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T
he distinctive optical, magnetic and

conducting properties of nanoparti-

cles, made from a variety of materi-

als, have made these nanoscale substances

attractive candidates in the development of

new tools for molecular imaging, biosens-

ing, and other areas of biomedical research.

Carbon nanotubes (CNTs) are among the

most promising nanoparticles for such ap-

plications because CNTs, unlike other types

of nanomaterials, have better

biocompatibility1,2 and do not require the

conjugation of antibodies or cell penetrat-

ing peptides for cell internalization.3�5 In

addition, CNTs can easily be functionalized

and linked to fluorescent beacons, nucleic

acids, or other small molecules.6 These

properties make CNTs an ideal candidate

for a “smart” nanoparticle-based system for

drug delivery and in vivo bioimaging. The

use of CNTs in the targeted delivery of bio-

molecules into biological systems carries

enormous medical and commercial poten-

tials and a detailed understanding of the

cell penetration mechanism and intracellu-

lar dynamics of CNTs is paramount for the

development of these nanomaterials as

drug delivery vehicles.7

Although several previous reports have

demonstrated that CNTs are able to translo-

cate across cell membrane,4,8 the cell pen-

etration mechanism and the intracellular

dynamic fate of the internalized CNTs are

not well understood. There are several pos-

sible mechanisms that have been proposed

for cell penetration of CNTs. Some studies

suggested that CNTs cause localized dam-

age on the cell membrane through which

cargos enter the cells.9 Spearing has been

shown to enhance this “hole-punching”

process and improve the efficiency of deliv-

ery into mammalian cells.10 On the other

hand, Kam et al. proposed that cells take up

the CNTs through an energy-requiring

mechanism, such as endocytosis.11 There is

presently no consensus regarding the

mechanism for the entry.

After cell penetration, the intracellular

fate of the internalized CNTs appears to

vary. Nuclear accumulation was observed

although most related studies have re-

ported that water soluble CNTs modified

with functional groups resided in the cyto-

plasm upon incubation.4,8,12,13 One study

has reported that intense G-band signal was

observed in the nuclear region in exposed

HeLa cells using the confocal Raman imag-

ing analysis; however, the nuclear accumu-

lation of CNTs was not inferred because of

the lack of conclusive evidence of CNT-like

structures in the nucleus through ultrasec-

tions analysis under transmission electron
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ABSTRACT Carbon nanotubes (CNTs) have been shown to cross cell membranes and can mediate the

internalization of macromolecules. These characteristics have constituted CNTs as an exciting new tool for drug

delivery and biological sensing. While CNTs exhibit great potential in biomedical and pharmaceutical applications,

neither the cell penetration mechanism of CNTs nor the intracellular fate of the internalized CNTs are fully

understood. In this study, time-lapse fluorescence microscopy was used to investigate the intracellular distribution

of FITC labeled PEGylated single-walled CNTs (FITC-PEG-SWCNTs) in living cells and shown that PEGylated SWCNTs

entered the nucleus of several mammalian cell lines in an energy-dependent process. The presence of FITC-PEG-

SWCNTs in the cell nucleus did not cause discernible changes in the nuclear organization and had no effect on the

growth kinetics and cell cycle distribution for up to 5 days. Remarkably, upon removal of the FITC-PEG-SWCNTs

from the culture medium, the internalized FITC-PEG-SWCNTs rapidly moved out of the nucleus and were released

from the cells. Thus, the intracellular PEGylated SWCNTs were highly dynamic and the cell penetration of PEGylated

SWCNTs appeared as bidirectional. These observations suggest SWCNTs may be used as an ideal nanovector in

biomedical and pharmaceutical applications.

KEYWORDS: carbon nanotubes · nucleus · live-cell imaging · fluorescence recovery
after photobleaching · cell penetration · cellular efflux
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microscopy.14 The nuclear accumulation of CNTs has

been demonstrated by Bianco and co-workers;8 further-

more, they reported that peptide functionalized multi-

walled CNTs could cross the nuclear membrane and be

successfully used for plasmid DNA delivery.3 Previous

reports focused mainly on the uptake of the CNTs and

little work has been done with respect to the behav-

iours of CNTs after their penetration into cells. For ex-

ample, intracellular transferrin-conjugated nanogold

particles are known to be released from cells through

exocytosis,15 but it is not clear whether a similar pro-

cess also occurs for CNTs. A better understanding of the

intracellular properties of CNTs is therefore essential

for the development of this nanomaterial as a drug de-

livery vector. In this study, nuclear accumulation of

single walled CNTs conjugated with polyethylene gly-

col (PEG) and labeled with fluorescent dye FITC (FITC-

PEG-SWCNTs) were demonstrated in several mamma-

lian cell lines. The intracellular organization and cell

division properties of the CNT-treated cells were then

studied. The cellular uptake and release of FITC-PEG-

SWCNTs were observed using time-lapse fluorescence

microscopy. The cellular uptake of FITC-PEG-SWCNTs

was compared with Texas-Red labeled Dextran as the

endocytosis marker. Fluorescence after photobleaching

(FRAP) was used to measure the intranuclear mobility

of FITC-PEG-SWCNTs after the uptake. This work ex-

tends the current understanding of the interactions be-

tween CNTs and biological systems, such as the dy-

namic fate, intracellular behavior, and the uptake and

release mechanism.

RESULTS AND DISCUSSION

Cell Penetration and Nuclear Accumulation of FITC-PEG-

SWCNTs. FITC-PEG-SWCNTs were prepared by conjugat-

ing FITC to highly purified SWCNTs via PEG1500N linkers

(detailed information on the preparation and character-

ization of FITC-PEG-SWCNTs can be found in Support-

ing Information, supplementary Figures 1�3). We in-

vestigated the cell penetrating property of PEG-

SWCNTs by incubating human cervical carcinoma cells

HeLa with FITC-PEG-SWCNTs for 48 h. After extensive

washing, the treated cells were analyzed by flow cytom-

etry. As shown in Figure 1A, FITC fluorescence was de-

tected in virtually all treated cells, suggesting that a

substantial amount of FITC-PEG-SWCNTs had become

associated with HeLa cells. Free FITC did not associate

with HeLa cells (data not shown). The cellular associa-

tion of FITC-PEG-SWCNTs was time and dose depend-

ent (supplementary Figure 4), with cellular green fluo-

rescence detectable as soon as after 1 h of incubation.

The detection of cellular FITC by flow cytometry sug-

gested that PEGylated SWCNTs could either enter the

cells or adhere to the cell surface. The intracellular dis-

tribution of FITC-PEG-SWCNTs in a number of mamma-

lian cell lines was revealed by live cell fluorescence

microscopy. Figure 1 panels B and C show HeLa cells in-

cubated with FITC-PEG-SWCNTs. The green fluores-

cence signal was predominately in the cell nucleus with

a weaker cytoplasmic staining in some cells. In most

cells, FITC-PEG-SWCNTs were observed to be enriched

in a few intranuclear structures. Bright-field DIC images

indicated that these intranuclear structures were nucle-

oli (Figure 1B,C, arrows). To further characterize the sub-

Figure 1. The cell penetration of FITC-PEG-SWCNTs and its nuclear accumulation in mammalian cells. (A) FACS analysis of HeLa
cells treated with FITC-PEG-SWCNTs for 48 h showed that the treated cells took up the FITC-PEG-SWCNTs uniformly. (B) Live
cell imaging showed that FITC-PEG-SWCNTs accumulated in the nucleus, mainly in the nucleolus (arrows), of HeLa cells. (C) DIC
image of panel B. (D�G) U2OS cells (D, E) and MEF (F, G) were incubated with FITC-PEG-SWCNTs and then organellar mark-
ers. Signals from PEGylated SWCNTs (green) did not coincide with mitochondria (red, D�G)) but with nuclei (blue, E, G). Note
that the distributions of FITC-PEG-SWCNTs between the nucleolus and the nucleoplasm are different in these three cell lines.
Scale bars: (B, C) 20 �m; (D�G) 10 �m.
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cellular distribution of FITC-PEG-SWCNTs, CNT-treated

cells were counterstained by a mixture of cell perme-

able dyes Hoechst 33342 and MitoTracker to label the

nucleus and mitochrondria, respectively. The dyes were

used at concentrations that did not cause detectable

cell toxicity and did not interfere with normal mitosis

for at least 24 h.16,17 FITC-PEG-SWCNT was observed to

coincide with Hoechst 33342 (Figure 1E,G), indicating

the internalized SWCNT was predominately nuclear.

This confirms that the green fluorescence detected by

flow cytometry represented intracellular SWCNTs and

supports previous observations that modified SWCNTs

can effectively cross cell membranes.

The detection of FITC-PEG-SWCNTs in cell nucleus

was observed in six mammalian cell lines (Figure 1 and

supplementary Figure 5), of different histological ori-

gins, transformation status and p53 expression levels

(supplementary Table 1). All of the tested cells have nor-

mal mitochondrial morphology and function, as indi-

cated by MitoTracker staining (red in Figure 1D�G and

supplementary Figure 5). The nuclear accumulation of

FITC-conjugated CNTs was also observed for MWCNTs

while using PEG1500N as the functionalization group

(data not shown), suggesting that the nuclear accumu-

lation of PEGylated CNT is a general property of this

nanomaterial. While the nuclear targeting mechanism

of CNTs is not known, it is possible that the internalized

PEGylated SWCNTs are retained in the nucleus through

binding with specific nuclear proteins or nucleic acids.

Future investigations will include the study of the effect

of the molecular weight and surface coverage of PEG

on the cellular uptake, intracellular distribution, and dy-

namic fate of CNT.

The nucleolar accumulation of FITC-PEG-SWCNTs

appeared to change through time (see later) and was

variable in different mammalian cell lines (Figure 1). The

green fluorescence from the conjugated PEG-SWCNTs

was predominately detectable in the nucleolus of HeLa

cells (Figure 1B), U2OS cells (Figure 1D), and HT1080

cells (supplementary Figure 5A). However, the nucle-

olar accumulation of FITC-PEG-SWCNTs was not appar-

ent in MEF (Figure 1F), C33A and HEK293 cells (supple-

mentary Figure 5C,D).

To the best of the researchers’ knowledge, PEGy-

lated CNTs are one of the few nanomaterials that accu-

mulate in mammalian cell nuclei without the need of

cell-penetrating and nuclear-localizing tags. Several

types of nanoparticles can also enter cells without any

conjugation, but these nanomaterials are trapped in the

endosome.18,19 Many studies reported a predomi-

nately cytoplasmic localization of CNTs 8,12,13 instead

of a nuclear accumulation. The intracellular location of

different kinds of CNTs has not been systematically

studied and the cause of this discrepancy is not clear.

The Cell Penetration Mechanism. To characterize the cell

penetration process, FITC-PEG-SWCNTs-treated cells

were exposed to a mixture of three dyes: cell perme-

able dyes DRAQ520 and MitoTracker, as well as an im-

permeable dye DAPI. FITC-PEG-SWCNTs-treated cells

(from an incubation of 24 h) were effectively stained by

both DRAQ5 and Mitotracker, but could still exclude

DAPI (Figure 2A), suggesting that the internalization of

FITC-PEG-SWCNTs is not a result of nonspecific mem-

brane damages that lead to a general influx of external

molecules. This result indicated that whatever the

mechanism used by FITC-PEG-SWCNTs to enter cells,

the plasma membrane was still intact enough to ex-

clude a dye of 350 Daltons.

To further investigate the possible mechanism for

the cell penetration of PEGylated SWCNT, we studied

the effect of energy depletion on its cellular uptake. Cel-

lular internalization of FITC-PEG-SWCNTs was abol-

ished at 4 °C and in sodium azide-treated cells (Figure

2B), indicating that the cellular uptake of PEGylated

SWCNTs is an active transporting process requiring en-

ergy supply. Previous studies have suggested that

mammalian cells could take up CNTs through endocy-

tosis.13 Here, the cellular uptake of PEGylated SWCNTs

was compared with the endocytosis marker Dextran. As

shown in Figure 3, after 3 h of coincubation, FITC-PEG-

SWCNTs (green) located in the nucleus (Figure 3A) (veri-

fied by DRAQ5 staining, Figure 3D) while Texas-Red la-

beled Dextran (red) stayed in the endosomes in the

cytoplasm (Figure 3B) in HeLa cells. The distinct intracel-

lular locations of FITC-PEG-SWCNTs and Dextran indi-

cated either SWCNTs were retained in the endosomes

for much shorter time than Dextran, or that CNTs and

Dextran entered the cells by different mechanisms. This

experiment also suggested that the cellular uptake of

CNTs did not affect the endosome function as the cells

with PEG-SWCNTS could internalize Texas-Red labeled

Dextran as efficiently as cells that had not been treated

with CNTs (Figure 4B,C, and supplementary Figure 6).

Figure 2. (A) HeLa cells excluded impermeable dye DAPI while
they internalized cell permeable dyes (DRAQ5 and MitoTracker).
Cells with intracellular FITC-PEG-SWCNTs (incubated for 24 h) had
normal nuclear and mitochondrial morphology (DRAQ5 and Mi-
toTracker, respectively). (B) While HeLa cells can uptake FITC-PEG-
SWCNTs after coincubation for 2�3 h at 37 °C (control), they can-
not take up FITC-PEG-SWCNTs efficiently at 4 °C and during energy
depletion (4 °C and SA); SA � sodium azide. Scale bars: (A) 10
�m; (B) 20 �m.

A
R
T
IC
L
E

www.acsnano.org VOL. 2 ▪ NO. 10 ▪ 2085–2094 ▪ 2008 2087



Effect on Nuclear Organization and Cell Division. The effect

of FITC-PEG-SWCNT treatment on cell proliferation was

studied. Cell cycle study showed that the cellular uptake

of FITC-PEG-SWCNTs did not alter the distribution of

cell cycle stages after HeLa cells were exposed to PEG-

SWCNTs for 48 h (Figure 4A,B). Flow cytometry analysis

also did not show an obvious increase of apoptotic or

multinucleated cells (Figure 4A,B and other data not

shown). HeLa cells treated with PEGylated SWCNT were

monitored by bright-field microscopy for 5 days (Fig-

ure 4C), and the statistical data showed that the cell

number increased normally as compared to the un-

treated control (Figure 4D).

Time-lapse imaging showed FITC-PEG-SWCNT-

treated cells went through mitosis with no observable

abnormality. Figure 5 presents a time-lapse sequence

that shows mitosis of mouse embryonic fibroblasts con-

taining FITC-PEG-SWCNTs. Before mitosis, SWCNTs were

enriched in the nucleus. Upon nuclear envelope break-

down at the onset of mitosis, SWCNTs became diffused

throughout the entire cell during mitosis (Figure 5, ar-

rows). At the end of the anaphase, the FITC signal accu-

mulated in the nuclei of the daughter cells again. We

did not observe any enrichment of SWCNTs on mitotic

chromosomes. This suggests that SWCNTs

do not exclusively bind to chromatin, but

may be tethered to proteins or RNAs that

are reimported into the nucleus after mito-

sis. It will be important in the future to iden-

tify the cellular macromolecules that interact

with CNTs. To the best of the researchers’

knowledge, this is the first direct visual evi-

dence that proves CNT-treated cells can go

through mitosis, hence further demonstrat-

ing that the intracellular presence of SWCNTs

does not lead to activation of any major mi-

totic checkpoints.

Indirect immunofluorescence using anti-

bodies specific for proteins located in nucle-

oli, Cajal bodies, nuclear pore complexes,

splicing speckles and microtubules indicated

that none of these structures were observ-

ably affected by FITC-PEG-SWCNT accumula-

tion (Figure 6). The perinucleolar location of

coilin and rounding up of splicing speckles

occurred as a result of transcription

inhibition.21,22 It is inferred that transcrip-

tion in the CNT-treated cells remains active

because these characteristic changes in

nuclear organization associated with tran-

scription inhibition was not observed. Taken

together, we did not detect any change in

the intracellular structure and any discern-

ible toxicity to cultured cells, at least within

the time scale (up to 5 days) used in this

study. It has been reported that exposure to

SWCNTs could inhibit mitosis in human lym-

phocyte cultures.23 Our data here showed, at least in

cultured mammalian cells, that the presence of PEGy-

lated SWCNTs did not appear to affect the distribution

of cell cycle stages, the proliferation rate, and the

nuclear structure of cells.

The Release of SWCNTs from the Cells after Internalization.

The intracellular dynamics of the internalized PEGy-

lated SWCNTs was examined by live-cell time-lapse

microscopy. After incubated with FITC-PEG-SWCNTs

for 24 h, HeLa cells were rinsed with fresh medium and

observed with the live-cell fluorescence microscopy.

The green fluorescence was predominately detectable

in the nucleolus, as judged by DIC morphology (Figure

7). Time-lapse microscopy of the FITC-PEG-SWCNT-

treated cells showed that the FITC fluorescence was re-

leased from the nucleolus and became diffusely distrib-

uted in the nucleus within approximately an hour after

the removal of SWCNT from the medium (Figure 7).

The rapid loss of nucleolar accumulation suggests that

the intranuclear distribution of SWCNTs is highly dy-

namic and responsive to the extracellular SWCNT con-

centration. This phenomenon also explains the appar-

ent difference in nucleolar SWCNT signals in HeLa cells

observed in different experiments (e.g., compare Figure

Figure 3. After incubation for 3 h, FITC-PEG-SWCNTs accumulated in the nucleus in HeLa
cells (A, C, and D), but Texas-Red labeled Dextran resided in the endosomes of cyto-
plasm in HeLa cells (B). The green fluorescence signal from intracellular resided FITC-
PEG-SWCNTs did not overlap with the red fluorescent signal from intracellular Dextran
(C). But the green fluorescence signal from intracellular FITC-PEG-SWCNTs overlapped
well with the signal from DNA staining using DRAQ5 (pseudocolored as red in this
panel), and the overlapped part generated a yellow color in the nucleus (D). Scale bars:
10 �m.
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1B with Figure 8; the latter

was imaged more than 1 h af-

ter the FITC-PEG-SWCNT

treated cells were washed).

The dynamic behavior of

the internalized SWCNTs after

wash-out was further investi-

gated by time-lapse micros-

copy. HeLa cells, treated with

FITC-PEG-SWCNTs for 24 h,

were washed with PBS and

then stained with Mitotracker

and Hoechst 33342 for 20 min

in fresh cell culture medium.

Figure 8A and video 1, video

2, and video 3, show that the

intracellular level of FITC fluo-

rescence (green) decreased af-

ter the removal of the FITC-

PEG-SWCNTs from the

medium, but the signals from

DNA dye Hoechst 33342

(blue) appeared stable. The

decrease of the FITC signals

was not likely a result of pho-

tobleaching, because the nu-

cleolar fluorescence, which

was the strongest signal in

most cells, disappeared be-

fore the fluorescence in the

nucleoplasm (Figure 7 and data not shown). Impor-

tantly, during the 7 h time course, there was an increase

of extracellular FITC fluorescence (Figure 8A and video

1), suggesting an extracellular accumulation of FITC-

PEG-SWCNTs. By measuring the FITC signals in the same

intracellular and extracellular volume through time,

the decrease of the intracellular level of FITC fluores-

cence was shown to correspond closely with the in-

crease in the extracellular FITC level,

whereas the extracellular intensities of

Hoechst 33342 and Mitotracker signals

remained unchanged (Figure 8B). It is

therefore inferred that the decrease of

intracellular FITC-PEG-SWCNTs fluores-

cence was caused by the release of

SWCNTs from the cells. This unex-

pected result implies that the transloca-

tion of SWCNTs through the plasma

membrane and nuclear envelope can

be bidirectional. SWCNTs are not likely

to form stable, irreversible complexes

with endogenous cellular structures,

but can move in and out of the cell in

accordance to the external SWCNT con-

centration. This remarkable property

renders SWCNTs as an ideal vehicle for

drug delivery because SWCNTs can

penetrate cell membranes without causing any toxic ef-

fects, at least during the short-term (Figure 4). SWCNTs

can also be removed from cells simply through washing

(Figure 8), thus eliminating or reducing the potential

dangers of long-term health issues caused by the cellu-

lar accumulation of SWCNTs.

FRAP Analysis for Intracellular SWCNTs. To confirm that

this intracellular distribution of FITC fluorescence

Figure 4. Flow cytometry cell cycle analysis of the propidium iodide-stained untreated HeLa cells (A)
and cells incubated with FITC-PEG-SWCNTs for 48 h (B) showed that the treated cells had similar cell
cycle distribution compared to the control. The proliferation analysis showed that proliferation rates
of HeLa cells that were exposed to FITC-PEG-SWCNTs for up to 5 days are similar to the untreated cells
(D). The cell number was measured by counting the number of cells per square (shown in panel C) ev-
ery 24 h. The graph of panel C showed an example of the proliferation assay that was imaged, in the
same region of the coverslip that HeLa cells were cultured for 1 day (day 1) and 5 days (day 5) after treat-
ment with FITC-PEG-SWCNTs. Note the absence of dead cells.

Figure 5. The intracellular localization of FITC-PEG-SWCNTs did not affect cell division. Time-
lapse sequence showing the mitosis of mouse embryonic fibroblasts treated with FITC-PEG-
SWCNTs for 24 h (middle panels). The mitotic chromosomes were labeled with DRAQ5
(pseudocolored as red, upper panels). Note that CNTs were excluded from mitotic chromo-
somes (white arrows). Scale bars correspond to 10 �m.
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faithfully reported the localization of SWCNTs and

was not due to free FITC generated by the break-

down of the internalized SWCNTs, FRAP analysis was

performed on the FITC-PEG-SWCNT-treated cells.

HeLa cells were treated with FITC-PEG-SWCNTs for

48 h and washed, and the FITC fluorescence in a

small nuclear region was then photobleached (Fig-

ure 9A, upper panels). The subsequent recovery in

fluorescence in the photobleached region measures

the intranuclear mobility of the fluorescent mol-

ecules, which in turn depends on the size of the

macromolecular complex that contain this fluores-

cent label.24 Figure 9B (red curve) shows the FRAP

measurement of nuclear FITC-PEG-SWCNT signals.

The recovery half-time was more than 1 min, which

is comparable to many typical protein complexes in

the human nucleus,25 and is considerably slower

than free, unbound molecules, such as GFP.26,27

Next, we delivered FITC-PEG-SWCNTs directly into

HeLa cells by bead loading, a technique commonly

used for introducing macromolecules into cells

through reversible damages to plasma membrane

caused by glass beads.28 Like the PEGylated SWCNTs

that entered cells physiologically, the bead-loaded

SWCNTs also localized in the cell nucleus, with en-

richment in the nucleolus (Figure 9A, middle panels),

whereas bead-loaded FITC distributed evenly

throughout the cells (Figure 9A, lower panels). This

suggests that FITC-PEG-SWCNTs can be targeted to

the nucleus regardless of the cell penetration

methods.

FRAP analyses were performed on cells immedi-

ately after being bead-loaded with FITC-PEG-

SWCNTs. As shown in Figure 9B (green curve), the ki-

netics of fluorescence recovery of the bead-loaded

FITC-PEG-SWCNTs was virtually indistinguishable

from that of FITC-PEG-SWCNTs physiologically inter-

nalized by cells. This indicates that an exposure of

FITC-PEG-SWCNTs to the intracellular environment

for 48 h did not affect their mobility. In contrast,

FRAP measurement of free FITC introduced into

HeLa cells by bead loading28 (Figure 9A, lower pan-

els, and Figure 9B, blue curve) showed a much

poorer bleaching efficiency and a much faster recov-

ery than FITC-PEG-SWCNT. This is consistent with

the extremely fast mobility of the small FITC mol-

ecules, a phenomenon well-documented for other

small, freely diffusing fluorophores such as unconju-

gated GFP.29�31 Taken together, observations by

FRAP analysis showed further evidence that the in-

tracellular FITC signals were from the intact PEG-

SWCNTs and intracellular SWCNTs were dynamic.

CONCLUSIONS AND PERSPECTIVES

The potential widespread use of CNTs has led to

a strong public concern about the impact of these

new nanomaterials on human health and the envi-

ronment. Information concerning the potential bio-

logical effects that are related

to CNTs is still insufficient. Our

study suggested that well-

purified SWCNTs, functional-

ized with PEG1500N, resided in

the intracellular nucleus and

were nontoxic to cultured

mammalian cells upon expo-

sure. Previous cytotoxicity

study of CNTs gave rise to

much controversy. Contami-

nants associated with CNTs

have been shown to induce in-

Figure 7. Intracellular distribution and dynamics of FITC-PEG-SWCNTs in HeLa cells. Time-lapse se-
quence showing the change of the intracellular distribution of FITC-PEG-SWCNTs (incubated for 24 h)
in HeLa cells after the removal of the SWCNTs in the culture medium. The numbers on top indicate
the time after the removal of SWCNTs from the medium (in minutes). Scale bars: 10 �m.

Figure 6. Internalization of FITC-PEG-SWCNTs for 48 h caused no detectable changes in the morphology of the nucleolus
(Fibrillarin, nucleophosmin), Cajal bodies (Coilin), splicing speckles (SC35), the nuclear envelope (Nuclearporin p62), and
microtubules (�-Tubulin). Scale bars correspond to 10 �m.
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tracellular oxygen species,32 whereas highly puri-

fied CNTs are less toxic33 or even nontoxic.1 The con-

flicting information sometimes was due to the

technical problems when common cytotoxicity as-

says were applied for CNTs.34 For example, MTT as-

say was commonly used to study cell proliferation,

but it will generate a fake cytotoxic effect since

SWCNTs appear to interact with tetrazolium salts

such as MTT.34 Here we studied the cell prolifera-

tion by direct cell number counting using live-cell

imaging with the aid of the marked coverslips. This

proliferation study through imaging analysis

avoided potential nonspecific chemical interactions

and is more direct.

In this study, FITC was used to label the PEGy-

lated SWCNTs in living cultured mammalian cells,

and time-lapse live-cell microscopy was used to

characterize the behavior of SWCNTs after cell en-

try. It was assumed that FITC, being a biological in-

active dye, did not affect the intracellular behaviours

of SWCNTs. Future studies will be done using the in-

trinsic optical properties of SWCNTs to study the in-

tracelluar fate and cell uptake. Here, we have shown

that FITC-PEG-SWCNTs accumulated in the nucleus,

mainly in the nucleolus in some cell lines, the site of

ribosomal biogenesis,35,36 and were highly dynamic

inside the cells. It has been shown that through live-

cell time-lapse imaging and immunofluorescence,

the architecture of the nucleus for cells treated with

PEG-SWCNTs were not detectably affected. Since

the organization of the cell nucleus is functionally

linked to the regulation of gene expression and is

known to be deformed in cells with abnormal

metabolism,37,38 it is inferred that the normal

Figure 8. Release of the intracellular FITC-PEG-SWCNTs after the cell internalization. (A) HeLa cells were incubated with
FITC-PEG-SWCNTs (green) for 24 h and stained with Hoechst 33342 (blue) and MitoTracker (red) before time-lapse imaging
for 7 h in fresh medium. (B) Quantitative analysis of the fluorescence signals in panel A. One region in the extracellular space
was selected and the intensities of signals from FITC-PEG-SWCNTs (green data points), MitoTracker (red data points), and
Hoechst 33342 (blue data points) were measured. An area of the same size was selected in the intranuclear space and the in-
tensity of the FITC-PEG-SWCNTs (cyan data points) was measured. Scale bars correspond to 20 �m.

�w Video 1 shows the direct observation of the release of FITC-PEG-SWCNTs from the SWCNT-treated cells.

�w Video 2 shows the stable distribution of DNA.

�w Video 3 shows mitochondria markers in the same SWCNT-treated cells.
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nuclear structure of SWCNT-treated cells is further

evidence that the intracellular accumulation of

SWCNTs does not harbor any serious toxicity.

The behavior of FITC-PEG-SWCNTs, as

revealed by FRAP, is similar to most

nuclear proteins studied25,39 and is consis-

tent with the view that the mammalian

nucleus has a highly crowded microenvi-

ronment in which macromolecules form

transient, but specific interactions with

each other.40 The FRAP analysis that has

been reported is the first study of its kind

on CNT and can be used as the basis for

further characterizations of the intracellu-

lar behavior in nanoparticles. SWCNTs can

also be used for investigating the intranu-

clear environment, such as molecular

crowding, using optical and other bio-

physical methodologies.41

This study has examined the intracellu-

lar and dynamic fate of internalized FITC-

PEG-SWCNTs in mammalian cells. Remark-

ably, the intranuclear distribution of

SWCNTs depended on the extracellular

concentration of SWCNTs. When PEGy-

lated SWCNTs were removed from the cul-

ture medium, the nucleolar SWCNTs rap-

idly moved to the rest of the nucleus and

were eventually released from the cells.

This concentration-dependent cellular ac-

cumulation of chemicals has been de-

scribed for some nuclear dyes,
42 but has

never been directly observed for nanopar-

ticles. This remarkable property suggests

a possible controllable clearance of

SWCNTs after the completion of delivery.

The controllable entrance and release of

SWCNTs by setting intracellular and extra-

cellular conditions provide strong support

that SWCNTs may be an ideal tool to be

used as nanovectors in biomedical and pharmaceu-

tical applications.

METHODS AND EXPERIMENTS

Preparation and Characterization of PEGylated SWCNTs. SWCNTs were

purchased from Carbon Solutions, Inc. The CNT purification,

functionalization, and characterization for SWCNTs have been re-

ported elsewhere.6,43 For purification, SWCNTs were first burned

in the furnace at 300 °C in air for 30 min to remove the amor-

phous carbon and then were further purified by refluxing in an

aqueous HNO3 solution (2.6 M, 48 h), washing repeatedly with

water for 3 days, and drying. The samples after purification were

validated with thermogravimetric analysis, electron microscopy,

and Raman characterization. Nanotube-bound carboxylic acids

were then used to attach aminopolymers polyethylene glycol

(PEG) to the nanotubes via amide linkages.44 The PEG-SWCNTs

were luminescent and the visible/near-IR absorption spectra of

the as-purified SWCNTs and PEGylated SWCNTs were also stud-

ied. The PEG-SWCNTs were then labeled with fluorescent dye

fluorescein isothocyanate (FITC) to facilitate biological imaging.

Detailed information on the preparation and characterization of

SWCNT samples can be found in Supporting Information.

Cell Culture, Incubation of Living Cells in Nanotube Solutions and

Microscopy. Human adenocarcinoma cells (HeLa, ATCC No: CCL2),

human cervical cancer cell (C33A, ATCC No: HTB31), human em-

bryonic kidney cells (HEK293, ATCC No: CRL1573), human sar-

coma cells (HT1080, ATCC No: CC1121), human bone osteosar-

coma cells (U2OS, ATCC No: HTB96), and mouse embryonic

fibroblast (MEF, ATCC No: SCRC1008.2) were purchased from

American-type Culture Collection (ATCC, VA, USA) and cultured

in Dulbecco’s modified Eagle’s medium (Invitrogen, UK) with

10% fetal bovine serum (Invitrogen, UK). For live-cell imaging ex-

periments, cells grown in chambered coverglasses (Lab-Tek

155411, NUNC) were mounted on a wide-field fluorescence mi-

croscope (DeltaVision Spectris; Applied Precision, UK) that was

fitted with an environmental chamber (Solent Scientific) to main-

tain temperature at 37 °C and a Cool Snap charge-coupled de-

vice camera (Roper Scientific). Some additional images (e.g., Fig-

ure 1B,C) were taken on a Leica TCS SP5 confocal microscope.

Figure 9. FRAP analysis of the intracellular FITC-PEG-SWCNTs. (A) Small regions (dotted
circles) in the nuclei of live HeLa cells containing FITC-PEG-SWCNTs internalized after an
incubation of 48 h (upper panels), FITC-PEG-SWCNTs internalized as a result of bead
loading (middle panels) and bead-loaded free FITC (lower panels) were photobleached.
The fluorescence intensities in the circled regions were monitored by time-lapse imag-
ing over at least 40 s. Numbers on top indicate the time after photobleaching (in sec-
onds). Scale bars: 5 �m. (B) Recovery of fluorescence intensities in the bleached areas
(relative to the prebleached levels) over time: blue data points, free FITC; green data
points, bead-loaded FITC-PEG-SWCNTs; red data points, FITC-PEG-SWCNTs internalized
by incubation for 48 h.
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The FITC-PEG-SWCNTs were diluted in culture medium to
55 �g/mL (CNT’s equivalent concentration) and incubated for
durations that are indicated in the study figures. After the incu-
bation with PEGylated SWCNTs, the cells in some experiments
were stained for 20 min with Hoechst 33342 (0.25 �g/ml, Sigma)
or DRAQ5 (5 �M, cell-permeant far-red fluorescence DNA probe,
Biostatus) or DAPI (0.25 �g/ml, Sigma), and MitoTracker (25 nM,
Molecular Probes). After the staining, the staining solution was
removed and the cells were washed with cell culture medium for
5 min, three times.

Before imaging, growth medium was replaced with a
custom-made phenol red-free, CO2 independent medium (Invit-
rogen, UK). In all experiments, an Olympus 40� oil immersion
lens (NA 1.35) was used. DIC imaging was implemented with the
appropriate prism insert (Olympus). For time-lapse live-cell imag-
ing, ten optical sections (1.2 �m each) were collected at regular
intervals of 5 min with an exposure time of 35 ms. All images
were recorded using a binning of 2 � 2 on the CH350 charge-
coupled device camera, yielding an effective pixel size of 0.102
�m � 0.102 �m.

The microscopy images were viewed as three-dimensional
sum projections (Figure 4C), single optical sections (Figures 5, 6,
7, and 8) or maximum intensity projections (Figures 1D�G, 2 and
3 and supplementary Figure 5). Data analysis was performed us-
ing the SoftWoRx image processing program (Applied Preci-
sion, UK), with additional analysis (Figure 9 and supplementary
Figure 4) performed using MetaMorph (Universal Imaging).

FRAP Photokinetic Experiments. The FRAP experiments were per-
formed on a Leica TCS SP5 confocal microscope. To briefly sum-
marize, small regions in the cells were photobleached using a
488 nm laser (100% laser power for 0.3 s) and time-lapse se-
quences of single optical sections were collected by bidirec-
tional scanning using 10% of laser power for about 40 s at the in-
terval of about one image per second. The FRAP data were
measured by the built-in Leica software LAS LF and plotted us-
ing Excel. Bead loading of FITC-PEG-SWCNTs and FITC was com-
pleted as described.28 Cells were analyzed by FRAP within 30 min
after bead loading.

ATP Depletion Experiments. The ATP depletion was conducted
with 10 mM sodium azide (Sigma, s-8032). The cells were incu-
bated with the ATP depletion drug and FITC-PEG-SWCNTs for
2�3 h simultaneously. After the coincubation, the cells were
washed and incubated with the same ATP depletion CO2 inde-
pendent culture medium (Invitrogen) before the live cell stain-
ing and imaging. The mitochondria were stained as the marker
of the ATP supply with MitoTracker (25 nM, Molecular Probes).
The uptake of the PEG-SWCNTs was visualized with green fluo-
rescent signal.

The incubation of HeLa cells with FITC-PEG-SWCNTs was car-
ried out in the cold room with a temperature of 4 °C with CO2 in-
dependent culture medium (Invitrogen). The control group of
the cells was cultured in a 37 °C incubator with CO2-independent
culture medium (Invitrogen). The Texas-Red labeled Dextran (In-
vitrogen) was used as the positive control of the endocytosis up-
take and was coincubated with the cells together with PEG-
SWCNTs after 3 h of incubation; live-cell imaging was recorded
as above.

Antibodies, Fixation, Immunofluorescence, and Imaging. All fixation,
permeabilization, and immunostaining were performed at room
temperature. Cells grown on glass coverslips were washed in
phosphate buffered saline (PBS) and fixed for 10 min with freshly
made 4% paraformaldehyde in PBS. Permeabilization was per-
formed with 0.5% Triton X-100 in PBS for 10 min. Cells were sub-
sequently washed three times in PBS and then blocked with
10% goat serum in PBS for 20 min before incubated with pri-
mary antibody for 1 h. Three washes with PBS were carried out
before incubation with affinity-purified Texas red-conjugated
goat antimouse secondary antibody (Jackson ImmunoResearch
Laboratories) for 45 min. Finally, cells were stained with DAPI (0.3
�g/ml; Sigma). After a final set of washes, cells were mounted
in Vectashield media (Vector Laboratories).

The following antibodies were used in the study. Fibrillarin
was detected by mouse monoclonal antibody 72B9 (1:25, a gen-
erous gift from Professor E.M. Tan, Scripps Institute). Nucle-
oporin was detected by mouse monoclonal antibody 414

(1:100, Convance). Splicing factor SC35 was detected by mouse

monoclonal antibody anti-SC35 (1:100, Sigma S4045). Coilin was

detected by monoclonal antibody 5P10 (1:25). Nucleophosmin

was detected by mouse monoclonal antibody anti-B23 (1:100,

Sigma B0566); microtubules were detected by mouse anti-�-

tubulin DM1A monoclonal antibody (1:100, Sigma T6199).

Immunostained specimens were examined by using a 40�

NA 1.3 Plan-Apochromat objective. Three-dimensional images

were recorded on a Zeiss DeltaVision Restoration microscope

(Applied Precision, UK) that was equipped with a three-

dimensional motorized stage and a Photometrics CH350 cam-

era containing a 1401E charge-coupled device (Eastman Kodak

Co., UK). For each sample, 10 optical sections separated by 0.2

�m were recorded. Exposures were chosen so that images

yielded gray scale units between 200 and 2000, remaining well

above the camera dark current, but below the 4096-U maximum.

Cell Proliferation Assay and Flow Cytometry. The cells were seeded

one day earlier on a grid coverslip (Eppendorf Cellocate Square

size 175 �m) in a 60 mm dish (Merck no. 402/0322/12). The cells

were incubated with PEG-SWCNTs continuously for 4 days. The

same areas on the coverslip, recognized by grid coordination,

were imaged using a 10� lens (Zeiss Planneofluar, NA 0.30 ev-

ery 24 h during the 4 day period. The cell number in the imaged

area was counted. This method allows repeated measurements

of the same cell populations over time and is therefore more ac-

curate than comparing averages of different cell populations.

Cells were analyzed by using a flow cytometry (FACS, Bec-

ton Dickinson) after incubation in various nanotube solutions.

The cells were fixed with cold 70% ethanol and then stained with

50 �g/ml propidium iodide (P3566, Invitrogen) supplemented

with 50 �g/ml RNase A (Roche). Dual detection of red fluores-

cence was carried out with the fixed cells for the cell cycle analy-

sis and green fluorescence with the live cells for the uptake

analysis. The data that is presented in this study represents the

mean red and green fluorescence obtained with a population of

10000 cells.
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