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N
anomaterials have been at the
forefront of technology for a
myriad of diverse applications,

but their effects on biological systems have

not been thoroughly studied. Long lasting

toxicity of new chemical and material tech-

nologies often presents in ways not detect-

able by standard toxicity tests. Single wall

carbon nanotubes (SWCNTs) are the new-

est class of the carbon materials and are

used in many technological applications

due to their small size, large surface area,

low density, stability, and rigidity.1,2 Indeed,

significant efforts have been recently fo-

cused on biological applications of SWCNTs

as gene or drug transporter, labeling agents

for intracellular components, etc.3�7 How-

ever, there is disagreement as to their cellu-

lar toxicity.8 Carbonaceous impurities (e.g.,

amorphous carbon, graphitic materials,

fullerenes, etc.) and metallic catalyst par-

ticles present in unpurified SWCNT samples

are toxic to cells.9,10 In addition, the bun-

dling of SWCNTs induced by van der Waals

forces has deleterious effects on cellular fo-

cal adhesions,11,12 cell shape,13 prolifera-

tion, and differentiation.14 On the other
hand, purified and dispersed SWCNTs have
been used to deliver drugs and protein into
cells without causing significant cellular
toxicity.2,15,16 In this work, we report that
purified and dispersed single-wall carbon
nanotubes (SWCNTs) are not acutely toxic
to cells but have an impact on actin struc-
tures with numerous downstream cellular
effects.

Inside cells globular actin (G-actin), an
abundant ubiquitous protein, can self-
assemble into filaments (F-actin) of diam-
eter �7 nm and lengths of tens of micro-
meters. F-actin can then organize into
higher-ordered networks and bundles in
eukaryotic cells with a host of accessory
proteins to create spatially and temporally
unique regions of actin structures which
play vital roles in cell shape, motility, force
generation, division, and many other cell
functions. Similar in size to F-actin, SWCNTs
have diameters of �1 nm and lengths rang-
ing from 100 nm to a few micrometers.

Here, we use a high concentration of
highly purified, dispersed SWCNTs and visu-
alize macromolecular changes inside of
cells using laser scanning confocal micro-
scopy. We find a dramatic redistribution of
actin from basal stress fibers in control cells
to heterogeneous structures distributed
throughout the cell including plaques of ac-
tin at the apical surface in SWCNT-treated
cells. We also observe a significant reduc-
tion in cell proliferation and force genera-
tion. Ex vivo, actin forms bundles of fila-
ments in the presence of SWCNTs,
confirmed by bundling assays and confocal
imaging. This may explain the previous ob-
servation of reduced cell adhesion.13

RESULTS AND DISCUSSION
Dispersed SWCNTs Reduce Cell Proliferation. In

our experiments, we used highly purified
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ABSTRACT The ability of globular actin to form filaments and higher-order network structures of the

cytoskeleton is essential for cells to maintain their shape and perform essential functions such as force generation,

motility, and division. Alterations of actin structures can dramatically change a cell’s ability to function. We found

that purified and dispersed single wall carbon nanotubes (SWCNTs) can induce actin bundling in cells and in

purified model actin systems. SWCNTs do not induce acute cell death, but cell proliferation is greatly reduced in

SWCNT-treated cells with an increase in actin-related division defects. Actin, normally present in basal stress fibers

in control cells, is located in heterogeneous structures throughout the SWCNT-treated cell. These SWCNT-induced

changes in actin structures are seen functionally in multinucleated cells and with reduced force generation. Ex vivo,

purified actin filaments cross-linked with �-actinin and formed isotropic networks, whereas SWCNTs caused

purified actin filaments to assemble into bundles. While purified, isolated SWCNTs do not appear acutely toxic,

this subcellular reorganization may cause chronic changes to cellular functions.
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SWCNTs dispersed in water using a biocompatible tri-
block copolymer Pluoronic F127. Highly purified
SWCNTs were chosen to minimize any impurity-
induced toxic effects.10 In addition, we chose SWCNTs
of an average length of 145 � 17 nm with diameters
ranging from 0.7�1.3 nm for increased cellular uptake,
since nanotubes with lengths �190 nm have a higher
probability to enter cells compared to longer
SWCNTs.17 We first tested whether our purified and dis-
persed SWCNTs were acutely toxic to cells. We ex-
posed HeLa cells to SWCNT solutions for 2 days and
measured changes in cell viability and subcellular struc-
tures using fluorescence techniques. To identify dead
cells, we exposed control and treated HeLa cells to pro-
pidium iodide (PI) and counted the number of PI posi-
tive cells. PI, a membrane impermeable nuclear dye,
identifies dead cells by labeling cells that have lost
membrane integrity, such as necrotic or late apoptotic
cells. Figure 1A shows that exposure to F127 polymer or
to low concentrations of SWCNTs (50 �g/mL) did not
show significant cell death compared to control cells.
High concentrations of SWCNTs, for example, 200 �g/
mL, caused a slightly higher level of cell death (p �

0.031 by Student’s t test) compared with control, but
this level of cell death is not indicative of SWCNTs be-
ing an acutely toxic substance. HeLa cells are adherent

and often detach into the media after extensive disrup-
tion of focal adhesions or death. As such, we also inves-
tigated the media for any detached cells or signs of rup-
tured cell components but did not observe a significant
number of cells or cell fragments in any population
tested (see Materials and Methods). We did not ob-
serve any changes in nuclear morphology including
DNA condensation or fragmentation, also suggesting
that there was no late apoptosis (described further be-
low). However, in measurements of populations of cells
over time, we found that SWCNT-treated cells had a dra-
matic dose-dependent reduction in cell proliferation
after 2 days (Figure 1B).

SWCNTs Reorganize Actin Structures and Focal Adhesions
within Cells. While visualizing fixed cells, we observed
that �60% of all SWCNT-treated cells showed cytoki-
netic division defects, such as giant cells, multinucle-
ated cells, incomplete cytokinesis, or an observable
cleavage furrow (Supporting Information, Figure 1),
suggesting that cells are not able to proceed through
cell division. In contrast, only �10% of untreated HeLa
cells or cells treated with F127 polymer showed any di-
vision defects. We have used SWCNT:F127 at a ratio of
both 1:10 and 1:20, and an excess of F127 did not affect
SWCNTs affects on actin reorganization or cellular divi-
sion defects. It is possible that cells were arrested in late
cytokinesis because SWCNTs stabilized the actin fila-
ments recruited to the cleavage furrow,18 and the ac-
tin could not disassemble to allow the cell to proceed
through cell division. Alteration of actin structures could
also explain phenotypes of giant cells.

We imaged actin structures inside of cells using
rhodamine phalloidin-labeled actin filaments by both
fluorescence widefield and confocal microscopy. Wide-
field imaging of confluent monolayers of treated cells
showed that actin filaments inside of SWCNT-treated
cells were greatly redistributed compared with control
cells (Figure 2A). Actin structures at the middle focal-
plane of untreated cells were present only at the cor-
tex of the cells, whereas SWCNT-treated cells showed
actin throughout the interior of the cells in spiky perinu-
clear projections. Imaging of isolated cells also showed
significant reorganization of actin and changes in cell
morphology (Supporting Information, Figure 2).

Confocal imaging in the x�z plane of isolated cells
confirmed that the cellular actin filaments, which are
normally localized to basal stress fibers, were hetero-
geneously redistributed to the cellular interior (Figure
2B). We then quantified localization of actin filaments in
control and SWCNT-treated cells by measuring the fluo-
rescence intensity of rhodamine phalloidin from 10
cells normalized to cell height (Figure 2C; there is no
statistical difference in cell height between control and
treated cells). The size of the error bars for SWCNT-
treated cells are indicative of large heterogeneity of
F-actin distribution compared to control. The signifi-
cantly larger area under the curve for SWCNT-treated

Figure 1. Isolated and purified SWCNTs were not acutely
toxic to HeLa cells but reduced cell proliferation after two
days of exposure. (A) Cell death was measured by propid-
ium iodide uptake and normalized by the cell permeant DNA
stain Hoechst 33342. High levels of the polymer used to dis-
perse the SWCNTs (orange) and 50 �g/mL SWCNTs (green)
were statistically similar to the control (red) with p � 0.05.
Treatment with 200 �g/mL SWCNT (blue) resulted in a
slightly higher cell death, but not indicative of SWCNTs be-
ing an acutely toxic substance. (B) HeLa cells, seeded at the
same density for each group and treated with SWCNTs for 2
days, showed a dose-dependent reduction in proliferation
as measured by a cell enumeration assay. Here, proliferation
is presented as a percentage of the number of cells present
in the control sample. Cells were imaged at 20� magnifica-
tion with 1000�5000 cells per sample (1000 minimum in re-
duced proliferation case). Error bars are SEM.
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cells, which is the total fluorescence intensity and hence

proportional to total F-actin, is possibly due to a G- to

F-actin shift or an upregulation of actin.

Actin structures may be reorganized by SWCNTs or

focal adhesions may be “attracted” to the localized stiff-

ness induced by SWCNTs at the apical surface during

treatment and cause the subsequent formation of stress

fibers. To determine the mechanisms by which actin

may be reorganized in cells we transfected cells with

GFP-paxillin and imaged changes associated with

SWCNT treatment. Control HeLa cells showed typical

actin�paxillin structures with actin stress fibers termi-

nating at punctate paxillin focal adhesions (Figure 3A,B

and Supporting Information, Figure 3). Cells treated for

2 days with 200 �g/mL SWCNTs showed redistribution

of paxillin structures (Figure 3A,B and Supporting Infor-

mation, Figure 3). We measured an effective time-

course of actin (measured with GFP-moesin) and paxil-

lin (GFP-paxillin) relocalization at early times (order of
hours) in single cells to determine temporal events in
SWCNTs’ reorganization of cytoskeletal structures. We
found that actin was initially redistributed to the apical
surface as plaques (Figure 3C). Slightly later, paxillin was
redistributed to the apical surface (Figure 3B). We sug-
gest that SWCNTs affect actin as well as paxillin, but ac-
tin structures are altered prior to paxillin redistribution
and to a lesser degree (Figure 3D), although basal
changes in paxillin may appear earlier. Since we pur-
posefully selected for small (�150 nm) SWCNTs, it is un-
likely that small points could be acting as zones of in-
creased stiffness.

Functional Cytoskeleton Changes with SWCNT Addition. Since
actin structures and, to a lesser extent, paxillin struc-
tures were reorganized in SWCNT-treated cells, we
tested for functional changes related to force genera-
tion. We have already observed functional cellular
changes including three-dimensional actin organiza-
tion, some giant cells, and multinucleation as well as
general changes in cell proliferation. To measure force
generation, we seeded NIH-3T3 cells on polyacrylamide
hydrogels with micropatterned adhesive 50 �m
squares (Figure 4A). A molecular layer of patterned
gelatin was covalently attached to the polyacrylamide
gel and allowed us to obtain samples of homogeneous
shape and size. NIH-3T3 fibroblasts were chosen since
they generate large traction forces on the substrate to
which they adhere.19 By imaging fluorescent latex
beads in the polyacrylamide gel and tracking the move-
ment of the beads before and after the cell is removed,
we were able to produce intensity color maps repre-
senting the spatially varying stress produced inside the
cell boundary (Figure 4B). Force generation is signifi-
cantly reduced in SWCNT-treated cells, particularly at
the corners. The maximum levels of traction stresses
generated by the cell, quantified as the 95 percentile
traction stress or the average magnitude of the high-
est 5% of stresses, is reduced in SWCNT-treated cells
(Figure 4C). Also, the average traction stress is signifi-
cantly reduced with increased SWCNT treatment time
(Figure 4D).

SWCNTs Bundle Purified F-Actin. The cytoplasm is a com-
plex and dynamic environment, and actin reorganiza-
tion in the cell could be due to many indirect factors. To
explore a more direct interaction between SWCNTs
and actin filaments, we performed centrifugation and
imaging assays with purified actin filaments ex vivo. We
added variable amounts of SWCNTs to F-actin and iso-
lated cross-linked and bundled actin using low-speed
centrifugation (12000g). At this speed individual actin
filaments and SWCNTs alone did not pellet or sediment.
Increasing amounts of SWCNTs in F-actin solutions ef-
fectively promoted bundling of increasing amounts of
F-actin, as illustrated in Figure 5A. Similar experiments
with SWCNTs and bovine serum albumin (BSA) did not
show increasing binding of BSA with an increase in

Figure 2. High resolution imaging shows reorganization of
rhodamine phalloidin-labeled actin inside of SWCNT-treated
cells. (A) Widefield view of the x�y plane of control cells imaged
at the midline of the cell shows actin at the cortex or edge of the
cell. In contrast, SWCNT-treated cells show intracellular,
perinulear spiky actin projections with little order. (B) Confocal
imaging of isolated cells in the x�z plane (compressed in the
y-direction) with pseudocolor for rhodamine phalloidin intensity
highlights the reorganization of actin. In control cells, actin was
most concentrated in the stress fibers along the basal layer of the
cell. SWCNT-treated cells had strong actin density throughout
the cell, losing the preferential localization. (C) We have quanti-
fied the localization of actin densities in cells. In control cells, the
actin was concentrated at the basal layer of the cell, whereas in
SWCNT-treated cells actin was found throughout the cell. The
change in standard deviation between the control and SWCNT-
treated cells highlighted the regular distribution in control cells
and the heterogeneous distribution of actin throughout SWCNT-
treated cells. (n � 15 control, 10 SWCNT-treated).
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added SWCNTs (Supporting Information, Figure 4) sug-

gesting a preferred interaction between SWCNTs and

F-actin. Labeling of ex vivo actin filaments with

rhodamine phalloidin and imaging using confocal

microscopy showed that these SWCNT-induced actin

bundles displayed an anisotropic alignment (Figure 5B).

Rhodamine phalloidin-labeled actin networks cross-

linked with �-actinin were visualized by confocal mi-

croscopy as isotropic networks, in agreement with pre-

vious work.20

Nanomaterials are Chronically Toxic Materials. Nanomateri-

als such as SWCNTs have rich technological potential,

but their impact on human health is still unknown. By

understanding potentially hazardous conditions,

proper safety measures can be initiated for produc-

tion, handling, and disposal. Inert nanomaterials may

be small enough to be ignored by the organism’s for-

eign body and immune response or by cellular re-

sponses, but we have observed that SWCNTs accumu-

late in the cells and interfere with cellular processes. The

dramatic phenotype observed in SWCNT-treated cells

also raises the question on how to define “toxicity”. We

observed no acute cell death, but a reduction in cell

proliferation can be seen as a significant environmen-

tal hazard. Here, high concentrations of SWCNTs bundle

actin filaments, reorder actin inside the cell, and re-

duce cell proliferation. The potential long-term, bioac-

cumulative effects warrant prudent consideration for

the use of SWCNTs and nanomaterials in general for

widespread technological applications.

Figure 3. SWCNTs cause early redistribution of actin then paxillin inside cells. (A) At long times, HeLa cells expressing GFP-
paxillin normally show punctate focal adhesions (green) at the end of actin stress fibers labeled with rhodamine phalloidin
(red). In SWCNT-treated cells (200 �g/mL for 2-days), GFP-paxillin does not localize correctly to punctate focal adhesions
(scale 25 �m). (B) At short times of treatment (under 6 h), cells expressing GFP-paxillin imaged in x�z show relocalization
of plaques to the apical level of the cell. (C) GFP-moesin, which labels actin but does not alter levels of actin expression,31

shows actin normally along the basal level of the cells is relocalized to apical plaques (scale 5 �m). (D) Quantification of short-
time redistribution of actin (by GFP-moesin, red) and paxillin (by GFP-paxillin, green) shows that actin structures are reorga-
nized within the cell in under an hour, whereas paxillin is unchanged. With increased time paxillin showed reorganization,
but the redistribution was less severe than actin (error bars are SEM with n � 10 per point).
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Possible Mechanisms of SWCNT�Actin Interactions. Phalloi-

din can only bind to actin filaments between actin

monomers.21 Since the images from optical micro-

scopy showed that actin was able to form filaments in

the presence of SWCNTs, we do not think that SWCNTs

induce any structural changes in the actin monomer.

Furthermore, fluorescence of pyrene�actin kinetic ex-

periments showed that the rate of actin polymerization

was not affected by SWCNTs (Supporting Information,

Figure 5), suggesting that SWCNTs interact with actin

filaments but not strongly with actin monomers. We

suggest that there is likely a weak binding enthalpy be-

tween the polymer-coated SWCNTs and the actin fila-

ments. While we have seen no evidence of strong pro-

tein binding to SWCNTs (e.g., BSA, G-actin), even a

slightly preferential binding energy between actin

monomers and SWCNTs would be amplified by the in-

creased contact area along the length of actin filaments

and SWCNTs since both molecules are anisotropic and

of similar sizes.22 Any such actin�SWCNT interaction in

the cell would be accentuated over other protein or

macromolecule interactions due to the high concentra-

tion, anisotropy, and remodeling speed of actin. Also,

immediately after entering the cell, SWCNTs have the

most access to actin of any anisotropic or polymeric

macromolecule, which may facilitate this nonspecific

interaction.

Other Uses for Actin-Modifying Materials. We also ob-

served that purified and dispersed SWCNTs can in-

duce dramatic anisotropic actin bundle formation

both in cells and ex vivo. Disrupting or remodeling

of F-actin structures can greatly alter cell functions,

and targeting F-actin has the potential to provide

novel disease therapies. Thus far, naturally occur-

ring substances such as actin stabilizers such as Jas-

plakinolide,23 actin depolymerizing agents such as

Latrunculin A and cytochalasin D,24 and actin remod-

elers such as gelsolin25 have been utilized to modify

actin organization and have been widely used in

cell biology, cell mechanics and biophysics re-

search.24 However, a lack of cell-specific targeting

has prevented their application in medical treat-

ments including anticancer therapies since nonspe-

cific actin reorganization within an organism would

be disastrous.26

SUMMARY
SWCNT-treated cells showed greatly reduced cell

proliferation with an increased actin-related division de-

fects, but did not show acute cell death including ne-

crosis and late apoptosis. Images obtained using laser

scanning confocal microscopy show that actin, nor-

mally present in basal stress fibers in control cells, is lo-

cated in heterogeneous structures throughout the

SWCNT-treated cell. This dramatic reorganization of ac-

tin using synthetic molecules within a cell, while not

grossly disrupting cell shape or causing apoptosis, rep-

resents a novel tool for probing fundamental cellular

properties. The potential for biotechnological advances,

Figure 4. SWCNT-treated fibroblasts generate less stress than control cells.
(A) NIH-3T3 cells were cultured on polyacrylamide hydrogels embedded
with fluorescent particles coated with a molecular layer of gelatin. These
cells, which grew only on the gelatin squares, were then treated with
SWCNTs at 200 �g/mL for up to 1 day. When cells were manually removed
from the substrate with a microneedle, the translocations of the embed-
ded particles were mapped to cellular stresses.19 (A) Phase-contrast images
of control and SWCNT-treated cells show that the cells are well-adhered,
spread on the surface, and take the shape of the pattern. (B) Cell stress vec-
tors, with directions shown with arrows and magnitudes represented with
the intensity color maps. (C) Maximum stresses of multiple cells tested
were reduced with increased time of SWCNT treatment. A 95% traction
stress refers to the highest percentile of stresses, that is, the highest 5%
of stresses (p � 0.001 at 21 h). (D) The traction stresses averaged over
whole cells were also significantly reduced (p � 0.005 at 21 h). Error bars
are SEM with n � 16 for treated cells and n � 20 control cells.

Figure 5. SWCNTs interact with purified actin systems and
bundle actin filaments. (A) In a low-speed centrifugation as-
say, SWCNTs bundle actin filaments increasingly in a dose-
dependent way. In the absence of SWCNTs, no actin was pel-
leted at 12000g, whereas at 2, 4, 6, and 8 ng of SWCNT
increasing amounts of actin were bundled and were present
in the pellet. (B) We also imaged SWCNT-induced actin
bundles using confocal microscopy. Cross-linking of actin
by �-actinin caused an isotropic network to form. In con-
trast, SWCNT-induced actin cross-linking led to bundles to
occur, most likely due to the anisotropic nature of the
SWCNTs. Scale bar in each image is 25 �m.
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such as cancer therapies, by studying targetable moi-

eties that can selectively stop cellular division but not

cause death or elicit the immune responses is extremely

promising. Unlike many natural small molecules,

SWCNTs and the polymer coating can both be modi-

fied for targeting.

MATERIALS AND METHODS
SWCNT Purification, Dispersion, and Length Separation. The SWCNT

sample was HiPCO (high-pressure carbon monoxide conversion
synthesis) and was obtained in unpurified form from Carbon
Nanotechnologies, Inc. The unpurified nanotube sample con-
tained SWCNTs as well as carbonaceous impurities (e.g., amor-
phous carbon, graphitic materials, fullerenes, etc.) and remnant
metal catalyst particles. The SWCNT sample was purified accord-
ing to previously described procedures.9,27 A combination of
thermogravimetric analysis and wide-angle X-ray scattering
measurements indicated that the purified SWCNT sample con-
tained �5 wt % carbonaceous impurities, �0.3% metallic impu-
rities, and the rest SWCNTs.27 The purification process did not
change the structure or properties of SWCNTs.9 To fractionate
SWCNTs by length to obtain nanotubes with length of �150
nm,17 we dispersed purified SWCNTs in water using sodium
deoxycholate (DOC; Aldrich, Inc.) according to previously de-
scribed procedures.28 The DOC-stabilized SWCNT dispersions
contained a mixture of dispersed and bundles of nanotubes. To
separate individual nanotubes from bundles, we centrifuged the
DOC-SWCNT dispersions for 2 h at 21000g and collected the su-
pernatant.29 The isolated SWCNTs in the supernatant were then
fractionated by length using a density gradient.30 SWCNTs in the
10th to 12th fractions generally had an average length of �150
nm. We then pelleted the length-fractionated DOC-stabilized
SWCNTs, burned off the DOC by heating the pellet to 300 °C in
wet air in the presence of H2O2, and then washed in water sev-
eral times.

The purified and length fractionated SWCNTs were dis-
persed in water using Pluoronic F127 (BASF), a biocompatible tri-
block copolymer with the block segments being polyethylene
oxide (PEO)�polypropylene oxide (PPO)�PEO. These types of
polymers are FDA approved and are routinely used in the phar-
maceutical industry, and F127 has been previously shown to op-
timally disperse SWCNTs.28 The ratio of SWCNTs to F127 was
1:10 by weight for all the samples. The F127-stabilized nano-
tube dispersions contained both isolated and bundled nano-
tubes. To remove the bundles and to collect isolated F127-
stabilized SWCNTs, we centrifuged the SWCNT dispersions at
21,000g and collected the supernatant. The sharp van Hove
peaks (Supporting Information, Figure 6) in the absorption spec-
tra from the supernatant confirmed that SWCNTs were isolated
in the supernatant.29 The concentration of F127 stabilized
SWCNTs in the supernatant was determined using near-infrared
(NIR) spectroscopy and an extinction coefficient of 2.6 (absor-
bance mL)/(mg mm) at 930 nm.30 The supernatant was diluted
as needed and used immediately for all experiments. The F127
stabilized SWCNT solutions were stable for several days even af-
ter being diluted with large levels of water or physiological lev-
els of salt.

Cell Culture, Transfection, and SWCNT-Treatment. To measure the
cellular effects of SWCNTs, HeLa cells were cultured in cell cul-
ture media (Dubelco’s modified eagle media, 10% fetal bovine
serum, 1% penicillin�streptomycin; all from Invitrogen) in 6-well
plates, seeded at 2 	 105 (for toxicity studies) and 5 	 104 (for
proliferation studies) cells/well. For studies involving expression
of GFP-tagged exogenous proteins, HeLa cells were transfected
with GFP-paxillin or GFP-moesin31 24 h prior to treatment using
Polyfect (Qiagen, Inc.) per manufacturer’s recommendations.
Cells were plated 24 h prior to SWCNT treatment and were
washed once with phosphate buffer saline (PBS; Invitrogen).

SWCNTs were sterilized under a UV lamp for 1 h, diluted in
PBS and added to cells for 2 h. Media was then added (without
washing) to the well, and cells/SWCNTs were incubated together.
After 2 days, the media (and residual, suspended SWCNTs) was
collected and checked for residual cells and cellular debris by
centrifugation, resuspension, and visualization on a microscope.

Cytotoxicity, Proliferation, And Cellular Labeling. PBS with PI, a cell
impermeable nucleic acid stain, and Hoechst 33342, a cell per-
meable nucleic acid stain, were added to each well. PI, a meas-
ure of dead cells, fluoresces red and Hoechst 33342, a measure
of all cells, fluoresces blue. Images were taken at 20	 in the red
and blue channels. The data were analyzed using ImageJ to
count the number of bright, segmented spots per image. Toxic-
ity and proliferation imaging experiments were repeated in trip-
licate, typically with more than 1000 cells per experiment, de-
pending on proliferation rate. For high resolution imaging of
actin filaments and nuclear structures, cells were fixed with 3.7%
formaldehyde in PBS, permeabilized with 0.2% triton X-100 in
PBS, blocked with 2% BSA in PBS, and stained with 0.25 �g/mL
4=,6-diamidino-2-phenylindole, dihydrochloride (DAPI) for DNA
and 0.165 �M rhodamine phalloidin for F-actin.

Traction Force Microscopy. Micropatterning of polyacrylamide
gels was achieved using microcontact printing, described in de-
tail elsewhere.32 Briefly, a micropattern of gelatin was created on
a coverslip by microcontact printing, then transferred to the sur-
face of a sheet of 5% polyacrylamide with 0.1% bis-acrylamide
(both from BioRad) containing a 1:1000 dilution of fluorescent la-
tex microbeads (Invitrogen). The stiffness of the final polyacryla-
mide gel was estimated to be 30 kPa.33 The gel was incubated in
cell culture media at 37 °C for 30 min, and then the cells were
seeded. Cells were allowed to adhere and spread overnight, and
then treated with SWCNTs.

Traction force microscopy was conducted as described pre-
viously.19 Briefly, a phase contrast image of a single cell ad-
hered and fully spread on a square was acquired followed by a
fluorescence picture of the beads directly underneath the cell.
The cell was manually removed with a microneedle, and a sec-
ond fluorescence picture of the beads was taken. Substrate dis-
placement fields and traction maps were computed using the
LIBTRC package as described previously (courtesy of Dr. Micah
Dembo, Boston University).19

Ex Vivo Actin Bundling Assay. G-Actin at 0.25 mg/mL, preincu-
bated with ATP for 30 min, was polymerized with the addition
of 1 mM ATP, 50 mM KCl, and 2 mM MgCl2 at room temperature
as per manufacturer’s instructions (from Cytoskeleton kit BK001)
in the presence of SWCNTs. Samples were then centrifuged at
12000g or were added to fluorescent dyes for imaging. Centrifu-
gation at 12000g does not pellet SWCNTs, SWCNTs incubated
with BSA (Supporting Information, Figure 4), or actin alone.20

After centrifugation, F-actin bundled by SWCNTs was found in
the pellet, whereas un-cross-linked F-actin was found in the su-
pernatant. Polyacrylamide gel electrophoresis (12% SDS-PAGE
gels from Bio-Rad) of reduced samples was used to visualize ac-
tin in the supernatant or pellet.20 It should be noted that higher
concentrations of SWCNTs had a more dramatic bundling effect
but had deleterious effects on the polyacrylamide gel. Imaging
of bundled samples was performed by polymerizing actin fila-
ments with SWCNT samples on coverslips which had 3 �L of
rhodamine phalloidin diluted in 7 �L of methanol dried onto
coverslips.

Optical Imaging. Unless otherwise specified, widefield imaging
was performed on a DMI6000B inverted fluorescence micro-
scope from Leica with 20	 (0.4 NA) dry and 63	 (1.4 NA) oil im-
mersion objectives and cooled charged couple device (CCD)
camera. Random areas were selected for toxicology and prolif-
eration assays using the automated xy stage feature. Confocal
imaging was performed using Leica SP5 scanning confocal
microscope with 100	 oil immersion objective and 2	 confo-
cal zoom.
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