Amphiphilic Helical Peptide Enhances the
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The success of many projected applications of carbon nano-
tubes (CNTSs) to living cells, such as intracellular sensors and
nanovectors, will depend on how many CNTs are taken up by
cells. Here we report the enhanced uptake by HelLa cells of
single-walled CNTs coated with a designed peptide termed nano-
1. Atomic force microscopy showed that the dispersions were
composed of individual and small bundles of nano-1 CNTs with
0.7- to 32-nm diameters and 100- to 400-nm lengths. Spectro-
scopic characterizations revealed that nano-1 disperses CNTs in
a non-covalent fashion that preserves CNT optical properties.
Elemental analyses indicated that our sample preparation
protocol involving sonication and centrifugation effectively
eliminated metal impurities associated with CNT manufacturing
processes. We further showed that the purified CNT dispersions
are taken up by Hela cells in a time- and temperature-dependent
fashion, and that they do not affect the HeLa cell growth rate,
evidence that the CNTs inside cells are not toxic under these
conditions. Finally, we discovered that ~6-fold more CNTs are
taken up by cells in the presence of nano-1 compared with
medium containing serum but no peptide. The fact that coating
CNTs with a peptide enhances uptake offers a strategy for
improving the performance of applications that require CNTs to
be inside cells. Exp Biol Med 232:1236—-1244, 2007
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Introduction

Nanoparticles functionalized with peptides and pepti-
domimetics are finding increased utility in biomedical
applications involving living cells. For example, Chen and
Gerion used SV40 nuclear localization signal (NLS)
peptides to functionalize quantum dots (QDs) in order to
target them to the nuclei of HeLa cells (1). Vu et al.
conjugated the peptide ligand BNGF to QDs to initiate
neuronal differentiation in PC12 cells (2). Pantarotto et al.
demonstrated that carbon nanotubes (CNTSs) facilitated the
internalization of a peptide subunit of a G-protein in
fibroblast cells (3). Pantarotto et al. functionalized CNTs
with peptide derived from a foot-and-mouth disease virus
protein to elicit enhanced antibody responses relative to
peptide alone (4).

Peptides are also very effective in dispersing hydro-
phobic CNTs, which are insoluble in water and tend to
bundle together. In particular, Wang et al. used phage
display to identify peptides with selective affinity for CNTs
(5); Pender et al. used multifunctional peptides to suspend
silica- and titanium-coated CNTs (6); Arnold er al. used
peptide amphiphiles to disperse and encapsulate CNTs (7);
and Bianco and co-workers have covalently derivatized
CNTs with peptides to form highly water-soluble deriva-
tives (8, 9).

We have also coated CNTs with various designed
peptides to disperse them and provide a surface for
interfacing CNTs with biologic molecules (10-17). In one
approach, a 29—amino acid peptide, designed to fold into an
amphiphilic ao-helix, was used to coat single-walled CNTs
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(10-15). This peptide, termed nano-1, disperses CNTs in
water as a result of the hydrophobic face of the helix
interacting noncovalently with the aromatic surface of CNTs
and the hydrophilic face promoting interactions with
aqueous environments. Therefore, CNTs coated with
nano-1 may provide an interesting model system for
presenting CNTs to living cells.

Here we investigate the uptake of nano-1 peptide-
coated, single-walled CNTs by cultured mammalian cells.
First, the physical and optical properties of CNT dispersions
prepared in cell culture media with and without nano-1 were
characterized. Next, the purified dispersions were shown to
have no effect upon the growth rates of HeLa cells, a
thoroughly characterized human epithelial-like cell line.
Then, using confocal micro-Raman spectroscopy, it was
shown that media-dispersed and nano-1-dispersed CNTs
were taken up by cells in a time- and temperature-dependent
fashion. Finally, it was discovered that ~6-fold more CNTs
were taken up by cells in the presence of nano-1. It is
therefore believed that nano-1 and other designed peptides
should find future utility as stable, noncovalent scaffolds for
attaching ligands and payloads to CNTs for intracellular
applications.

Materials and Methods

Media and Solutions. Dulbecco’s modified Eagle
medium (DMEM) was purchased from Irvine Scientific
(Santa Ana, CA). All DMEM solutions were supplemented
with 1% (v/v) penicillin, streptomycin, and amphotericin B
(Sigma-Aldrich, St. Louis, MO). DMEM supplemented
with 5% (v/v) fetal bovine serum (FBS; HyClone, Logan,
UT) was used for primary cell culturing and is denoted as
DMEM-1; it also contained sodium bicarbonate (3700 mg/1)
and phenol red (15 mg/l). DMEM-2 also contained 5% (v/v)
FBS but did not contain phenol red and sodium bicarbonate;
it was used for cell maintenance in the absence of a CO,
atmosphere and for all optical spectroscopy experiments.
DMEM-3 did not contain FBS, phenol red, or sodium
bicarbonate; it was used in various sample preparation
protocols and control experiments. Phosphate-buffered
saline (PBS; 8 mM phosphate, 150 mM NaCl, pH = 7.4)
was sterilized by autoclaving at 120°C for 0.5 hrs.
Deionized water (18.3 MQ-cm) was obtained using a
Nanopure Infinity water purification system (Barnstead,
Dubuque, IA). All other chemicals were of the highest
quality available and were used as received.

Peptide Synthesis. The amino acid sequence of
nano-1 using single-letter notation is Ac-E(VEAFEKK)
(VAAFESK)(VQAFEKK)(VEAFEHG)-CONH,, where Ac
indicates N-terminal acetylation, CONH, indicates C-
terminal amidation, and the parentheses denote heptad
repeats (10). Nano-1 was synthesized at a 0.1-mmol scale on
an Applied Biosystems (Foster City, CA) 433A solid-phase
peptide synthesizer equipped with an Alltech (Deerfield, IL)
model 450 UV detector using 9-fluorenylmethoxycarbonyl
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(Fmoc)-protected amino acids and standard solid-phase
peptide synthetic methods as described previously by
Dieckmann et al. (10). The identity of the pure peptide
was verified using electrospray ionization mass spectrom-
etry (HT Laboratories, San Diego, CA). The concentrations
of aqueous 1000-uM stock solutions of peptide were
validated using a Cary 50 UV-Vis spectrophotometer and
a molar absorptivity (g) of 788 liters mol ' cm™" at 254 nm
(10). A variety of 100-pM peptide working solutions were
prepared by diluting stock peptide solutions with deionized
water or a DMEM formulation.

Single-Walled CNT Dispersions. The preparation
of CNT dispersions was similar to that described previously
by Zorbas et al. (11). The parameters modified were the
sonication time and the centrifugation times and speeds; in
addition, dispersions were prepared in cell culture media.
Specifically, nano-1 peptide-wrapped CNT dispersions (P-
CNTs) were prepared by dispensing ~1 mg HiPco single-
walled CNTs (32 wt-% metals; Carbon Nanotechnologies
Inc., Houston, TX) into an Eppendorf tube containing 1.0
ml of a nano-1 peptide (P) working solution in FBS-free
DMEM-3. The mixture was vortexed for ~1 min before it
was sonicated using a Branson 250 Sonifier (Danbury, CT).
The 2-mm diameter probe tip was placed one third of the
distance below the surface of the 1-ml dispersion and was
sonicated for 10 mins in an ice water bath. The resulting
dense, black dispersion was centrifuged in an Eppendorf
5417C centrifuge for 10 mins at 16,000 g. The upper 75%
of the supernatant was recovered without disturbing the
sediment and was placed in a clean tube before a second 10-
min centrifugation at 16,000 g was performed. The upper
75% of the resulting second supernatant containing ~0.1
mg/ml CNTs was recovered and supplemented with 5% (v/
v) FBS to afford P-CNT dispersions. The preparation of
~0.1 mg/ml CNTs dispersed in DMEM-2 with 5% FBS
(i.e., DM-CNTs, no nano-1 peptide present) was identical to
that described above for P-CNT dispersions, except that
DMEM-2 was used in place of the peptide solution. The
only metals detected in these dispersions by ICP-MS
(AnaChem Inc., Allen, TX) were iron (1.6 ppm) and nickel
(0.02 ppm). In contrast, ICP-MS of the as-received CNT-
containing powder revealed 280,000 ppm iron and 330 ppm
nickel.

Atomic Force Microscopy (AFM). AFM was
performed in air under ambient conditions using a Digital
Instruments Nanoscope III MultiMode scanning probe
microscope (Woodbury, NY). Images were acquired in the
TappingMode using cantilevers with 0.9 N m™' force
constants as described by Musselman and co-workers (11,
18). The preparation of P-CNT dispersions was identical to
that described above, except that aqueous working solutions
of peptide were employed, and all sonication and centrifu-
gation steps were performed in deionized water. AFM
samples were prepared by spin-coating 5 pl of an aqueous
second supernatant of P-CNTs onto freshly cleaved
muscovite mica (Asheville-Schoonmaker Mica Co., New-
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port News, VA) at 700 g for 1 min; all samples were dried
for 24 hrs in a desiccator prior to imaging.

Cell Culture. Human epithelial-like HeLa cells were
obtained from the American Type Culture Collection
(Manassas, VA). They were cultured in 100-mm diameter
polystyrene tissue culture dishes (Sarstedt, Newton, NC) in
DMEM-1 in an incubator at 37°C with 90% air and 10%
CO,. Aseptic conditions were maintained at all times, and
DMEM-1 was changed every 2 days. Cells were passaged
1:10 every 4 days upon achieving ~80% confluence.

Population Doubling Time (PDT) Assays. HelLa
cells were plated into standard 24-well plates (~1 X 10*
cells/well; ~20% coverage) and incubated in DMEM-1 at
37°C with 90% air and 10% CO,. After 24 hrs, the medium
was removed and replaced by 350-ul aliquots of one of the
following: a working solution of nano-1 peptide (P) in
DMEM-1 (no CNTs); a dispersion of P-CNTs in DMEM-1;
or a dispersion of CNTs in DMEM-1 (no peptide). Each
group of cells was incubated at 37°C with 90% air and 10%
CO, for 1-4 days, including DMEM-1 controls without
peptide or CNTs. Coulter cell counting was performed on
Days 1, 2, and 4 by washing the HeLa cells with sterile PBS
before harvesting with trypsin-EDTA (Irvine Scientific).
PDTs were determined using the equation PDT =In(N/N,)/t,
where N, represents the initial cell number, N represents the
final cell number, and ¢ represents the time interval between
N, and N (19). Each group of cells was analyzed in
triplicate; one-way ANOVA statistical analyses were
performed at a 95% confidence level where P < 0.05 was
considered significant.

Raman Spectroscopy. Raman spectra were ac-
quired from (i) dispersions of P-CNTs and DM-CNTs,
and (ii) HeLa cells incubated in dispersions of P-CNTs or
DM-CNTs. Dispersions were dispensed directly into 35-
mm, polylysine-coated, glass-bottom “imaging” dishes
(MatTek, Ashland, MA) and analyzed at room temperature.
For HeLa cell analyses, ~3.5 X 10° cells were seeded into
imaging dishes with DMEM-1 and were incubated at 37 °C
with 90% air and 10% CO,. After 24 hrs, the medium was
removed, and the cells were rinsed with sterile PBS and then
incubated in 1 ml of a P-CNT or DM-CNT dispersion.
Following the designated incubation periods at 37°C (or
4°C) in air, the cells were rinsed at least four times with
sterile PBS. In some experiments, HeLa cell nuclei were
stained with Mayer’s hematoxylin (Sigma-Aldrich) for 20
mins at room temperature in air. All spectra were acquired at
room temperature from PBS-soaked HeLa cells adhering to
the dish. Transmitted white-light images were obtained with
a 110-W halogen illumination system and a CCD camera.

All Raman spectra acquisition methods were similar to
those described previously (10, 12, 13). In brief, baseline-
corrected Raman spectra were acquired using a Horiba
Jobin Yvon (Edison, NJ) high-resolution LabRam confocal
Raman microscope system. The 632.8-nm laser excitation
was provided by a Spectra-Physics model 127 helium-neon
laser operated at 35 mW (Mountain View, CA). The laser
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power at the sample was <5 mW using either a 10X
(numerical aperture 0.25) or 50X (numerical aperture 0.50)
microscope objective. The entrance slit was 250 pum, and the
confocal pinhole was 400 pm; the acquisition time for a 300
cm ' spectral region was 30 secs. Wavenumber calibration
was performed using the 520.5 cm ™' line of a silicon wafer;
the spectral resolution was ~1 cm™'. Spectra were fitted
with Lorentzian functions by searching for the minimum
number of frequencies that fit the different bands equally
well without fixing the positions and widths of the
individual peaks (10).

Results and Discussion

Characterization of CNT Dispersions. In this
work, as-received HiPco single-walled CNTs were dis-
persed either in DMEM containing FBS (i.e., DM-CNT
dispersions) or in DMEM containing the peptide nano-1,
with FBS added later (i.e., P-CNT dispersions). The
addition of serum to DMEM was essential to disperse
CNTs, as DMEM without either FBS or peptide did not
support CNT dispersion. The synthesis and characterization
of nano-1 has been detailed previously by Dieckmann and
co-workers (10-15). In addition, a sonication and centrifu-
gation protocol that affords individual P-CNTs with
diameters that range from 0.9 to 6.9 nm and lengths that
range from 0.1 to 7.5 um has been described previously by
Zorbas et al. (11). To prepare dispersions enriched with
shorter CNTs that might be more readily taken up by cells,
the Zorbas et al. protocol was modified. In brief, the
sonication time was increased to shorten CNT lengths, and
the centrifugation times and speeds were reduced to increase
CNT concentrations. Figure 1 shows a representative AFM
image of a mica surface covered with a dispersion of P-
CNTs. Individual and small bundles of P-CNTs were
observed with diameters and lengths that ranged from 0.7 to
32 nm and 100 to 400 nm, respectively. Elemental analysis
of these dispersions found only background levels of iron
and nickel catalysts, indicating that these toxic contaminants
were effectively removed by the sonication/centrifugation
protocol. Titanium, which could come from the sonicator
probe tip, was not detected.

The acquisition and interpretation of Raman spectra of
P-CNT dispersions, specifically, nano-1 peptide-wrapped,
single-walled HiPco CNTs dispersed in water, have been
detailed previously (10, 13). Figure 2 (top) shows the
Raman spectrum of an aqueous dispersion of HiPco P-CNTs
prepared using the modified sonication and centrifugation
protocol. The spectrum clearly shows a number of well-
characterized nanotube resonances (20); in particular, the
radial breathing modes (RBMs) in the 100-300 cm '
region, the D-band at ~1306 cmﬁl, the G-band in the 1550-
1605 cm™* region, and the G'-band at ~2602 cm L. There
were no major differences between the Raman assignments
reported previously for P-CNTs dispersed in water (10, 13)
and those observed in Figure 2 (top) using the modified
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Figure 1. Atomic force microscopy image of an aqueous dispersion
of nano-1 peptide-wrapped, single-walled CNTs that was probe-tip
sonicated once and centrifuged twice before being cast onto mica.

protocol. The Raman spectra of dispersions of P-CNTs and
DM-CNTs are shown in Figure 2 (bottom). There were no
major differences between the nanotube resonances ob-
served in medium containing serum relative to those
observed in water (Figure 2, top). In particular, the peak
shapes of the D-, G-, and G’-bands were essentially
identical, and three major RBM resonances were observed
at 196, 249, and 289 cm !, Control spectra of DMEM
solutions and nano-1 solutions in DMEM (both without
CNTs) did not display detectable resonances under these
operating conditions (data not shown).

Spectral reproducibility was assessed by monitoring the
peak intensity of the G-band at ~1590 cm ™, since it is the
most prominent Raman peak indicative of intrinsic single-
walled CNT features (21). The relative standard deviation
(RSD) of G-band peak intensities acquired from multiple
scans of the same region of a DM-CNT dispersion was
<1% (n = 4; data not shown). The RSD of G-band peak
intensities acquired from four different regions of a DM-
CNT dispersion was <5% (data not shown), which
indicates that the distribution of dispersed CNTs in
DMEM-2 was relatively homogeneous. G-band peak
intensities were also used to determine relative CNT
concentrations. The Raman spectra acquired from a series
of dilutions of a DM-CNT dispersion are shown in Figure 3;
the plot of G-band peak intensities versus CNT concen-
trations was linear with a correlation coefficient of 0.990
(data not shown).

Representative absorption spectra of dispersions of P-
CNTs and DM-CNTs are shown in Figure 4. The observed
van Hove singularities for P-CNT dispersions prepared in
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Figure 2. Raman spectra acquired using a 10X objective from a
dispersion of P-CNTs prepared in water (top) and of P-CNTs and

DM-CNTs prepared in media supplemented with serum (bottom). All
dispersions were probe-tip sonicated once and centrifuged twice.

media and supplemented with serum were essentially
identical to those presented by Zorbas et al. for aqueous
P-CNT dispersions (11). In general, P-CNT dispersions
(prepared in a DMEM/peptide solution with FBS added
later) displayed slightly lower absorbance values relative to
DM-CNT dispersions (prepared in DMEM and FBS), even
though the masses of CNTs used to prepare these
dispersions were equivalent. These observations provide
indirect evidence that peptide remains associated to CNTs in
the presence of FBS. Specifically, if FBS components
known to support CNT dispersion (such as bovine serum
albumin and phospholipids; Refs. 22-24) displaced peptide,
more CNTs would have been dispersed, and equivalent
absorbance values for P-CNTs and DM-CNTs should have
been observed. In conclusion, both noncovalent approaches
share a key advantage in comparison to methods involving
the covalent functionalization of CNTs (for reviews, see
Refs. 25-28); namely, that covalent approaches introduce
defects in the CNT surface that may interfere with the
electronic and optical properties of the CNTs that make
them so useful.

The Uptake of P-CNTs and DM-CNTs by Living
Cells. The main analytical approaches for assessing the
presence of CNTs in cells and tissue have been optical (3, 8,
9, 29-35), electron (36-45), and fluorescence (3, 23, 46-54)
microscopies. While optical microscopy is ideally suited for

Downloaded from ebm.sagepub.com at SAGE Publications on October 30, 2014


http://ebm.sagepub.com/

1240
6ot DM-CNTs
= 500
8
400
=
w
C 300
1]
c
— 200
c
]
£ 100
1]
v'4 e
o
1200 1300 1400 1500 1600 1700 1800

Wavenumber (cm)

Figure 3. Raman spectra acquired using a 50X objective from a
series of dilutions of a CNT dispersion in DMEM-2: (i) the undiluted
second supernatant, (ii) diluted 3:4 in DMEM-2, (iii) diluted 1:2, (iv)
diluted 1:3, and (v) diluted 1:4. All five spectra were normalized to the
same intensity scale.

live-cell analyses, this label-free technique lacks the
specificity to unambiguously identify material observed in
cells as CNTs. Electron microscopy offers high spatial
resolution imaging of CNTs but is limited to slices of cells
that have been fixed; multiwalled CNTs can be unmistak-
ably identified in cells with this technique. In live-cell
fluorescence microscopy, the detection of CNTs is indirect
(i.e., it is through the detection of a visible fluorescent dye
that is (non)covalently attached to the CNT or to molecules
coating the CNT). Recently, direct and label-free mapping
of CNTs inside living cells have been demonstrated using
the intrinsic near-infrared fluorescence (55-57) and Raman
scattering (56) of CNTs themselves. Herein, the presence of
G-band intensities emanating from living cells incubated in
P-CNT or DM-CNT dispersions is evaluated using confocal
microRaman spectroscopy.

In the first series of experiments, each culture dish
containing ~3.5 X 10° HeLa cells was incubated in a
dispersion of P-CNTs (or DM-CNTs) for 22 hrs at 37°C. An
optical micrograph of a live HeLa cell is shown in Figure 5,
denoting the typical 15- to 30-um widths and 40- to 100-pm
lengths of these cells. The dimensions of these cells,
coupled with the 4-pum lateral resolution of the microprobe
system (12), permitted Raman spectra to be acquired from
distinct cellular regions. For example, the Raman spectra
(D- and G-band regions) acquired from a live HeLa cell that
was incubated in a dispersion of DM-CNTs for 22 hrs at
37°C is shown in Figure 5 (top), and that acquired from a
different HeLa cell incubated in a dispersion of P-CNTs is
shown in Figure 5 (bottom). In both cases, intense G-band
signals were observed from the cytoplasm and the nuclear
regions, there were no discernable interfering Raman peaks
emanating from cellular constituents, and there were no
major discrepancies in the spectral profiles acquired from
DM-CNTs (or P-CNTs) inside a cell relative to DM-CNTs
(or P-CNTs) dispersed in cell culture media (Fig. 2, bottom).
Additionally, no detectable CNT resonances were observed
from cell-free regions of the dish adjacent (<5 pum) to cells
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Figure 4. Background-corrected absorption spectra of dispersions of
DM-CNTs or P-CNTs; both dispersions were prepared on the same
day and were probe-tip sonicated once and centrifuged twice.

(Fig. 5) or from control cells not exposed to DM-CNTs or P-
CNTs (data not shown). In general, the most intense G-
bands were recorded from cytoplasmic regions adjacent to
the nucleus, but in some cases the G-bands recorded from
the nuclear region were greater than those recorded from the
cytoplasm, especially cytoplasmic regions at the periphery
of these adherent cells where the laser probed a smaller
cellular volume. It should be noted, however, that the
detection of CNT Raman signatures from a nuclear region
does not imply that CNTs are in the nucleus." This is
because the detected G-band resonances could emanate
from CNTs located in the perinuclear region and/or in the
cytoplasm immediately above or below the nucleus. There-
fore, for comparative purposes, spectra were acquired from
cytoplasmic regions adjacent to the nucleus, and all spectra
for a given series of experiments were acquired on the same
day to ensure constant Raman operating conditions. Under
these conditions, the mean = SD G-band intensity acquired
from cells exposed to DM-CNTs was 342 = 185 (n =6
measurements from three different cells), and that acquired
from cells exposed to P-CNTs was 1983 * 469 (n = 6
measurements from three different cells). Since the
absorption spectra for the exact dispersions used in this
first series of experiments indicate that the concentration of
P-CNTs was slightly lower than the concentration of CNTs
dispersed in DMEM with FBS (Fig. 4), the amount of CNTs
taken up by cells from P-CNT dispersions was conserva-
tively six times greater than that observed using DM-CNT
dispersions that did not contain nano-1.

If the intense G-band signals emanate from CNTs
inside cells, most likely as the result of active uptake such as
endocytosis, then the signals should be absent in cells
exposed to P-CNTs/DM-CNTs at 4°C, where energy-

'At present, there is no consensus regarding the ability of CNTs to enter the cell
nucleus or how they might be transported there. For example, Strano and coworkers
used Raman spectroscopy to observe DNA-coated, single-walled CNTs in the
perinuclear zone of 3T3 cells, but not in the nuclear envelope (56), whereas evidence
that CNTs have crossed the nuclear membrane has been presented by Pantarotto et al.
using TEM and 300- to 1000-nm-long, peptide-functionalized, multiwalled CNTs
(41) and by Lu et al. using radioactive labels and ~400-nm-long, RNA-modified,
single-walled CNTs (46).
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Figure 5. Representative Raman spectra acquired using a 50X
objective from live HelLa cells incubated in a dispersion of DM-CNTs
or P-CNTs for 22 hrs at 37°C. The spectra were acquired from the
cytoplasm (C), the nuclear region (N), and a cell-free region of the
culture dish ~2 um away from the cell (O). (Top) Raman spectra
acquired from a single HelLa cell incubated in DM-CNTs. All three
spectra were normalized to the same intensity scale. (Bottom)
Representative Raman spectra acquired from a different HelLa cell
incubated in P-CNTs. All three spectra were normalized to the same
intensity scale. (Inset) Representative transmitted white-light image
of a Hela cell stained with Mayer's hematoxylin after incubation in P-
CNTs for 22 hrs at 37°C.

dependent uptake practically ceases. The Raman spectra
acquired from the cytoplasms of live HeLa cells incubated
with P-CNTs (or DM-CNTSs) for 22 hrs at 4°C are shown in
Figure 6. In both cases, the intensities of the G-bands
recorded at 4°C were less than 98% of those recorded from
cells incubated with the exact same dispersions at 37°C (n =
12 measurements from six different cells). This indicates
that HeLa cells do not uptake detectable amounts of P-
CNTs/DM-CNTs at 4°C. Furthermore, the lack of reso-
nances detected from cells after incubation with P-CNTs/
DM-CNTs at 4°C indicates that the nonspecific adherence of
P-CNTs/DM-CNTs to HeLa cells was negligible (i.e., the
rinsing procedures were sufficient to remove any P-CNTs/
DM-CNTs that were merely resting on top of a cell).

In a final series of Raman/cell experiments, the time
dependence of CNT uptake was investigated. The G-band
intensities acquired from the cytoplasm of HeLa cells
incubated in a dispersion of P-CNTs for 22 hrs were 89%
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Figure 6. (Top) Representative Raman spectra acquired using a
50X objective from the cytoplasm of two different live HelLa cells
incubated in DM-CNTSs for 22 hrs at 37°C and 4°C, respectively. Both
spectra were normalized to the same intensity scale. (Bottom)
Representative Raman spectra acquired using a 50X objective from
the cytoplasm of two different live HeLa cells incubated in P-CNTs for
22 hrs at 37°C and 4°C, respectively. Both spectra were normalized
to the same intensity scale.

greater than those observed from the cytoplasm of cells
exposed to P-CNTs for 10 hrs (n = 3 measurements from
three different cells; data not shown). Similarly, the G-band
intensities acquired from the cytoplasm of HeLa cells
incubated at 37°C in a dispersion of DM-CNTs for 22 hrs
was 91% greater than that observed from the cytoplasm of
cells exposed to DM-CNTs for 10 hrs (n = 3 measurements
from three different cells; data not shown).2 In summary, the
combined Raman evidence indicates that the observed G-
band intensities emanate from CNTs inside HeLa cells, that
the uptake of P-CNTs and DM-CNTs by HeLa cells is a
time- and temperature-dependent process, and that nano-1
enhances the amount of CNTs taken up by cells by ~6-fold.

Cell Growth Rates. A crucial question among
reports concerning the adherence and/or uptake of CNTs
by cultured cells (3, 8, 9, 23, 29-65) is whether CNTs are

2Preliminary confocal fluorescence microscopy studies of live cells incubated at 37°C
with a dispersion of P-CNTs prepared using fluorescein-labeled nano-1 have indicated
that CNT uptake increases in a linear fashion over the course of 1 day. In association
with experiments performed with fluorescein-labeled nano-1 (without CNTs) at 37°C
and 4°C, preliminary observations provide evidence that peptide remains associated
with CNTs in the presence of FBS and inside cells.
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Figure 7. Growth curves for HelLa cells incubated in cell culture
media (DMEM-1), DMEM-1 with nano-1 peptide (P), or dispersions of
DM-CNTs or P-CNTs.

toxic. To test this, we performed population doubling time
(PDT) assays to assess the growth rates of HeLa cells
continuously exposed to dispersions of P-CNTs and DM-
CNTs. A PDT is a measure of cell number at the early log
growth phase and is used for comparisons of normal cell
growth. PDTs were obtained from the slopes of the lines of
a plot of natural log of cell number versus time (19). Figure
7 shows a representative plot over a time period of 4 days
for control cells (no additions) and cells cultured in either a
nano-1 peptide DMEM-1 solution (P), a P-CNT dispersion,
or a DM-CNT dispersion. For all samples, the respective
numbers of HeLa cells counted on Days 1, 2, and 4 were
statistically similar. The control HeLa cell PDT was 36 hrs.
The PDTs of HeLa cells cultured in P, P-CNTs, and DM-
CNTs (35, 40, and 38 hrs, respectively) were also statisti-
cally similar. Finally, morphologies of HeLa cells incubated
in P, P-CNTs, or DM-CNTs (e.g., Fig. 5) were essentially
identical to those of controls (i.e., HeLa cells cultured in
DMEM-2 only). In summary, the combined evidence
demonstrates that the preparations of nano-1 peptide, P-
CNTs, and DM-CNTs used in this work did not inhibit
HeLa cell proliferation over the course of 4 days, and that
these materials are not inherently cytotoxic to HeLa cells.
In conclusion, we have characterized the physical and
optical properties single-walled CNTs dispersed in media
supplemented with serum (i.e., DM-CNTs) and in media
containing the peptide nano-1, with serum added later (i.e.,
P-CNTs). We have further shown that our purified CNT
dispersions are taken up by HeLa cells in a time- and
temperature-dependent fashion, and that they do not affect
the growth rate of cells, evidence that the CNTs inside cells
are not toxic during the observed time period. Finally, we
have demonstrated that ~6-fold more CNTs are taken up by
cells in the presence of nano-1 compared with medium
containing serum but no peptide. This result is significant,
because most projected applications of CNTs to living cells
(e.g., intracellular sensors and nanovectors) will depend on

how many CNTs are taken up by cells. The fact that coating
CNTs with a peptide enhances uptake offers a strategy for
improving the performance of applications that require
CNTs inside cells.
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