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Carbon Nanotubes as Intracellular Transporters
for Proteins and DNA: An Investigation of the
Uptake Mechanism and Pathway**
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New materials for the intracellular transport of biological
cargos such as DNA, proteins, and drug molecules have been
actively sought to effectively breach the cell-membrane
barriers for delivery and enabling functionality of extracel-
lular agents. Single-walled carbon nanotubes (SWNT) have
been recently shown to shuttle various molecular cargos
inside living cells including proteins, short peptides, and
nucleic acids.'"® The internalized nanotubes were found to be
biocompatible and nontoxic at the cellular level. Further-
more, a very recent study has established targeted internal-
ization of SWNTs into cancer cells that express specific cell-
surface receptors and subsequent use as high near-infrared
(NIR) absorbing agents for cancer-cell destruction without
harming normal cells.”? Release of oligodeoxynucleotides
from SWNT transporters in vitro has also been demonstrated
by NIR excitation of nanotubes that are located inside living
cells. The utilization of the intrinsic physical properties of
SWNTs allows the realization of a new class of biotransport-
ers and opens up new possibilities in drug delivery and NIR
radiation therapy.

At the present time, several fundamental issues remain to
be addressed for the use of carbon nanotubes as potential
biological transporters. One such issue is the entry mechanism
that regulates the cellular internalization of SWNTs and their
cargos. Wel? have suggested that SWNTs traverse the
cellular membrane through endocytosis, whereas Pantarotto
et al.”! have suggested an energy independent nonendocytotic
mechanism that involves insertion and diffusion of nanotubes
through the lipid bilayer of the cell membrane. Detailed work
to establish the cellular uptake mechanism and pathway for
SWNTs is currently lacking.

Herein, we present the first systematic investigation of the
cellular uptake mechanism and pathway for carbon nano-
tubes. We first show that intracellular transportation of
proteins and DNA by SWNTs is indeed general, thus further
confirming the transporter ability of these materials. We then
present evidence that shows clathrin-dependent endocytosis
as the pathway for the uptake of various SWNT conjugates
with proteins and DNA. We also discuss the differences
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between the nanotube materials and the experimental
procedures used in our work and by Pantarotto et al. who
suggested an energy-independent nonendocytotic uptake of
nanotubes. In our current work, we aim to clearly establish
the intracellular uptake mechanism of SWNTs in the form of
individual and small bundles with lengths of <1 micron and
to avoid any confusion and controversy over the cellular-
uptake mechanism for these materials.

To investigate the generality of carbon nanotubes for the
transportation of proteins and DNA inside mammalian cells,
we used, in our current work, two different mammalian cells
lines, adherent Hela cells and non-adherent HL60 cells.
Control experiments were carried out through the incubation
of cells in protein and DNA solutions in the absence of
nanotubes. In parallel experiments, HeLa and HL60 cells
were incubated with various noncovalent protein-SWNT and
DNA-SWNT conjugates (Figure 1a, b) and analyzed by both
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Figure 1. Schematic representation of a) protein-SWNT and b) DNA-
SWNT. c) AFM image of DNA-SWNT deposited on a SiO, substrate
(scale bar=200 nm).

flow cell cytometry and confocal fluorescence microscopy.
Unless otherwise stated, the SWNTs that were used were
short (~50-200 nm, afforded by sonication), individual, and
small bundles of nanotubes as characterized by atomic force
microscopy (AFM; Figure 1c¢). Acid oxidized SWNTs were
used for noncovalent conjugation with proteins and non-
oxidized, as-grown SWNTs were used to complex with DNA
molecules (see Experimental Section).

With these nanotubes of different functionalization,
molecular cargos, and fluorescent tagging, we consistently
observed, by confocal fluorescence microscopy imaging,
cellular uptake of the protein-SWNT and DNA-SWNT
conjugates by both HeLa and HL60 cells (representative
image of uptake shown in Figure 2 a) after incubation at 37 °C.
The successful uptake of both SWNT conjugates was further
confirmed by flow cell cytometry measurements (Figure 2d,
see fluorescence signal under ‘protein-SWNT’ and ‘DNA-
SWNT" labels, respectively) from a population of ~ 10000
cells. The noncovalent conjugations between proteins and
DNA and SWNTs are sufficiently strong for entry as carrier—
cargo complexes into living cells. This was shown by the little
intracellular uptake of fluorescently tagged proteins and
DNA molecules without nanotube transporters (Figure 2d
low fluorescence levels under ‘protein’ and ‘DNA’ respec-
tively). The existence of SWNTs inside cells was also
evidenced by a recent finding that SWNTs inside living cells
can be excited optically by NIR laser light. Continuous NIR
radiation of SWNTs inside cells was also shown to lead to cell
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Figure 2. Confocal microscopy images of Hela cells after incubation in
fluorescently labeled DNA-SWNT at a) 37°C, b) 4°C, and c) after
pretreatment with NaN,. d) Flow cell cytometry data for HL60 cells
that were incubated in fluorescently labeled pure DNA or protein
solutions without nanotubes (labeled ‘DNA’ and ‘protein’, respec-
tively), DNA-SWNT and SA-SWNT at 37°C, and for protein—SWNT at
37°C in cells incubated at 4°C or pretreated with sodium azide.

death owing to the high NIR absorbance of SWNTs and the
resultant heating in vitro.”! In the case of DNA-SWNT
conjugates, DNA cargos can be detached from the SWNT
carriers, after cellular internalization, by short NIR pulsing to
transiently excite the nanotubes. The detached DNA mole-
cules can subsequently undergo nuclear translocation and
enter the cell nucleus.”

Next, we carried out a systematic investigation of the
cellular internalization mechanism and pathway for SWNT
conjugates. Endocytosis is known as a general entry mecha-
nism for various extracellular materials and is an energy-
dependent uptake!*'" that is hindered when incubations are
carried out at low temperature (4°C instead of 37°C) or in
ATP (adenosine triphosphate) depleted environments,!"""?
Cellular incubations with our SWNT conjugates were carried
out at 4°C and with cells pretreated with NaNj; in parallel with
our regular incubation conditions. Treatment with NaNj is
known to disturb the production of ATP in cells, thus
hindering the endocytotic pathway. Indeed, the fluorescence
levels observed with confocal microscopy from cells (after
incubation in SWNT conjugates at 4°C (Figure 2b) and ATP
depletion by NaNj; (Figure 2¢)) were low. This therefore
indicates endocytosis as the internalization mechanism for the
uptake of SWNT conjugates at 37°C. This was further
confirmed by flow cytometry measurements, which indicated
a significant reduction in cellular uptake at 4 °C and under the
azide ATP depletion conditions (Figure 2d).

The endocytosis pathway encompasses several subcate-
gories, including phagocytosis, pinocytosis, and clathrin-
dependent receptor-mediated and clathrin-independent
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endocytosis.'"”! Internalization through clathrin-dependent

endocytosis occurs when the clathrin coat on the plasma
membrane forms invaginations in the membrane leading to
the budding of clathrin-coated vesicles."” The extracellular
species located on the cell membrane are trapped within the
vesicles and brought inside the cells. On the other hand,
clathrin-independent endocytosis can occur through the
caveolae or lipid-raft pathway. Caveolae are flask-shaped
membrane invaginations on cell surfaces that are rich in
cholesterol and sphingomyelin.['*!

Receptor-mediated endocytosis through clathrin-coated
pits is the most common pathway of endocytosis. To assess the
role of clathrin in the internalization of SWNTSs, we carried
out incubations under conditions that are known to disrupt
the formation of clathrin-coated vesicles on the cell mem-
brane. Such a treatment consisted of pretreating the cells with
either sucrose (hypertonic treatment) or a K*-depleted
medium prior to exposure to the SWNT conjugates.'*!"!
These pretreatments drastically reduced the level of cellular
uptake of SWNTs as deduced from the cell cytometry data
(Figure 3a), therefore suggesting the clathrin pathway for
endocytotic cellular uptake of SWNTs.

As transferrin is well established to be internalized
through the clathrin-mediated endocytosis pathway, we
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Figure 3. a) Flow cell cytometry data obtained after incubation in
protein—SWNT solutions for untreated cells, cells pretreated with

0.45 M sucrose, and K*-depleted medium, respectively. b) A confocal
image that shows cellular uptake of a rhodamine-labeled transferrin
protein in HL-60 cells at 37°C. The inset shows the lack of uptake of
the transferrin protein after pretreatment of cells in sucrose. c) Flow
cytometry data of cells after incubation in cholera-toxin B (black bars)
and BSA-SWNT (gray bars) for HeLa cells without any pretreatment
(control) and cells pretreated with filipin and nystatin, respectively.
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carried out control experiments in which the cells were
incubated in solutions of fluorescently (rhodamine) labeled
transferrin under similar experimental conditions as those
used for the nanotubes. Indeed, we observed that transferrin
uptake was blocked (similar to our SWNTs) after the cells
were incubatated in transferrin solutions at low temperature
and after pretreatment with a sucrose solution or K* depleted
buffer. As an example, Figure 3b shows a confocal image of
cells with normal transferrin uptake and a lack of uptake after
sucrose pretreatment (inset).

To further elucidate SWNT cellular uptake, we inves-
tigated the possibility of cellular entry by SWNT conjugates
through the caveolae or lipid-rafts pathway. As caveolae-
dependent cell entry relies on the presence of cholesterol
domains, we pretreated cells with the drugs filipin and
nystatin, which are known to disrupt the cholesterol distribu-
tion within the cell membrane. Figure 3¢ shows the flow
cytometry data that were obtained after incubations in
protein—-SWNT conjugates for cells with and without filipin
and nystatin pretreatment, respectively. In stark contrast to
the clathrin-blocking experiments, we observed that pretreat-
ment of cells with these drugs had no blocking effect on the
cellular uptake of SWNTs (Figure 3¢ gray bars), which
suggests little or no involvement of the caveolae-dependent
cell-entry pathway for nanotubes. As a control experiment,
we carried out cellular-uptake experiments of fluorescently
labeled cholera-toxin B (CTX-B), which is a protein with
multivalent ligand whose receptor GMI resides in the
caveolae and is known to be internalized through a caveo-
lae-mediated endocytosis pathway. Indeed, we observed that
the uptake of CTX-B by our cell lines was substantially
blocked (by =50 % ) by pretreatment with filipin and nystatin
(Figure 3¢ black bars) under the same experimental con-
ditions as those used for our nanotubes. Taken together, our
experimental data suggest that cellular internalization of
SWNT conjugates with proteins and DNA is through the
clathrin-dependent endocytosis pathway.

Our results above clearly differ from the suggestion by
Pantorotto et al.! that nanotube uptake by living cells
through an energy-independent nonendocytotic pathway
involves insertion and diffusion of nanotubes across cell
membranes. We note, however, that there are several differ-
ences in both the nanotube material and experimental
procedures that were used between the two studies. Pantor-
otto etal. employed materials that contained positively
charged peptide-functionalized bundles and aggregates of
SWNTs (which were microns in length and submicron in
bundle size) as characterized by microscopy (see supplemen-
tary information of Reference [5]). The coexistence of nano-
tubes and cells was observed after incubation at 4 °C followed
by rinsing and fixing of the cells. This led to the suggested
nonblocking of nanotube uptake at 4°C and thus nonendo-
cytotic uptake.”!

In an effort to investigate the effect of size on SWNT
uptake, we obtained DNA-SWNT conjugates that contained
longer (200 nm-2 um, mean =750 nm) and larger (up to
15 nm measured by AFM, Figure 4a) SWNT bundles through
a reduction in sonication time for the raw hipco material and
by using only mild centrifugation to remove the large
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Figure 4. a) Atomic force microscopy image of relatively long bundles
of nanotubes (scale bar=>500 nm). b) and c) Confocal image of Hela
cells after incubation in solutions of long nanotubes at b) 37°C and
c) 4°C, respectively.

aggregates. Confocal imaging revealed cellular uptake of
these ~750-nm SWNT conjugates upon incubation with
HelLa cells at 37°C (Figure 4b) and the lack of uptake at 4°C
(Figure 4c). These results were similar to those obtained with
our regular, short (~200nm) SWNTs. Nevertheless, a
quantitative comparison of uptake for the two materials is
difficult owing to inhomogeneous SWNT length distributions
between the two samples and the tendency of lower aqueous
stability for the longer SWNTs. Our attempt to obtain even
larger SWNT aggregates for cellular-uptake experiments, as in
Reference [5], failed owing to the poor stability of large
SWNT aggregates.

It remains unclear what the precise uptake pathway is for
micron-scale SWNT aggregates, as was observed by Pantor-
otto et al., both at 37°C and 4°C. The proposed insertion,
diffusion, and penetration mechanism should not operate for
such large micron-sized structures. It has been shown
previously that materials >1pm in size generally have
difficulty undergoing endocytotic cellular uptake, even at
37°C.'¥ One possibility is that large positively charged
peptide-functionalized SWNT aggregates exhibit a high
tendency to associate with negative cell-surface species,
which gives rise to a false uptake result. This has been
shown to be the cause of artifactual cellular uptake of HIV-tat
peptides at 4°C.""! Regardless of the cause, we believe that
large SWNT aggregates are clearly not desired for biological
transporter applications owing to the lower aqueous stability,
higher tendency for nonspecific association with cell surfaces,
and lower ability to traverse various biological membrane
barriers.

In summary, we have shown that short SWNTs with
various functionalizations are capable of the transportation of
proteins and oligonucleotides into living cells and that the
cellular-uptake mechanism is energy-dependent endocytosis.
The detailed endocytosis pathway for short, well-dispersed
SWNT conjugates is mainly through clathrin-coated pits
rather than caveolae or lipid rafts. Establishment of the entry
mechanism is of fundamental importance and will facilitate
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future developments of carbon-nanotube transporters for
biological-delivery applications.™’

Experimental Section

Materials: Bovine serum albumin (BSA) and streptavidin (SA)
labeled with an alexa fluor 488 dye were obtained from Molecular
Probes Inc. DNA oligonucleotides were obtained from the PAN
Facility at Stanford University. All tissue culture materials were
obtained from Invitrogen and all chemicals used for the endocytosis-
mechanism experiments were obtained from Sigma-Aldrich.

SWNT conjugate preparation.

Protein—-SWNT: Single-walled carbon nanotubes (SWNT) made
through the Hipco process were treated by sonication and acid reflux
as described previously to afford short, (/200 nm) water-soluble
nanotubes that contain acidic surface groups.'? Fluorescently
labeled BSA or SA in a concentration range of 100 nM—1 uM was
then mixed with the oxidized nanotubes for 1-2 h. The proteins were
found to bind nonspecifically to the nanotubes to form protein—
SWNT conjugates.?!

DNA-SWNT: SWNTs made through the Hipco process was
sonicated in a solution of a fluorescently labeled 15-mer oligonucle-
otide (CATTCCGAGTGTCCA-X in which X=Cy3 or fluorescein
isothiocyanate (FITC)) for ~30min to 1h (DNA concentration
~2-10 um). The resultant suspension was centrifuged at 24000 g for
~6h to remove large impurities in the sample. The sonication/
centrifugation process was repeated twice. The final decanted
solution contained mostly SWNTs that are 50-200 nm in length (the
apparent height or diameter of the tubes is in the range of ~1-5nm
as determined by AFM topography measurements that correspond to
individual and small bundles of SWNTs) wrapped by DNA oligonu-
cleotides.?!!

Long SWNT conjugate preparation: DNA-SWNT conjugates
were prepared as described above, with the sonication time reduced
to ~10-20 min. The resultant suspension was centrifuged at 10000 g
for ~15min to remove large impurities in the sample. The final
supernatant was analyzed by AFM and found to contain bundles of
nanotubes that ranged from 200 nm-2 pm in length and had an
apparent height or diameter between 3 and 15 nm.

Cellular incubation in nanotube conjugates: Two cell lines,
human promyelomonocytic HL60 cells and cervical cancer HeLa
cells were used in the current work. HL60 were cultured in RPMI
(Roswell Park Memorial Institute) 1640 medium supplemented with
10% fetal bovine serum (FBS), whereas HeLa cells were cultured in
DMEM medium supplemented with 10% FBS and 1% penicillin—
streptomycin. The cells were suspended in phosphate-buffered saline
(PBS) solution, mixed with a SWNT conjugate, rhodamine-labeled
transferring, or FITC-labeled cholera-toxin B, and incubated for 1-
3 h at 37°C (except for the low-temperature 4°C incubations). The
concentration of SWNTSs in the incubation solution was typically
~2.5mgL"" as measured by the UV/Vis-NIR absorption spectrum,
and the cell density was ~2-3 x 10° cells/well. Adherent HeLa cells
were either trypsinized to detach from the petri dishes to form a
suspension, or were seeded overnight in chambered cover slides.

Endocytosis mechanism investigation.

Low temperature incubation at 4°C: Cellular incubations were
carried out as described above with the solution kept at 4°C, instead
of the regular 37°C condition.

Incubation of cells in SWNT conjugates under ATP depletion:
For the ATP-depletion studies, the cells were preincubated in PBS
buffer solution and supplemented with 10 mm NaN; and 50 mm 2-
deoxy-D-glucose for 30 min at 37°C followed by incubation in a
solution of either DNA-SWNT or protein-SWNT conjugates.

Hypertonic incubation: For the hypertonic treatment, the cells
were preincubated for 30 min in PBS buffer solution and supple-
mented with 0.45M sucrose before exposure to the SWNT conjugate
37°C.

Potassium-depletion incubation. The K* depletion was achieved
by preincubation of the cells in a potassium-free buffer that consists of
HEPES N-(2-hydroxyethyl)piperazine-N-[2-ethanesulfonic acid],
NaCl, MgCl,, and D-glucose for 30 min at 37°C prior to incubation
in a nanotube solution.

Filipin and nystatin treatment. For these incubations, the cells are
pretreated in PBS buffer solution and supplemented with filipin
(5pgmL™") and nystatin (10 ygmL™") for 30 min followed by
exposure to a SWNT conjugate at 37°C.

Confocal microscopy. After incubation, the non-adherent cells
were washed by centrifugation twice and resuspended in ice-cold PBS
buffer solution. For adherent cells, the cell medium was removed from
the chambered cover slides, washed, and replaced with ice-cold PBS
buffer solution. For analysis, about 20 uL of non-adherent cell
suspension was dropped onto a cover glass slide and then imaged
immediately with a Zeiss LSM510 confocal microscope. Adherent
HeLa cells were imaged directly on the chambered cover glass.

Flow Cell Cytometry. For cell cytometry, adherent cells were
detached from the surface by treatment with trypsin-EDTA and
received similar subsequent treatment as the non-adherent cells.
After incubation, the cells were washed, resuspended in ice-cold PBS
buffer solution, and supplemented with 2% propidium iodide (PI).
The mean fluorescence was measured from ~ 10000 cells by using
flow cytometry (Becton Dickinson FACScan). Cells that were stained
with propidium iodide (corresponding to naturally occurring dead
cells) were excluded from the data analysis.
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[ SWNT/protein or DNA + cells | Endocytosis or not endocytosis: The
pathway of the internalization of single-
walled carbon nanotube conjugates into
mammalian cells was determined to be
energy-dependent endocytosis through
clathrin-coated pits.
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