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Exposure to Carbon Nanotubes leads to Changes in the 
Cellular Biomechanics 

Chenbo Dong, Michael L. /(ashon, David Lowry, Jonathan S. Dordick, 
Steven H. Reynolds, Yon Rojanasakul, Linda M. Sargent, -:~ and Cerasela Zoica Dinu"~ 

Carbon nanotubes (CNTs) are rolled-up cylindrical struc­
tures of single (single-walled carbon nanotube- SWCNT) or 
multiple (multi-walled carbon nanotube- MWCNT) sheets 
of graphene that have high aspect ratio,II] high electrical and 
thermal conductivity,l2] ultra-light weight,13] and high mechan­
ical strength.l4] Their unique properties provide a tremendous 
potential for applications in fields as diverse as electronics ,IS] 
aerospace industries,IG] sensors,I?] actuators,18] or composites.l9] 
Based on their properties, researcllers have also been exploring 
CNTs potential for biological and biomedical applications as 
drug delivery systems,IIO] substrate for cells growth in tissue 
regeneration,lll] therapeutic agents,lll] or as vectors for gene 
transfection.l12] Such broad applications of CNTs have led to 
an increased production level and thus increased concerns 
regarding human and environmental exposure. Further, given 
their applications in the biomedical field,l13,I4] understanding 
how biological systems interact with this nanomaterial is 
urgently needed to create safer therapies,II4,IS] and to regulate 
occupational exposures,llG,I?] 

Recent work has shown that in vitro and in vivo exposure 
to SWCNTs can lead to alterations in DNA structure. II8,I9] For 
instance, our recent studies have shown that 24 to 72 h exposure 
of epithelial cells to SWCNTs induced centrosome fragmenta­
tion and aneuploidyII8,20] similar to the genotoxin vanadium 
pentoxide.l21] Likewise, cellular exposure to MWCNT disrupted 
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the mitotic spindle by association with microtubules,l22] induced 
polyploidyII?] and cllanges in cluomosome number in a fashion 
similar to crocidolite asbestosyo,23,24] CNTs genotoxicity has 
been attributed to a variety of factors including metal impuri­
ties, length, size, number of walls, surface area, dispersion, 
and/or CNTs surface functionalization.123 ,2S] Furthermore, geno­
toxicity associated with CNTs-cellular exposure has been shown 
to lead to potential carcinogenic risks similar to ones found for 
asbestos.12G] 

Studies have shown that cancer development is related to 
alterations in cell mechanical phenotype including changes in 
the cell structure,12?] morphology,128] and responses to mechan­
ical stimuli.l29] The mechanical phenotype of cells is regulated 
by dynamic networks of cytoskeletal filaments (i.e., cellular 
scaffold) such as microtubule and actin,130] and by signaling 
molecules.J3I] Alterations of mechanical phenotype of indi­
vidual cells could reveal important information about cllanges 
in cytoskeletal networks, Witll changes in the cell rigidity being 
correlated with malignant transformation and cancer progres­
sion.J32] Studies have shown tllat SWCNTs can induce actin bun­
dling and influence cell proliferation in exposed cellsp3] Other 
studies have shown tllat MWCNTs interact with microtubules, 
bloclcing mitosis and leading to cell death by apoptosis.122] 
Given tlle complex effects of CNTs on increased genetic insta­
bility witll potential carcinogenic risks, as well as the associa­
tion of CNTs with the cytoskeletal filaments, it is important that 
we begin to understand how exposure to these nanomaterials 
affects cellular biomechanics that may be functionally linked to 
mechanisms involved in CNTs-induced genotoxicity and poten­
tially in cancer development. 

Studies have demonstrated the effectiveness of nanoinden­
tation based on atomic force microscopy (AFM) on assessing 
differences between cancer cells and normal cells based on 
their mecllanics. For instance, displacement curves of the AFM 
cantilever versus vertical position of the scanner demonstrated 
that cancer cells have greater variability in their force behavior 
when compared to normal cells.J29,34] Also, nanomechanical­
based ftmctional analysis has been used to detect metastatic 
tumor cells in bodily fluids, with changes in nanomecllanical 
properties of such cells being associated with shape cllanges 
inherent to metastatic adenocarcinoma cells.J32,3S] Herein, we 
have examined the biomechanics of epithelial cells exposed to 
MWCNTs with diameters of 10-20 nm and lengths <1 Ilm. Our 
hypothesis was that MWCNTs permissible exposure limitl3G] 
leads to morphological and cytomecllanical cellular changes 
that can be detected using nanoindentationP2] Our observations 
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Figure 1. Raman spectra of pristine and 1 h acids-washed MWCNTs. 
(a) Pristine MWCNTs. (b) 1 h acids-washed MWCNTs. Four independent 
bands have been identified for both samples, i.e., D band around 
1340 cm-', G band at 1585 cm-l, G' band around 2670 cm-', and band 
around 2910 cm-'. Shifts in these bands are noticed for the 1 h acids­
washed MWCNTs samples. 

suggest that measures of the mechanical properties of cells 
upon MWCNTs exposure could be used as indicators of their 
biological state with MWCNTs-induced increased cellular stiff­
ness suggesting the potential for genetic instability and cancer 
development. 

We used acid-washed MWCNTs prepared from pristine 
MWCNTs incubated in a mixture of sulfuric and nitric acids 
for 1 h followed by subsequent washing steps in waterP7] 
Figures la and Ib depict the Raman spectra of pristine and 
1 h acids-washed MWCNTs. Both samples showed a small D 
band (disorder mode) at -1340 cm-1; the D band was wider and 
had a higher frequency for the 1 h acids-washed sample. This 
shift indicates that acids treatment introduced additional func­
tional groups, i.e., free carboxylic acids groupS.ll8] The 1 h acids­
washed MWCNTs spectra also showed a shift in the G mode 
(1585 nm) with increased intensity towards higher frequency, 
an indication of metal catalyst removal. increase in the number 
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of fWlctional groups having electron-accepting capability, and/ 
or increase in amorphous carbon (see Supporting Informa­
tion Table SI). The ratio of relative intensity of D to G peaks 
(ID/IG) is defined as the degree of functionalization;ll9] the 
higher this ratio, the higher the level of functionalization. Our 
results indicate that ID/IG was 0.45 for pristine and 0.78 for 1 
h acids-washed MWCNTs, further confirming that acids treat­
ment greatly increased tile number of functional groups on tile 
nanotubes. 

The presence of the carboxyl groups was further confirmed 
by energy-dispersive X-ray spectroscopy. Acids washing led to 
removal of catalysts and impurities (i.e., 25% decrease in Fe in 
the Ih acids-washed sample when compared witll the pristine 
sample) and an increase of 17% in the 0 content. As a result 
of free carboxylic acid groups being added upon treatment,138] 
tile 1 h acids-washed MWCNTs have a higher dispersity (see 
Supporting Information Table S2) when compared to pris­
tine MWCNTs. Further, their lengths were reduced as con­
firmed by atomic force microscopy (AFM) (final lengtll 947 ± 
451 !Un/mean ± standard deviation; see Supporting Informa­
tion Table S3). 

Cell culture experiments were performed using a complete 
randomized block design. Briefly, human bronchial epithelial 
cells (BEAS-2B) seeded at tile concentration of 105 cells were 
exposed to 24 J..lg/cm2 1 h acids-washed MWCNTs (a permis­
sible exposure limit for particulates not otllerwise regulatedll6]) 
fully dispersed in culture media, for 24 h at 37°C. Upon expo­
sure, "free" 1 h acids-washed MWCNTs (i.e., 1 h acids-washed 
MWCNTs not associated Witll or taken up by the cells) were 
removed by several washing steps. 

Contact mode AFM was used to probe the topography and 
biomechanics of the cells.l40] To avoid cllanges in cellular proper­
ties during observation and analysis, samples were fixed Witll 4% 
glutaraldehyde. Fixed cell topography was imaged by establishing 
mechanical contact between the AFM tip and individual cells in 
nonzero imaging force[40] witll a scan rate of 0.25 Hz and a pixel 
resolution of 176 nm/pixel (Figure 2a). A representative control 
cell body (i.e., for a cell not exposed to 1 h acids-washed MWCNTs) 
is shown in Figure 2b while a representative cell exposed to 1 h 
acids-washed MWCNTs is shown in Figure 2c. The surface of 
tile control cell appeared smootll and homogenous, in contrast 
Witll a significantly different morphology and increased rough­
ness observed for tile cell exposed to 1 h acids-washed MWCNTs. 
Interestingly, the exposed cells also showed a significant increase 
in tlleir average surface area (-37.7%, p < 0.05) when compared 
Witll control cells. However, tile increase in average height 
(-10.5%) observed for tile exposed cells was not significant when 
compared to control cells (Figure 2d). 

We studied cell biomechanics in response to exposure to 1 h 
acids-washed MWCNTs. Control cells (Figure 3a) were elastically 
mapped using tile extended Hertz model and considering an 
infinitely stiff indenter willi a selected geometry of the AFM tip 
(i.e. conical) and a flat, deformable substrate.l41 ,42] The resulting 
indentation image of a control cell (Figure 3b) shows YOWlg'S 
modulus of the cell body in tile 100-250 kPa range (Figure 3c); 
tile higher stiffness noted at tile cell periphery (up to 600 ]cPa) 
may be due to tile underlying substrate.l40] The highest region 
of the cell (dashed red in Figure 3a; tile rest of the cell body 
is dashed black) corresponds to the cell nucleus; tllis region 
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Figure 2. (a) Schematic overview of the atomic force microscopy (AFM)· 
based analysis of epithelial cells (control and cells exposed to 1 h acids· 
washed MWCNTs). (b) Topography image of a control cell. (c) Topography 
image of a cell exposed to 1 h acids-washed MWCNTs for 24 h. The scale 
bar indicates 10 11m. 

appears softer when compared to the rest of the cell and has 
Young's modulus values in between 40-80 kPa (Figure 3d). 

Table 1 shows the Young's modulus distribution of control 
cells and cells exposed to 1 h acids-washed MWCNTs for 24 h. 
The cells exposed to 1 h acids-washed MWCNTs showed a sig­
nificant increase in the Young's modulus when compared with 
control cells (p < 0.05). Specifically, the exposed cells have sig­
nificant difference in their stiffness when compared to control 
cells, with an overall increase of29.8% in their Young's modulus 
and an increase of 36.6% in their cell nucleus Young's modulus. 
Further, for the cells incubated with 1 h acids-washed MWCNTs 
there was a considerable shift of the Young's modulus towards 
higher values at the cell nucleus. For instance, in between 
100-400 kPa there is an increase from 35.90% to 58.17% from 
control to 1 h acids-washed MWCNTs exposed cells. Even more, 
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the nucleus of the cells exposed to MWCNTs reached values as 
high as 600 kPa. The Gaussian fits of the cells exposed to 1 h 
acids-washed MWCNTs for the perinuclear or nuclear regions 
are shown in Figure 3e and 3f respectively, while the average 
Young's modulus of the exposed cells when compared to control 
cells is shown in Figure 3g. In control, when cells were incu­
bated with 1 h acids-washed MWCNTs only for 1 h there was 
no shift in the Young's modulus of the exposed cells when com­
pared to control cells (see Supporting Information Table S4) . 
Even further, there was no significantly relevant shift observed 
neitller for the perinuclear nor for the nuclear regions when the 
Gaussian fits of the cells exposed to 1 h acids-washed MWCNTs 
for 1 h was compared to tlle Gaussian fits of control cells (see 
Supporting Information Figure SI). It was however noted tllat 
tlle stiffness for both control and 1 h acids-washed MWCNT­
exposed cells was about one order of magnitude larger than for 
living cells)43] This could be tlle result of eitller: (1) cell fixation 
Witll glutaraldehyde;140] (2) large stiffness of the substrate;[40] or 
(3) the induced strains in tlle cells caused by tlle tip indented at 
low speed (Le., 0.25 kHz).[44] 

Our findings are significant in that they relate for the first 
time tlle cellular changes in biomechanics upon MWCNTs 
exposure Witll tlle potential for genotoxicity and cancer devel­
opment in tlle MWCNTs-exposed cells. Specifically, our study 
shows that after 24 h exposure, MWCNTs localize at the cell 
nucleus, with nanotube localization inducing changes in tlle 
nucleus mechanics by increasing its stiffness and overall 
Young's modulus with more than 36.6% than for control cells 
(eitller cells exposed to 1 h acids-washed MWCNTs for 1 h or 
to tlle control cells). Combining our data with previous reports 
tllat indicate that MWCNTs interact with microtubules,[ZZ,4G] 
the mitotic spindle,l2Z] DNA and cell division apparatus,ll7,18] 
we propose now that tlle observed stiffness due to exposure to 
1 h acids-washed MWCNTs could lead the reorganization of ilie 
three-dimensional cellular cytoskeletal network. Such reorgani­
zation could potentially disrupt tlle mitotic spindle,l22] inducing 
errors in chromosome nwnbers to be propagated through fur­
ther cellular division[19] as characteristics of cancer cells)48] This 
is also in agreement Witll comparative gene expression analysis 
tllat indicated tllat the molecular basis of the cell stiffness is 
reflective of the extensive molecular changes in cytoskeleton 
remodeling patllways[45] and with previous reports tllat have 
shown that tumorgenic and metastatic potential are linked to 
cellular deformability)47] 

The demonstrations performed in tllis study are tlle first 
quantitative biomechanical measurements on how nanoinden­
tation can be used as a valuable tool to obtain quantitative maps 
and spatial patterns of local cellular biomecllanical cllanges 
upon exposure of human lung epithelial cells to MWCNTs. 
Our findings suggest significant differences in tlle distribu­
tion of elastic properties between the lung epitllelial cells incu­
bated with MWCNTs and control cells, Witll the nanomaterial 
incubation leading to stiffer and wider modulus distributions 
and reflecting nuclei moduli significantly stiffer tllan the cyto­
plasmic ones. The observations described herein may also sug­
gest a new approach to the consideration of deleterious effects 
associated with CNTs el<:posure, and their characterization by 
means of forces and mechanical parameters. Our findings also 
provide complex data for modeling tlle processes associated 
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Figure 3. (a) Topography image of a single control cell; the cell body is dashed black and the cell nucleus is dashed red. (b) Indentation (elastic map­
ping) and Young's modulus of the control cell identified in Figure 3a. (c) Histogram of the Young's modulus distribution of the single control cell shown 
in Figure 3a. (d) Histogram of the Young's modulus distribution of the nucleus region of the single control cell shown in Figure 3a. (e) Histogram of 
the Young's modulus distribution of control cells and cells exposed to 1 h acids-washed MWCNTs for 24 h. The Gaussian fit reveled a considerable shift 
towards higher stiffness for the cells exposed to 1 h acids-washed MWCNTs. (f) Histogram of the Young's modulus distribution of nucleus region of 
control cells and cells exposed to 1 h acids-washed MWCNTs for 24 h. The Gaussian fit shows that there is a considerable shift towards higher stiffness 
for the nucleus of the cells exposed to 1 h acids·washed MWCNTs. (g) Statistical analysis of average Young's modulus distribution of control cells and 
cells exposed to 1 h acids-washed MWCNTs for 24 h. All differences were considered statistically significant at p < 0.05. 
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Table 1 Young's modulus distribution of control cells (13 individual cells were analyzed) and cells incubated with 1 h acid-washed MWCNTs for 24 h 
(15 individual cells were analyzed). Randomized block design was used for the experimental design and data analysis. 

Group Counts 0-100 kPa 

Control cells 647 58.89% 

Cells incubated with 1 h acids-washed 1025 48.98% 

MWCNTs for 24 h 

Control cells (nucleus region) 117 64.10% 

Cells incubated with 1 h acids-washed 141 40.43% 

MWCNTs for 24 h (nucleus region) 

with mechanotransduction and could lead to improved under­
standing of the changes in the physiological pulmonary func­
tion upon CNTs exposure and how this exposure is associated 
with CNT-induced genetic instability. 

Experimental Section 

Multi-walled carbon nanotubes (MWCNTs) acid washing: Commercial 
multi-walled carbon nanotubes (MWCNTs, Nanolab Inc. PD15L5-20, 
USA) were suspended in a mixture of 3:1 (V/V) concentrated sulfuric 
(96.4%, Fisher, USA) and nitric (69.5%, Fisher, USA) acids and placed 
for 1 h in a water and ice bath sonicator (Branson 2510, Fisher, USA). 
Subsequently the mixture was diluted in deionized (di) water and filtered 
through a GTTP 0.2 J-lm polycarbonate filter membrane (Fisher, USA); 
the filtration process was repeated at least 6 times to remove catalysts 
or impurities. 

characterization of MWCNTs: Energy dispersive X-ray analysis (EDX) 
allowed quantitative elemental analysis of pristine and 1 h acids-washed 
MWCNTs. Samples (1 mg/ml in water) were vacuum dried on silica wafers. 
Experiments were performed on a Hitachi 5-4700 Field Emission Scanning 
Electron Microscope (USA) combining secondary (SE) and backscattered 
(BSE) electron detection in a single unit and operating at 20 kV. 

The chemical structure of MWCNTs (both pristine and 1 h acids­
washed) was investigated using Raman spectroscopy. Experiments 
were performed at room temperature using a Renishaw InVia Raman 
Spectrometer (CL532-100, 100 mW, USA). Nanotubes (1 mg) were 
mounted on clean glass slides (Fisher, USA) and irradiated through 
a 20x microscope objective using an argon ion (Ar+) laser beam with 
a spot size of <0.01 mm2 operating at 514.5 nm. Low laser energy of 
<0.5 mV and an exposure time of 1 0 sec prevented local heating effects; 
scans in 100 to 3200 cm-1 range were acquired. 

An atomic force microscope (AFM) and Si tips (AC240TS, 50 to 
90 kHz, Asylum Research, USA) were used to investigate the length of 
both pristine and 1 h acids-washed MWCNTs. Nanotubes (10 ~lg/mL, 
pristine or 1 h acids-washed) were deposited on mica surfaces (9.5 mm 
diameter, 0.15-0.21 mm thickness, Electron Microscopy Sciences, USA) 
and dried under vacuum. Scans of 10 J-lm x 10 J-lm area were acquired 
using tapping mode in air; at least 30 individual nanotubes from different 
slides were analyzed for an average length distribution. 

MWCNTs solubility tests: The solubility of pristine and 1 h acids­
washed MWCNTs in water, phosphate buffer or Dulbecco modified Eagle 
with or without fetal bovine serum were determined by centrifuging the 
corresponding solution suspension (initial concentration 3 mg mL-1 

for pristine and 1 h acids-washed MWCNTs) at 3000 rpm for 5 min 
and then filtering the supernatant (0.8 mL) through a 0.2-J-lm GTTP 
membrane. After complete drying under vacuum, the amount of pristine 
and 1 h acids-washed MWCNTs on the membrane was weighted and the 
solubility was calculated based on the initial amount and volume of the 
starting sample. 

Cell culture and cell treatment: Immortalized human bronchial 
epithelial cells (BEAS-2B, ATCC, USA) of passages 4-6 were cultured in 
DMEM media (Invitrogen, USA) supplemented with 10% fetal bovine 

100-200 kPa 200-400 kPa 400-600 kPa >600 kPa 

25.04% 8.96% 5.10% 2.31% 

23.71 % 17.46% 5.85% 4.00% 

29.06% 6.84% 0% 0% 

48.94% 9.23% 1.4% 0% 

serum (Invitrogen, USA). Cells of at least 90% purity and 80% viability 
from a single lot were used for all experiments. 

BEAS-2B cells plated in 50 mm parallel culture dishes (BD Biosciences, 
USA) at a density of 1 x 105 cells per dish for 24 h or 1 h were exposed 
to 24 J-lg/cm2 MWCNTs. For biomechanical analysis, the BEAS-2B cells 
(control-unexposed or exposed) were washed with phosphate saline 
buffer (PBS, Invitrogen, USA) two times for 5 min each and then fixed 
with 4% glutaraldehyde solution (Sigma, USA) for 30 min, washed again 
and further analyzed in PBS. 

Biomechanical studies: A commercially available atomic force 
microscope (AFM) integrated with an inverted fluorescence microscope 
(MFP-3D-BIO; Asylum Research, TE2000-U, USA) was used to probe 
the cellular topography and mechanical properties of the cellular 
samples. Cells were imaged in liquid Petri dishes using contact mode 
and Olympus TR400-PB cantilevers with spring constants of 0.09 N/m. 
Scan speeds at 0.25 Hz, pixel resolutions of 512, and scan angle of 
90° (with respect to the cantilever) were employed for the topography 
imaging. Cellular biomechanics was investigated using the Sneddon's 
modification of the Hertz model developed for a four-sided pyramid.l41.421 
Specifically, force-displacement curves were converted into force­
indentation curvesl491 with the assumption that the indented sample is 
extremely thick in comparison to the indentation depth. The cell stiffness 
(Young's modulus, E) was related to the indentation of the tip, i5 through 
equation (1): 

(1) 

where the Poisson's ratio for the cells was v = 0.5 1421 and ex = 36° is 
the open angle of the tip. The loading force on the cantilever F was 
calculated by simultaneously recording cantilever's deflection multiplied 
by the spring constant of the cantilever (k = 0.09 N/m). 

Statistical analysis: The cell culture experiments were performed 
using a randomized complete block design. Each block contained 2 cell 
culture dishes that were randomly assigned either vehicle or MWCNTs 
treatment. Three blocks were run in total. For each culture, 4 to 7 cells 
were examined and averaged into a single value as cells from the same 
culture are not independent. The variables, including Young's modulus, 
surface area and height were analyzed using the Proc Mixed procedure 
in SAS/Stat for Windows (SAS, Cary NC) with experimental block 
modeled as a random effect. All differences were considered statistically 
significant at p < 0.05. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or 
from the author. 
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