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P
rotein toxins have played a crucial
role in cancer treatment.1�3 As a po-
tential anticancer member of the

protein toxins family, ricin is identified as a
class II ribosome-inactivating protein that is
highly toxic to mammalian cells. Ricin con-
sists of an enzymatic toxic domain, the
A-chain (RTA), and a cell-binding domain,
the B-chain (RTB), which are linked by a di-
sulfide bond.4 RTB binds to the receptors on
the cell surface and transports RTA from
the cell surface through the Golgi appara-
tus and toward the endoplasmic reticulum
(ER) before its translocation to the cytosol,
where RTA exerts the real toxic action by in-
activating cell-free ribosomes, resulting in
the inhibition of protein biosynthesis and
apoptotic events.3,5�9 Therefore, RTA can-
not perform its cytotoxic function without
assistance from a carrier, RTB, to traverse
the cellular membrane.10 Recently, recombi-
nant immunotoxin has been employed in
cancer therapy by using the antibody or
other binding molecules to replace
RTB;11�14 however, the therapeutic uses of
ricin immunotoxins have been limited by
vascular leak syndrome, a side effect result-
ing from endothelial damage that causes
fluid to escape from the bloodstream into
the lungs, muscle, brain, and other
tissues.15�18 New drug delivery systems are
required to deliver RTA to tumor cells.

During the past decade, nanoscale drug
delivery systems rapidly progressed and
are now being used in the pharmaceutical
and biotechnology fields.19,20 Among all
nanomaterials, carbon nanotubes (CNTs)
have been investigated as the most versa-
tile candidates for such applications due to
unique physical, chemical, and physiologi-

cal properties, including large surface areas,
high electrical conductivity, cell membrane
penetrability, and versatile functionaliza-
tion. Pioneer work by Dai groups and oth-
ers have reported that CNTs could be used
as efficient delivery vehicles to transport a
wide range of molecules, such as peptides,21

proteins,22�24 nucleic acids,25,26 therapeutic
agents,27,28 and vaccines29 across mem-
branes into living cells without the need
for an external transporter. Because of their
tubular structure and extremely high aspect
ratio, functionalized CNTs with water solu-
bility and biocompatibility can easily pen-
etrate various biological barriers in mam-
mals,30 plants,31 and microorganisms32 while
displaying low cytotoxicity.

In our previous work, recombinant RTA
was found to be efficiently delivered into
various cell lines (L-929, HL7702, MCF-7,
HeLa, and COS-7), and then to perform
highly cytotoxic functions, by multiwalled
carbon nanotubes (MWCNTs) in the
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ABSTRACT The endocytic pathway of a recombinant protein toxin, ricin A-chain (RTA), delivered by

multiwalled carbon nanotubes (MWCNTs) was tracked in HeLa cells by tagging RTA with enhanced green

fluorescent protein (EGFP). EGFP�RTA was found to accumulate in the endosome and to be retrogradely

transported to the endoplasmic reticulum, from which it translocated into the cytosol. Nuclear staining, Z-axis

scanning with a laser scanning confocal microscope (LSCM), and transmission electron microscopy (TEM) indicated

that the RTA exerted its toxic effects. Endocytosis-inhibiting tests with LSCM and flow cytometry showed that

MWCNT�EGFP�RTA conjugates penetrated cells principally via clathrin-mediated endocytosis. These studies are

beneficial to understanding the MWCNT-based intracellular drug delivery mechanism and provide guidelines for

designing promising MWCNT-based vectors for targeting diagnostic or therapeutic compounds, not only to specific

cells, but even to specific cellular compartments.
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absence of RTB.24 Thus far, the intracellular
pathway of RTA transportation by MWCNTs is
not clear. Tracking the pathway of the protein
toxins inside cells will help us further under-
stand some key factors in cellular drug deliv-
ery, including how they enter cells, where they
distribute and locate to, and when they be-
gin to function. In this study, enhanced green
fluorescent protein (EGFP) was fused to RTA to
visualize its roadmap in a single cell. Nonco-
valently bound MWCNT�EGFP�RTA conju-
gates were prepared to demonstrate the pan-
oramic view of the endocytic translocation of
RTA. The dynamic uptake process of the
MWCNT�EGFP�RTA conjugates, including
the mobility and transport pathway, were fully
tracked in a single HeLa cell using laser scan-
ning confocal microscopy (LSCM), transmis-
sion electron microscopy (TEM), and flow cy-

tometry (FCM).
Although several possible mechanisms have been

proposed for cell internalization of CNTs, the exact
mechanism of cellular binding and the dynamic fate of
the internalized CNTs continues to raise significant de-
bate. Kam et al.33 and Heller et al.34,35 reported that
protein- or DNA-coated single-walled carbon nano-
tubes (SWCNTs) can enter cells via energy-dependent
endocytosis, whereas Kostarelos36 and Bianco and Pra-
to21 proposed an energy-independent nonendocytotic
pathway, termed the nanoneedle mechanism, involving
the insertion and diffusion of SWCNTs and MWCNTs
across different cell membranes. In addition, Porter et
al.37 and Cherukuri et al.38 reported the cellular uptake
of SWCNTs by macrophages. The large discrepancy be-
tween different studies could be due partly to the lack
of enough molecular proof of conjugate migration, as
well as the different surface modifications of CNTs. In
addition, most of the reported experiments were car-
ried out on SWCNTs wrapped with a variety of biomol-
ecules. However, little is known about the intracellular
dynamic fate of the internalized MWCNTs. In our work,
the cellular uptake of RTA-mediated by MWCNTs is pre-
dominately through the clathrin-mediated endocytosis
pathway, which differs from the majority of published
data showing MWCNT uptake by living cells through an
energy-independent nonendocytotic mechanism.21

Here, we show for the first time that
MWCNT�EGFP�RTA conjugates accumulate in the en-
dosome and retrogradely transport to the ER after en-
docytosis (Figure 1). The intracellular endocytic path-
way of the conjugates in living cells definitely reflected
the delivery capability of MWCNTs for RTA targeting to
the ER, which is necessary for the toxins to reach the cy-
tosol where they exert their intrinsic toxic effects.39 We
believe that the molecular elucidation presented here
may provide more knowledge regarding the intracellu-
lar endocytic mechanism and result in more opportuni-

Figure 1. Schematic representation of EGFP�RTA delivered by multiwalled carbon
nanotubes through the clathrin-mediated endocytosis pathway.
MWCNT�EGFP�RTA conjugates arrived at the cell membrane, were engulfed by
the cell membrane, and were subsequently internalized into cells inside endosomes
and retrogradely transported to the endoplasmatic reticulum (ER). From the ER,
the conjugates were translocated to the cytosol to exert their toxic effects. (A) ER-
Tracker Blue-White DPX fluorescence images. (B) EGFP confocal fluorescence im-
ages. (C) Overlap of confocal fluorescence images B and C in HeLa cells.

Figure 2. The distribution of MWCNT-RTA conjugates inside HeLa cells.
TEM images of (A) MWCNT�RTA conjugates entrapped in the periph-
eral cytoplasm of HeLa cells, (B) a magnification of the white rectangle
in panel A, (C) MWCNT�RTA conjugates moving inward at perinu-
clear regions of HeLa cells, and (D) a magnification of the white boxed
area in panel C. PM, plasma membrane; CP, cytoplasm; NM, nuclear
membrane. The black arrows indicate individual short MWCNTs within
a cell. (E) Confocal microscopy images of cells after incubation with
MWCNT�RTA conjugates. (F) Cells after incubation with 1.0 �M RTA
alone (no MWCNTs present). The insets show the optical images of
cells within the areas. The localization was determined by indirect im-
munofluorescence using a primary antibody against His-tag and FITC-
conjugated antirabbit secondary antibody. Nuclei were counter-
stained with DAPI (4=,6-diamidino-2-phenylindole). [MWCNTs] � 25
�g/mL, [RTA] � 1.0 �M.
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ties for the design of highly specific and efficient deliv-

ery systems for therapeutic treatment.

RESULTS AND DISCUSSION
Preliminary Studies on Tracking MWCNT-RTA Conjugates.

Noncovalently bound MWCNT conjugates were pre-

pared by mixing the protein with cut acid-oxidized

MWCNTs by electrostatic interactions and ��� stack-

ing (for the details of all experiments, see Supporting In-

formation). To track MWCNT�RTA conjugates, TEM

and LSCM were used to observe the distribution of con-

jugates inside the cells. TEM images of fixed cells

showed that RTA was internalized by MWCNTs into

the peripheral (Figure 2A,B) and perinuclear cytoplasm

(Figure 2C,D). The green fluorescence signal was pre-

dominately observed under confocal microscopy in the

cytoplasm of the cells treated with the MWCNT-RTA

conjugates (Figure 2E, single channel images shown in

Supplementary Figure 4A), which is consistent with our

TEM observations. In contrast, no obvious fluorescence

was observed for HeLa cells treated with the same con-

centration of free RTA (Figure 2F, single channel im-

ages shown in Supplementary Figure 4B). The results

strongly indicated that MWCNTs are responsible for the

transportation of the protein toxin in cells and to the cy-

toplasm where RTA performed its biological function,

because RTA is generally nontoxic outside the cell due

to its low efficiency at entering cells by itself. RTA enters

cancer cells with the help of MWCNTs and exerts its cy-

totoxic functions.

Intracellular Trafficking of RTA Delivered by MWCNTs. Know-

ing that the intracellular trafficking of RTA is critical to

obtaining a full understanding of its function, EGFP was

fused to external RTA, which does not influence RTA

biological activity (Supplementary Figure 3). GFP and

its homologues are widely used as fluorescent markers

to track protein behavior in live cells.40,41 Therefore, as

noted above, the intracellular uptake of

MWCNT�EGFP�RTA conjugates in a single live cell

was further investigated by confocal microscopy. Us-

ing Z-axis fluorescent microscopy and three-

dimensional image reconstruction, we studied the spa-

tial distribution of the MWCNT�EGFP�RTA conjugates

after incubation with HeLa cells. This differential uptake

of conjugates by HeLa cells was reproducibly observed

with the different passages of cells. Combined with

DAPI staining, optical confocal microscopy sections of

a single living cell revealed that the green fluorescence

was mainly localized within the cytoplasm (Figure 3,

single channel images in Supplementary Figure 5A

and video 001). The data demonstrate that

MWCNT�EGFP�RTA conjugates were largely internal-

ized into the cytoplasm fraction of HeLa cells. In con-

trast, few of the EGFP�RTA conjugates were visualized

inside the cells (Supplementary Figure 6). It is clear that

the EGFP�RTA delivered by MWCNTs are distributed

in the cytoplasm, where RTA confers cellular toxicity by

Figure 3. Different Z-axis confocal images of MWCNT�EGFP�RTA conjugates taken up by HeLa cells. The cells were grown
on chamber slides and incubated in culture medium supplemented with MWCNT�EGFP�RTA conjugates ([MWCNTs] � 25
�g/mL, [EGFP-RTA] � 1.0 �M) for 22 h. The cells were washed and analyzed with a 60� oil immersion objective (numerical
aperture � 1.4) along their Z-axis at 0.19 �m intervals using confocal microscopy. The 12 slides represent the same HeLa cell
scanned from the dish bottom to the top of the cell. The cell nuclei and cytosol are stained with blue (DAPI) and green (EGFP),
respectively. The scale bar represents 10 �m.

Figure 4. Intracellular location of MWCNT�EGFP�RTA conjugates in
HeLa cells. The internalization of MWCNT�EGFP�RTA conjugates was
determined by confocal images of cells after incubation with
MWCNT�EGFP�RTA conjugates ([MWCNTs] � 25 �g/mL, [EGFP�RTA]
� 1.0 �M) for 10 h in the presence of FM 4�64, a red membrane and en-
docytotic vesicle marker. The images identify areas of green EGFP�RTA
proteins and red FM 4-64 colocalization (yellow). The inset shows a mag-
nification of a single cell in the areas. The scale bar represents 30 �m.
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catalytically inactivating ribosomes and leading to rapid
inhibition of protein synthesis and cell death.

Endosomal Accumulation of MWCNT�EGFP�RTA Conjugates.
Ricin can be taken up by energy-mediated endocyto-
sis.4 We used confocal microscopy to investigate
whether the endocytosis and intracellular trafficking of
MWCNT�EGFP�RTA conjugates were similar to that of
ricin itself. As shown in Figure 4, after a 10 h incuba-
tion, MWCNT�EGFP�RTA conjugates internalized in-
side mammalian cells displayed good overlap with the
red endocytosis endosome marker FM 4-64, which en-
ters endomembrane organelles, including the vacuole,
Golgi, and ER via the endocytotic pathway. These data
provide direct evidence for the endocytosis of
MWCNT�EGFP�RTA conjugates. The conjugates accu-

mulated in the endosome after internalization and
avoided degradation inside the intracellular compart-
ments. Our findings are also consistent with previously
reported data that natural ricin is taken up into the cell
in clathrin-coated vesicles by receptor-mediated en-
docytosis, and from there it is delivered to the endoso-
mal network.9

The confocal fluorescence microscope can only ob-
serve the internalization of fluorescence-labeled CNTs
into cells; however, tracing the same process with unla-
beled CNTs, such as single nanotubes, is challenging.
Here, we directly track the distribution of unstained
MWNT�RTA conjugates into cells using TEM. As shown
in Figure 5A, bundled MWCNTs carrying RTA localized
in the endosomes. Subsequent magnifications (Figure
5B) provide a higher-resolution view of the intracellu-
lar localization of the MWNT�RTA conjugates. Here, we
directly visualized individual MWCNTs in the endo-
somes, where the endocytotic uptake of the hollow
nanotubes indeed occurred, consistent with the results
from fluorescence confocal microscopy.

Transport of MWCNT�EGFP�RTA Conjugates to the
Endoplasmic Reticulum. Ricin has been reported to enter
cells by endocytic routing from endosomes and into the
Golgi apparatus, and further retrogradely transported
to the ER. From the ER, ricin is translocated into the cy-
tosol to exert its toxic effect.42 However, RTA does not
penetrate the ER membrane directly.39 Some investiga-
tions have suggested that RTA reaches the ER and takes
advantage of a quality control pathway, termed ER-
associated protein degradation (ERAD), to reach the cy-
tosol.43 Another study supported that RTA must make
specific interactions with ER components to accomplish
the unfolding that is required for translocation to the
cytosol.44 To target ribosomes in the mammalian cyto-
sol, RTA must first negotiate the endomembrane sys-
tem of the cell to reach the ER. In our study, after expo-
sure of the cells to EGFP�RTA or MWCNT�EGFP�RTA
conjugates for 22 h, EGFP�RTA was visualized as over-
lapping with ER-Tracker Blue-White DPX using LSCM
(Figure 6 and Supporting Information video 002). In
contrast, few of the endocytic EGFP�RTA were visual-
ized inside the cells (Supplementary Figure 7). These re-
sults provide the first direct evidence that the endocy-
tosed EGFP�RTA fusion protein delivered by MWCNTs
is retrogradely transported to the ER, indicating that the
ER might be a final organelle for RTA translocation.

To directly visualize the intracellular trafficking of
MWCNT�RTA conjugates, we also tracked the same
process of MWCNT�RTA conjugates entering cells us-
ing TEM. Figure 7 illustrates the different stages of the
endocytosis process. After being endocytosed, some
MWCNTs are visualized near the Golgi apparatus (Fig-
ure 7A,B) and ER (Figure 7C). The accumulation of some
MWCNTs in the ER is consistent with the confocal fluo-
rescence microscopy results (Figure 7D). Our observa-
tions indicated that MWCNT bundles retrogradely trans-

Figure 5. TEM characterization of the subcellular localization of
MWCNT�RTA conjugates in HeLa cells. (A) MWCNT bundles localized in
the endosome. (B) Magnification of the white rectangle in A. The inset
shows a magnification of the individual short MWCNTs in the white rect-
angle in B. The white arrows indicate individual short MWCNTs within the
endosome. [MWCNTs] � 25 �g/mL, [RTA] � 1.0 �M.

Figure 6. MWCNT�EGFP�RTA conjugates located in the ER of HeLa cells
after incubation for 22 h. The green fluorescence signal from intracellular
MWCNT�EGFP�RTA overlapped with the signal from the ER stained
with ER-Tracker Blue-White DPX. The overlapped portion appears in yel-
low. (A) brightfield images; (B) EGFP fluorescence images; (C) ER-Tracker
Blue-White DPX fluorescence images; (D) overlap of fluorescence images
B and C. Scale bar � 30 �m, [MWCNTs] � 25 �g/mL, [EGFP�RTA] �
1.0 �M.
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port the protein to the ER, which was the most possible
route for their cellular fate and similar to that of ricin it-
self. In our experiment, RTB was substituted by
MWCNTs and similar translocation of RTA appeared to
occur, which suggests that MWCNTs could become
novel efficient transporters of RTA.

Cellular Uptake Mechanism of MWCNT�EGFP�RTA
Conjugates. To further investigate the possible mecha-
nism for MWCNT�EGFP�RTA conjugate entry into
cells, we studied the effect of energy depletion on its
cellular uptake. Endocytosis is known to be a general
entry mechanism for various extracellular materials and
is an energy-dependent process. ATP production is dis-
rupted when cells are cultured at 4 °C or with NaN3.33

Cellular incubations with MWCNT�EGFP�RTA conju-
gates were carried out at 4 and 37 °C with NaN3. Very
weak green fluorescence was seen in the cells cultured
at 4 and 37 °C with NaN3 (Figure 8A,B) compared to the
control (Figure 8C) using confocal microscopy. This find-
ing was further quantitatively confirmed using FCM
measurements (Figure 8D, for the original data see
Supplementary Figure 8), indicating that the cellular up-
take of MWCNT�EGFP�RTA conjugates is an active
transport process requiring energy. These phenomena
are in good agreement with an energy-dependent en-
docytotic mechanism.

Several possible endocytic processes exist for inter-
nalizing materials, such as clathrin-mediated endocyto-
sis, caveolae-mediated endocytosis, and clathrin-
caveolae-independent endocytosis. To determine the
precise endocytotic pathway involved in the internaliza-
tion of MWCNT�EGFP�RTA conjugates, we tested
whether specific endocytotic inhibitors45 block the in-
ternalization using confocal microscopy and FCM. As
shown in Figure 9, green fluorescent signal inside the
cells is very weak when the cells are pretreated with
chlorpromazine (Figure 9B). However, the cells pre-
treated with nystatin (Figure 9C) or cytochalasin D (Fig-
ure 9D) expressed obvious green fluorescence at basi-
cally the same level as control cells (Figure 9A). FCM was
used to quantify the inhibitory effects based on the re-
duction in fluorescence compared to the control. The
FCM data also showed that the fluorescence intensity
was blocked to the background level (cell only) when
chlorpromazine was introduced into the cell culture,
but the green fluorescence intensity was similar to the
normal cells cultured at 37 °C. These data are consistent
with the result from confocal fluorescence microscopy
(Figure 9E, for the original data see Supplementary
Figure 9). These results indicate that the internalization
of MWCNT�EGFP�RTA conjugates was obviously in-
hibited by chlorpromazine, which is a cationic am-
phiphilic drug that prevents clathrin-mediated endocy-
tosis by disrupting the assembly of the clathrin adaptor
protein at the cell surface, but nystatin and cytochala-
sin D did not have an inhibitory effect. Altogether, we
concluded that MWCNT�EGFP�RTA conjugates were

internalized into HeLa cells principally via clathrin-

mediated endocytosis. Our findings are also consistent

with data reported by Shi Kam et al., Jin et al., and Heller

et al., who reported that energy-dependent endocyto-

sis is the internalization mechanism used by SWCNTs to

carry various types of other biological molecules into

cells.21,22,25 However, our results clearly differ from the

majority of published data in that MWCNTs are taken up

by living cells through an energy-independent nonen-

docytotic pathway that involves the insertion and diffu-

sion of nanotubes across cell membranes. The discrep-

ancy in uptake mechanisms might be due to different

molecular loadings on the CNTs and/or different experi-

mental procedures. This work extends the current un-

derstanding of the intracellular behavior and uptake

mechanism of carbon nanotube transporters for bio-

logical delivery applications.

CONCLUSION
We have shown that a recombinant protein toxin,

RTA, was internalized into the cytoplasm where it can

exert a direct toxic effect, and investigated the en-

docytic pathway of the delivery of the protein by

MWCNTs. MWCNT�EGFP�RTA conjugates are re-

ported to be taken up by HeLa cells via a clathrin-

mediated endocytosis mechanism, which differs from

the majority of published data showing that MWCNTs

are taken up by living cells through an energy-

Figure 7. TEM images capturing the endocytosis of MWCNT�RTA conju-
gates into HeLa cells. (A) MWCNT bundles localized near the Golgi com-
plex (GC). (B) Magnification of the white rectangle in panel A. (C) MWCNT
bundles localized near the endoplasmic reticulum (ER). The inset shows
a magnification of individual short MWCNTs in the white rectangle. (D)
MWCNT bundles accumulated in the ER. [MWCNTs] � 25 �g/mL, [RTA] �
1.0 �M. The black arrows indicate individual short MWCNTs within the
subcellular organelle; white arrows indicate aggregates of MWCNTs
within the ER.
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independent nonendocytotic pathway that involves
the insertion and diffusion of nanotubes across cell
membranes. To the best of our knowledge, this is the
first time MWCNT�EGFP�RTA conjugates have been
directly visualized to accumulate in the endosome after
endocytosis and retrogradely transported to the ER,

where they are translocated to the cytosol to exert
their toxic effects. Therefore, a better understanding of
the mechanisms of cell entry, trafficking, and toxicity of
these model delivery vectors will provide both opportu-
nities and challenges for designing more specific and
efficient systems for therapeutic targeting.

EXPERIMENTAL PROCEDURES
Materials. MWCNTs (purity � 90%, length � 1 �m, diameter

� 10 nm) were purchased from Nanotech Port Co., Ltd. (Shen-
zhen, China). Bovine serum albumin (BSA, 66 kD) was purchased
from Chemical Reagent Company (Shanghai, China). Chlorprom-
azine was obtained from Sine JiuFu Pharmaceutical Company
(Shanghai, China). Cytochalasin and D nystatin was purchased
from Shanghai Solarbio Bioscience & Technology Co., Ltd.
(Shanghai, China). All tissue culture materials were obtained
from Invitrogen, and the other reagents (analytical grade) were
purchased from Sigma-Aldrich (St. Louis, MO).

Preparation of Cell Sections for TEM Analysis. HeLa cells (1.25 � 105)
were cultured in Dulbecco’s minimal essential medium (DMEM)
in a 6-well plate at 37 °C in the presence of 5% CO2 until 75% con-
fluent. The cells were then incubated with a solution of
MWCNT�RTA in phosphate-buffered saline (PBS) for 22 h, fixed
by 2.5% glutaraldehyde in 0.1 M PBS (pH 7.2) for 2 h, washed
three times with 0.1 M PBS (15 min each wash), and then treated
with a 1% OsO4 solution in cacodilate buffer for 2�3 h at room
temperature. Cells were carefully rinsed with 0.1 M PBS. After
several washes, the cells were dried by treating with 50%, 70%,
90% ethanol, a mixture of 90% ethanol and acetone (1:1, v/v),
and 90% acetone for 15 min each at 4 °C, and then three times
with absolute acetone for 20 min at room temperature. The
specimen was then embedded in an epoxy resin by treating

with absolute acetone and embedding solution (2:1, v/v) for
2�3 h at room temperature, absolute acetone and embedding
solution (1:2, v/v) overnight at room temperature, and absolute
embedding solution for 2�3 h at 37 °C. The specimen was stored
in an oven overnight at 37 °C, 45 °C for 12 h, and 60 °C for 24 h.
Specimens were then subsequently sectioned into 50 to 60-nm-
thick slices with an LKB-I ultramicrotome. Selected sections were
stained with uranyl acetate and lead citrate and observed with
a Philips CM120 transmission electron microscope with an accel-
erating voltage of 120 kV.

Immunofluorescence Analysis. HeLa cells were cultured directly
onto glass coverslips using DMEM medium supplemented with
10% FBS and 1% penicillin�streptomycin to allow 70% conflu-
ency in 24 h at 37 °C. After the cells were incubated with RTA and
MWCNT-RTA conjugates in a 6-well plate for 22 h at 37 °C, the
cell medium was removed and the cells were washed with PBS
and fixed for 10 min with ice-cold acetone. Cells were subse-
quently washed three times in PBS and then blocked with 10%
goat serum in PBS for 20 min before being incubated with pri-
mary antibody (rabbit anti-His, 1:1000 in blocking buffer) for 2 h
at 37 °C. The cells were washed with three changes of PBS for 5
min each before incubating with FITC-labeled secondary antirab-
bit antibody (1:100 in blocking buffer, Sigma) in the dark for
1 h. The cells were washed three times for 5 min each with PBS,
counterstained with DAPI (0.25 �g/mL, Molecular Probes) for 10

Figure 8. Energy-dependent cell uptake of MWCNT�EGFP�RTA conjugates. Confocal microscopy images of HeLa cells after
incubation with MWCNT�EGFP�RTA conjugates ([MWCNTs] � 25 �g/mL, [EGFP�RTA] � 1.0 �M) at (A) 4 °C, (B) after pre-
treatment with NaN3, and (C) at 37 °C. The cell nuclei and cytosol are stained blue (DAPI) and green (EGFP), respectively. (D)
Flow cytometry analysis after incubation with MWCNT�EGFP�RTA for untreated cells, cells pretreated with sodium azide,
and cultured at 4 °C instead of 37 °C. The dark yellow line corresponds to control cells, the green line corresponds to cells cul-
tured at 4 °C, the blue line corresponds to cells pretreated with sodium azide, and the orange line corresponds to cells cul-
tured at 37 °C. Each treatment was made in triplicate.

A
RT

IC
LE

VOL. 4 ▪ NO. 11 ▪ WANG ET AL. www.acsnano.org6488



min, rinsed with PBS three times for 15 min, and the coverslips
transferred onto microscope slides and fixed with mounting me-
dium to be visualized by LSCM (Olympus FV1000) using oil im-
mersion at 60� magnification.

LSCM of Living Cells Incubated with MWCNT�EGFP�RTA Conjugates.
HeLa cells were plated in 35-mm glass bottom culture dishes,
grown to 80% confluency for 24 h at 37 °C, and washed three
times with prewarmed PBS. The culture medium was then re-
placed with serum-free medium (SFM) mixed with
MWCNT�EGFP�RTA conjugates for 22 h at 37 °C. After incuba-
tion, the cell medium was removed from the chambered cover
slides and washed with PBS three times. The cells were counter-
stained with DAPI for 10 min, rinsed with PBS three times for 15
min, and replaced with SFM. HeLa cells were imaged directly on
the chambered cover glass using LSCM (Olympus FV1000,
BX61W1) and a 60� oil immersion objective lens. Individual im-
ages were taken along the Z-axis of internalized
MWCNT�EGFP�RTA conjugates in HeLa cells at 0.19 �m inter-
vals from the dish bottom to the top of the cell. Images were
combined and deconvoluted to reconstruct a three-dimensional
image of the cells for additional analysis.

LSCM of the Subcellular Localization of MWCNT�EGFP�RTA Conjugates.
HeLa cells grew on coverslips inside a Petri dish filled with DMEM
medium containing 10% FBS and 1% penicillin�streptomycin
to allow 70% confluency in 24 h at 37 °C. The medium was re-
moved from the dish and high glucose DMEM medium contain-
ing 0.45% glucose was added, as well as 1.0 �M EGFP�RTA or
MWCNT�EGFP�RTA conjugates on the control slides and
treated slides, respectively. The slides were incubated at 37 °C
for 10 or 22 h. The slides were washed with HBSS (with Ca2� and
Mg2�) three times.

For FM 4-64 staining, FM 4-64 (5 �M, Molecular Probes) was
added to cells and then incubated for 10�15 min at 30 °C with
shaking. For ER-Tracker Blue-White DPX staining, the medium
was removed from the dish and prewarmed ER-Tracker Blue-
White DPX-containing high glucose DMEM medium (1 �M)
added. The cells were incubated for approximately 0.5 h under
growth conditions. The slides were washed with HBSS (with Ca2�

and Mg2�) three times and observed using LSCM. The absorp-
tion of EGFP was 488 nm, and the peak fluorescence emission
ranged from 500 to 600 nm. The absorption of the FM 4-64 dye
was 558 nm, and the peak fluorescence emission was monitored
from 650 to 750 nm. The absorption of ER-Tracker Blue-White
DPX was 405 nm, and the peak fluorescence emission ranged
from 425 to 475 nm.

Endocytosis Inhibition. HeLa cells were first pretreated with one
of the endocytosis inhibitors (10 mM sodium azide for deple-
tion of ATP; 10 �g/mL chlorpromazine as an inhibitor of clathrin-
mediated endocytosis; 15 �g/mL nystatin as an inhibitor of
caveolae-mediated endocytosis; and 1 �g/mL cytochalasin D as
an inhibitor of macropinocytosis) in FBS-free DMEM for 1 h, and
then incubated with MWCNT�EGFP�RTA conjugates for an-
other 22 h. The cells were cultured at 4 °C, instead of the regu-
lar 37 °C conditions. After incubation, the cells were rinsed three
times with 0.01 M PBS prior to examination by LSCM.

Quantitative Study of Uptake by FCM. The cells were seeded in
6-well plates at a density of 2.5 � 105 cells per well and incu-
bated in DMEM cell culture media for 24 h at 37 °C and 5% CO2.
Then the cells were incubated with MWCNT�EGFP�RTA conju-
gates and control at 37 °C for 22 h. After incubation, the cells
were detached using trypsin, centrifuged at 1000g for 10 min,
and analyzed using a Becton Dickinson FACSCalibur flow cytom-
eter. A total of 1 � 105 cells were collected and analyzed for
each sample. Three replicates were done for each sample.
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