exposed to pristine SWCNTs 

showed a small reduction (Fig. 3a), the cells exposed to 3 h treated SWCNTs showed a 

gradual decrease in their alpha which progressed both with time and the dose being tested 

(Fig. 3b). Finally, cells exposed to 6 h treated SWCNTs exhibited the highest reduction in 

alpha, all relative to controls, however with no differences being observed between the 

different doses being investigated (Fig. 3c).

Cross-comparison between the different subtypes in the SWCNT’ library showed that 

exposure to the 6 h treated sample led to the highest dose-dependent reduction in cellular 

attachment relative to control cells and cells exposed to pristine and 3 h treated SWCNTs. 

The reductions were dose-dependent with 60%, 68% and 72% change observed for cells 

exposed to 25, 50 and 100 μg/ml SWCNTs respectively (Fig. 3d). Similarly, cellular 

exposure to 3 h treated SWCNTs led to 29%, 45% and 57% reduction in alpha after 

exposure to 25, 50 and 100 μg/ml nanotube respectively. In contrast, cells exposed to pristine 

SWCNTs showed the lowest reduction in the cellular attachment (about 10% less than the 

values of the control cells), with no significant differences being observed between the 

different exposure doses being investigated. Lastly, 48 h after exposure to 6 h treated 

SWCNTs, the cells were able to regain their adhesion characteristics with analysis revealing 

an average increase of about 38% of their alpha parameter relative to their alpha values after 

24 h of exposure.
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3.3. Analysis of cellular viability function of the SWCNT physicochemical properties

To test whether exposure to the SWCNTs’ library affected cellular viability, we scored the 

number of cells showing changes in their nuclear morphologies as result of chromatin 

condensation or DNA fragmentation (Cui et al., 2005). Our results indicated that exposure to 

the SWCNTs induced a time and dose-dependent increase in the percentage of apoptotic 

cells (Fig. 4a) with cells exposed to pristine SWCNTs yielding about 12% and 16% 

apoptotic cells after 24 and 48 h respectively. Exposure to 3 h treated SWCNTs resulted in 

about 5% after 24 h and 11% apoptotic cells after 48 h, while exposure to 6 h treated 

SWCNTs resulted in about 7% after 24 h and 13% apoptotic cells after 48 h respectively.

Our analysis evaluating the number of live cells after 24 and 48 h exposure to the SWCNTs 

library complemented the results above (Fig. 4b) with examinations showing time, dose and 

SWCNT-properties dependent decrease in cellular viability of the exposed cells, all relative 

to controls. For instance, exposure to pristine, 3 and 6 h treated SWCNTs at 100 and 50 

μg/ml doses showed a drop in the percentage of live cells of about 16%, 14% and 10%, with 

the decrease progressing to 30%, 22% and 18% respectively after 48 h of exposure, all 

relative to controls. Complimentary, 24 h exposure to 25 μg/ml of pristine, 3 and 6 h treated 

SWCNTs did not result in a significant reduction in the live cell counts, however 48 h 

exposure reduced the percentage of live cells by about 15%, 12% and 9% for the cells 

exposed to pristine, 3 and 6 h treated SWCNTs, all relative to control cells.

4. Discussion

Previous studies employing immunofluorescence (Sargent et al., 2009; Siegrist et al., 2014), 

flow cytometry (Dong et al., 2014), photospectroscopy (Monteiro-Riviere et al., 2009), or 

Western blotting (Lai et al., 2013) have provided insights into the nanotubes-induced toxicity 

after defined exposure periods. For instance, analysis showed that internalization of 

SWCNTs could activate different cellular mechanisms from ROS generation (Aldieri et al., 

2013; Jaeger et al., 2012) to inflammation (van Berlo et al., 2014), cell signaling (Ellinger-

Ziegelbauer and Pauluhn, 2009), protein expression (Lai et al., 2013), fibrogenesis (Muller 

et al., 2005; Porter et al., 2010), cellular attachment (Kaiser et al., 2013), viability (Cui et al., 

2005) or proliferation (Müller et al., 2011), with such effects being dependent on the length 

(Manke et al., 2014; Sato et al., 2005), agglomeration (Wick et al., 2007), and surface 

chemistry (Jiang et al., 2009; Liu et al., 2014) of the nanotubes being tested. However, such 

methods failed to interpret intermediate exposure time points and mostly defined SWCNT-

induced toxicity as invasive cellular changes reflected by cytoskeletal rearrangement 

(Umemoto et al., 2014), membrane disruption (Chang and Violi, 2006; Umemoto et al., 

2014), disruption of the mitotic spindle (Sargent et al., 2012b) and cellular aneuploidy 

(Sargent et al., 2009; Siegrist et al., 2014), just to name a few.

Herein we provided a comprehensive, multi-parametric, non-invasive, high-throughput and 

real-time in vitro evaluation of the risk assessment upon exposure of model human lung 

epithelial cells to a library of SWCNTs. The library was prepared by incubation of pristine 

SWCNTs in a strong mixture of nitric and sulfuric acid for 3 and 6 h respectively (Dong et 

al., 2013a; Wepasnick et al., 2011). Raman, EDX and AFM cross-analyzes showed that acid 

treatment increased SWCNTs degree of functionalization with O-containing groups upon 
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cutting and oxidizing the nanotubes at their defect sites (Hu et al., 2003) and reduced their 

content of metal catalysts (i.e., Fe and Co) usually incorporated during manufacturing (Dong 

et al., 2013a). Measurements of the SWCNT agglomerates performed using DLS provided 

hydrodynamic diameter measurements of the nanotubes (Cheng et al., 2011; Schwyzer et al., 

2013, 2012) and showed that smaller agglomerate size were obtained for the acid treated 

samples relative to pristine ones (Dong et al., 2013b; Jiang et al., 2009). The smaller 

agglomerate formation was further associated with the interplay between the Van der Waals 

attraction forces and the electrical repulsive forces caused by the O-rich groups present onto 

the individual sample according to the Schulze–Hardy rule (Desai et al., 2014; Sano et al., 

2001).

Using ECIS high-throughput, real-time analysis we showed that changes in cellular behavior 

upon exposure to SWCNTs could be continuously and non-distractively monitored and 

related back to the dose and physicochemical characteristics (e.g., length, purity, 

hydrophilicity, and size of agglomerates) of the nanotubes being tested (Fig. 5). In particular, 

the multiple frequencies analysis assessing restrictions in the current pathways (Tiruppathi et 

al., 1992) helped classify changes in cell morphology as well as in the cell–cell/substrate 

interactions (Giaever and Keese, 1993) based on the library’s characteristics. The analysis 

revealed that the increase in the O-groups led to higher SWCNTs’ hydrophilicity which 

could presumably lead to their differential cellular internalization (Mu et al., 2009). A higher 

internalization could occur for the 6 h treated SWCNTs relative to both 3 h treated and 

pristine SWCNTs as reflected by the higher changes in both the resistance and cell adhesion 

properties. Based on the known interactions of the internalized nanotubes with the 

cytoskeletal elements, as well as cytoskeleton’s role to regulate cell–substrate interactions 

(Holt et al., 2010; Umemoto et al., 2014), the regained adhesion characteristics observed 

after 48 h of exposure to 6 h treated SWCNTs could be associated with reduced cellular 

toxicity of these nanotubes. Complementary, changes in cellular adhesion could be 

associated with changes in cellular morphology (Song et al., 2013) and elasticity (Dong et 

al., 2014, 2013b), which in turn could influence cellular viability. Our analyzes of the 

percentage of apoptotic cells upon exposure to SWCNTs confirmed that nanotube’s surface 

chemistry and degree of functionalization strongly influence cell viability in a time and dose 

dependent manner (Cui et al., 2005; Dong et al., 2013b; Patlolla et al., 2010; Ye et al., 2012). 

For instance, the higher reduction in cellular viability was observed for cells exposed to 

pristine SWCNTs which is presumably associated with the higher content of metal 

impurities, as well as the length and larger agglomerate size of these nanotubes relative to 

their acid treated counterparts.

Our results confirm previous studies which showed that exposure to longer SWCNTs 

induced increased toxic effects relative to shorter SWCNTs with exposure to longer 

nanotubes leading to an increase in the ROS generation (van Berlo et al., 2014), fibrosis 

(Luanpitpong et al., 2014b) and apoptosis (van Berlo et al., 2014), as well as reduction in 

cellular viability (Luanpitpong et al., 2014b; Manke et al., 2014). Further, our results 

confirm previous reports showing that the presence of metal impurities (i.e., Fe) in the 

nanotube samples resulted in higher cytotoxic and genotoxic effects (Aldieri et al., 2013), 

production of hydroxyl radicals, loss of intracellular low molecular weight thiols and 

accumulation of lipid hydroperoxides (Kagan et al., 2006), all by providing quantifiable 
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differential measurements on the cell–cell and cell–substrate interactions without prior 

cellular manipulation or labeling (Kaiser et al., 2013; Song et al., 2013).

5. Conclusions

Our study relied on the natural sensitivity of the cells used as primary transducers to provide 

real-time risk assessment of nanotube toxicity with minimum sample handling and sample 

invasion thus overcoming the limitations and concerns associated with SWCNT interactions 

with biological detection elements. Our results showed that human lung epithelial cells 

exposure to different doses of SWCNTs with user-defined physical and chemical properties 

leads to time and dose dependent changes in cellular behavior, adhesion properties and 

viability. In particular, results showed functional differences in the cellular behavior upon 

exposure to pristine and acid treated SWCNTs according to nanotube’s length, surface 

chemistry, purity and agglomeration state thus helping extend the applications of the electric 

sensing platforms to help standardize nanomaterial risk evaluation.
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Fig. 1. 
Characterization of the chemical and physical properties of the single-walled carbon 

nanotubes (SWCNTs) library. (a) Raman spectra. (b) Elemental composition and (c) Length 

and agglomerate size analyzes as a function of the treatment time. (* indicates a significant 

difference between the pristine and acid treated SWCNTs, while ¥ indicates a significant 

difference between the 3 and 6 h treated SWCNTs respectively, p<0.05).
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Fig. 2. 
Representative real-time measurements of the normalized resistance showing changes in the 

cellular behavior from inoculation until the formation of a confluent monolayer (4 replicates 

of the cells are being shown) (a), and subsequently 48 h following exposure to (b) Pristine, 

(c) 3 and (d) 6h treated SWCNTs.
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Fig. 3. 
Real-time measurements of the normalized alpha parameter following exposure to (a) 

Pristine, (b) 3 and (c) 6 h treated SWCNTs for 48 h. (d) Cross-comparison of alpha 

parameter following 24 and 48 h exposure to the different SWCNTs samples. (* indicates 

significant differences between the alpha values for the cells exposed to SWCNTs and 

control cells; ** indicates significant differences between the alpha values after 24 and 48 h 

of exposure, p<0.05).
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Fig. 4. 
Analyzes of cellular viability following exposure to different doses of pristine, 3 and 6 h 

treated SWCNTs for 24 and 48 h respectively. (a) Percentage of apoptotic cells, and (b) 

Percentage of live cells relative to control cells. (* and ** indicate significant differences 

between SWCNTs-exposed cells and control cells after 24 and 48 h respectively, p<0.05).
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Fig. 5. 
Schematic of the SWCNT-induced cellular changes as reflected by changes in cellular 

morphology, cell–cell interactions, and cellular attachment properties. Those changes were 

interpreted in relation to the SWCNT’s physicochemical characteristics to reflect how 

nanotube internalization changes cellular fate.
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