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S
ingle-walled carbon nanotubes
(SWNTs) are novel polyaromatic mol-
ecules with ultrahigh surface areas up

to �2600 m2/g. The sidewall surface of a

pristine SWNT is highly hydrophobic, and a

major goal in carbon nanotube chemistry

has been functionalization for aqueous

solubility, aimed at exploiting nanotubes

as macromolecules for chemistry, biology,

and medicine.1–12 While sidewall function-

alization has been actively pursued,1–5 little

has been done to partition nanotube sur-

faces chemically for attaching various spe-

cies to facilitate basic and practical applica-

tions in chemistry, biology, and

medicine.6–10,12–14 For potential drug deliv-

ery applications, efficient in vivo tumor ac-

cumulation of SWNTs in mice has been

achieved by conjugating a cyclic arginine–

glycine–aspartic acid (RGD) peptide to

water-soluble SWNTs functionalized with

poly(ethylene glycol) (PEG). Thus far, little

has been done to devise rational strategies

for attaching drug molecules onto nano-

tubes, especially together with targeting or
homing moieties for targeted drug delivery
for disease treatment.

Surfactant adsorption5 and covalent oxi-
dation4 by acid reflux15,16 have been the
most widely used functionalization
schemes, with PEG chains added to enable
solubility in salt and biological
solutions.12,17 Thus far, further chemical re-
actions with functionalized SWNTs have re-
lied on covalent linkage of molecules to ter-
minal functional groups imparted onto
nanotubes.7 Here, we show that much
room exists for carrying out supramolecu-
lar chemistry18 assembly of molecules on
SWNTs prefunctionalized noncovalently or
covalently by common surfactant or acid-
oxidation routes. Aqueous soluble SWNTs
with PEG functionalization by these routes
allow for �-stacking of various aromatic
molecules, including a cancer chemo-
therapy drug (doxorubicin) with an ultra-
high loading capacity of �400% by weight
and a widely used fluorescence molecule
(fluorescein). Binding of molecules to nano-
tubes and their release exhibit novel diam-
eter dependence and can be controlled by
varying the pH. These results uncover excit-
ing opportunities for supramolecular chem-
istry on water-soluble SWNTs as a promis-
ing way of attaching drugs to nanotube
vehicles, for applications ranging from drug
delivery to chemical and biological imag-
ing and sensing.

RESULTS AND DISCUSSION
Doxorubicin Loading on PEGylated SWNTs. Our

starting materials were aqueous solutions
of high-pressure CO decomposition (Hipco)
SWNTs (mean diameter �1.3 nm and
length �200 nm) functionalized nonco-
valently by a surfactant [phospholipid (PL)-
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ABSTRACT We show that large surface areas exist for supramolecular chemistry on single-walled carbon

nanotubes (SWNTs) prefunctionalized noncovalently or covalently by common surfactant or acid-oxidation routes.

Water-soluble SWNTs with poly(ethylene glycol) (PEG) functionalization via these routes allow for surprisingly

high degrees of �-stacking of aromatic molecules, including a cancer drug (doxorubicin) with ultrahigh loading

capacity, a widely used fluorescence molecule (fluorescein), and combinations of molecules. Binding of molecules

to nanotubes and their release can be controlled by varying the pH. The strength of �-stacking of aromatic

molecules is dependent on nanotube diameter, leading to a method for controlling the release rate of molecules

from SWNTs by using nanotube materials with suitable diameter. This work introduces the concept of

“functionalization partitioning” of SWNTs, i.e., imparting multiple chemical species, such as PEG, drugs, and

fluorescent tags, with different functionalities onto the surface of the same nanotube. Such chemical partitioning

should open up new opportunities in chemical, biological, and medical applications of novel nanomaterials.

KEYWORDS: carbon nanotubes · functionalization · doxorubicin · supramolecular
chemistry · drug delivery
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PEG, �120 poly(ethylene oxide) (PEO)units]7,12 or co-
valently by PEGylation (�220 PEO units) of –COOH
groups on oxidized SWNTs generated by refluxing15,16

in 2.6 M nitric acid. After simple mixing of the SWNT so-
lution with doxorubicin (DOX) at pH 9 overnight and
then repeated filtering to remove free, unbound DOX
in solution, we observed the formation of bound SWNT-
DOX complexes for both phospholipid (PL-PEG-SWNT)
and oxidized SWNTs (PEG-OXNT) (Figure 1a; Supporting
Information, Figure S1), evidenced by the reddish color
of the SWNT-DOX solutions due to adsorbed DOX and
its characteristic UV–vis absorbance peak at 490 nm on
top of the characteristic SWNT absorption spectrum
(Figure 1b). Note that free, unbound DOX in the SWNT
solution was removed thoroughly by repeated filtra-
tions with a 100 kD molecular cutoff to retain only the
SWNT-DOX complex. Further, the DOX-loaded SWNTs
were stable in water and pH 7.4 physiological buffers,
without any detectable release over hours. This was evi-
denced by filtering the SWNT-DOX solution at various
time points after formation of the complex, with negli-
gible amount of free DOX detected in the filtrate.

On the basis of optical absorbance data and molar
extinction coefficients of DOX and SWNTs, we esti-
mated �50 DOX molecules bound to each 10 nm
length of SWNTs, corresponding to a high weight ratio
of �4:1 between DOX and nanotubes. Radiolabeling
was used to estimate the number of PEG functionaliza-
tions (on both PL-PEG-SWNT and PEG-OXNT) to be �3
per 10 nm of SWNT length (Supporting Information,
Table S1). This suggested that �10% of the SWNT sur-
face area was occupied by phospholipid molecules with
extended PEG chains, while �70 – 80% was complexed
with DOX (Supporting Information, Figure S2, Table S1).
Similar degrees of PEGylation and DOX loading were
observed with PEG-OXNT. It was shown that a certain
coverage of PEG chains on nanotubes was both nec-
essary and sufficient to impart aqueous solubility of
SWNTs without aggregation (especially for stability
in high salt solutions and biological solutions such as
serum;12 Supporting Information, Figure S3); our re-
sults here suggested that unoccupied surface areas
on functionalized SWNTs were useful for binding of
other molecules. We suggest that noncovalent bind-
ing of DOX on SWNTs most likely occurred via
�-stacking6 and hydrophobic interactions due to
the aromatic nature of the DOX molecule and the
relatively low solubility of deprotonated DOX at ba-
sic conditions. Free, unbound DOX exhibited high
fluorescence, while weak fluorescence was observed
for DOX after binding to SWNTs (Figure 1c). This
high degree of fluorescence quenching is evidence
of �-stacked DOX, similar to other aromatic mol-
ecules �-stacked onto nanotubes.19,20 Notably,
SWNTs were observed to increase in average diam-
eter when imaged by atomic force microscopy (AFM)
after DOX loading and deposition onto a substrate

(Supporting Information, Figure S1). These data all
suggest doxorubicin �-stacking onto unoccupied
surface areas of PEG-SWNTs, forming a forest (PEG)–
scrub (DOX) structure on SWNTs. This represents a
novel partition and utilization of the SWNT sidewall
surface area, affording a simple and interesting way
to attach drugs to nanomaterials in a manner unique
to carbon nanotubes, owing to the extended polyar-
omatic sidewalls. Notably, in control experiments,
we found that DOX alone was incapable of solubiliz-
ing pristine SWNTs in water, and we did not find
DOX replacing phospholipid molecules on SWNTs
to any significant degree (Supporting Information,
Figure S4).

pH-Dependent Doxorubicin Loading and Release from SWNTs.
We found that the amount of doxorubicin bound onto
SWNTs was pH-dependent, decreasing from a loading
factor of �4 (defined as DOX/SWNT weight ratio �4) to
�2 and �0.5 as pH was reduced from 9 to 7 and 5, re-
spectively (Figure 2a– c). This trend was attributed to
the increased hydrophilicity and higher solubility of
DOX at lower pH caused by increased protonation of
�NH2 groups on DOX, thereby reducing the hydropho-
bic interaction between DOX and SWNTs. In terms of re-
lease, we found that DOX stacked on SWNTs remained
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Figure 1. Supramolecular assembly of molecules on functionalized nano-
tubes. (a) Schematic drawings of doxorubicin �-stacking onto a nanotube
prefunctionalized noncovalently by phospholipid (PL)-PEG (left) and co-
valently by PEGylation of a sidewall –COOH group (right), respectively. (b)
UV–vis–NIR absorbance spectra of solutions of free doxorubicin (green),
SWNTs with PL-PEG functionalization (black), and PL-PEG-SWNTs com-
plexed with doxorubicin (red) after simple inculation in a doxorubicin solu-
tion at pH 9. Unbound doxorubicin was thoroughly filtered and washed
away from the solution. The absorption peak at 490 nm was due to doxoru-
bicin �-stacked on SWNTs, which was used for analyzing the amount of mol-
ecules loaded onto the nanotubes. Inset: Photo of SWNT solutions with
and without bound doxorubicin. (c) Fluorescence spectra of solutions of
free doxorubicin (green) and doxorubicin bound to SWNTs with PL-PEG
functionalization (excitation at 488 nm) with the same doxorubicin concen-
tration. Significant fluorescence quenching was evident for doxorubicin
bound to SWNTs.
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stably bound in basic buffer solutions, physiological

buffers, and serum at pH 7.4 (Figure 2d; Supporting In-

formation, Figures S5 and S6) at room temperature. In

an acidic solution of pH 5.5, we observed appreciable

release of DOX from Hipco SWNTs by �40% over 1 day

(Figure 2d; Supporting Information, Figure S6), attrib-

uted to the increased hydrophilicity and solubility of

DOX at this pH. The pH-dependent drug release from
SWNTs could be exploited for drug delivery applications
since the micro-environments of extracellular tissues
of tumors and intracellular lysosomes and endosomes
are acidic, potentially facilitating active drug release
from SWNT delivery vehicles.

Diameter-Dependent Doxorubicin Binding and Release from
SWNTs. When using laser-ablation-grown SWNTs of
larger diameter (mean d � 1.9 nm) than Hipco mate-
rial (d � 1.3 nm) (Figure 3a), we observed obviously
slower release of DOX (at the same pH, 5.5) than from
Hipco tubes (Figure 3b). We heated the SWNT-DOX so-
lutions to measure temperature-dependent release rate
and half-life, t1/2 (Figure 3c; Supporting Information,
Figure S7), and found shorter t1/2 or more rapid DOX re-
lease from SWNT surfaces at higher temperatures. We
estimated �48 and �59 kJ/mol binding energies for
DOX on Hipco and laser-ablation SWNTs (at pH 7.4), re-
spectively (Supporting Information, Figure S7). This dif-
ference was rationalized by stronger �-stacking of aro-
matic molecules onto larger tubes with flatter graphitic
sidewalls (Figure 3d). Thus, by choosing SWNTs of a spe-
cific diameter, one can tailor the molecular binding
strength on SWNTs to vary the release rate and suit dif-
ferent applications.

In Vitro Toxicity Test of Doxorubicin-Loaded SWNTs. Doxoru-
bicin is a widely used chemotherapy drug for treating
various cancers. While SWNTs without any DOX loading
(PL-SWNT) exhibited no toxic effect on cells,11 DOX-
loaded SWNTs (PL-SWNT-DOX) induced significant U87
cancer cell death and cell apoptosis, similar to free DOX
at a DOX concentration of 10 �M (Figure 4a– d), al-
though the IC50 (half-maximum inhibitory concentra-
tion) value for PL-SWNT-DOX (�8 �M) was higher than
that of free DOX (�2 �M) (Figure 4e). We suggest that
DOX-loaded SWNTs were transported inside cells by
nanotube transporters via endocytosis.21 One of the po-
tential advantages of using SWNTs as a drug carrier
compared to free drug alone is the ability to target de-
livery for selective destruction of certain types of cells,
reducing the toxicity to nontargeted cells. To demon-
strate the targeted delivery of doxorubicin by SWNTs,
we conjugated a cyclic RGD peptide on the terminal
groups of PEG on SWNTs (Figure 5a), imparting a recog-
nition moiety for integrin �v�3 receptors up-regulated in
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Figure 2. pH-dependent supramolecular loading of doxorubicin on noncovalent and covalently PEGylated SWNTs. (a,b) UV–vis–NIR
absorbance spectra of (a) PL-PEG-functionalized Hipco SWNTs and (b) PEGylated nitric acid-oxidized SWNTs, with and without doxoru-
bicin loaded at different pH values, as indicated. (c) Doxorubicin loading efficiency at various pH values for the two types of SWNTs.
(d) Doxorubicin retained on PL-PEG-SWNTs over time in buffers at the three pH values indicated.
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Figure 3. Supramolecular loading of aromatic drugs on nanotubes depends
on nanotube diameter. (a) Diameter distributions of SWNTs in Hipco and
laser-ablation materials. Inset: Atomic force microscopy (AFM) images of
SWNTs in the two types of materials. The scale bar represents 200 nm. The
diameter distributions were obtained by AFM topographic height measure-
ments of �100 PL-PEG-functionalized nanotubes in each material, after de-
positing them on Si substrates from solutions, followed by calcination at
350 °C to remove molecular coating. (b) Doxorubicin release curves (see Ma-
terials and Experiments) from Hipco SWNTs and laser-ablation SWNTs at
an acidic pH of 5.5. A slower release rate was observed from larger diam-
eter laser-ablation SWNTs. (c) Half-life, t1/2 (i.e., time needed for 50% molec-
ular detachment), of doxorubicin on PL-PEG-functionalized Hipco and laser-
ablation SWNTs respectively at various temperatures from 20 to 80 °C at
pH 7.4. Solid lines are Arrhenius fits of 1/t1/2(T) � A exp(–EB/kBT) for extract-
ing the desorption energy, EB, of DOX from Hipco and laser-ablation nano-
tubes at pH 7.4. The half life t1/2 was extracted by fitting DOX release vs time
to an exponential decay function (Supporting Information, Figure S7). (d)
Schematic drawings that show more favorable �-stacking of doxorubicin on
a larger nanotube than on a smaller one.
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a wide range of solid tumors.22 Ultrahigh DOX loading

was observed on PEG-RDG-functionalized SWNTs, with-

out any loss of capacity due to the added RGD (Support-

ing Information, Figure S8). Enhanced doxorubicin deliv-

ery to integrin �v�3-positive U87MG cells by RGD-

conjugated SWNTs was indeed evidenced in various ex-

periments, including confocal fluorescence imaging (Fig-

ure 5b). Much brighter DOX fluorescence signals were ob-

served in integrin �v�3-positive U87MG cells incubated

with PL-SWNT-RGD-DOX, compared to those observed in

cells treated by PL-SWNT-DOX without RGD (Figure 5b).

This was attributed to a higher degree of cellular uptake

of DOX when delivered by SWNTs conjugated with RGD

peptide. The PL-SWNT-RGD-DOX showed an enhanced

cell-killing effect toward U87MG cells, with a lower IC50

value (�3 �M) than that found prior to RGD conjugation

(�8 �M), owing to specific RGD-integrin recognition and

enhanced celluar uptake of the SWNT drug (Figure 5c). In

contrast, for integrin �v�3-negative MCF-7 cells, RGD con-

jugation onto SWNT-DOX gave no obvious enhance-

ment in intracellular DOX delivery (Figure 5b).

Concentration-dependent toxicity data showed that free

DOX exhibited higher toxicity than both PL-SWNT-DOX

and PL-SWNT-RGD-DOX to MCF cells (Figure 5d), suggest-

ing that RGD conjugation to SWNTs afforded no enhance-

ment in DOX delivery and destruction of integrin �v�3-

negative MCF cells. These results suggested the potential

for selectively enhancing the toxicity of drugs to certain

types of cells by using SWNTs conjugated with a target-

ing moiety as drug carriers.

Generality of Aromatic Molecules Noncovalently Binding onto

PEGylated SWNTs. Finally, we found that molecular bind-

ing and absorption onto SWNTs is general to several

types of aromatic molecules tested in this work, includ-

ing a fluorescent dye molecule (fluorescein)19 and an-

other chemotherapy drug (daunorubicin), though the

degree of loading on SWNTs and pH dependence var-

ied for different molecules (Figure 6). The fluorescein

derivative fluorescein cadaverine (FITC-NH2, Molecular

Probes) was loaded onto PEG-SWNTs with high effi-

ciency at the isoelectric pH (pI � 6) of fluorescein.

About 40 FITC molecules were loaded per 10 nm length

of SWNTs (vs �50 DOX per 10 nm of SWNTs loaded at

pH 9). FITC was released from PL-SWNTs at high pH val-

ues due to the increased hydrophilicity resulting from

deprotonation of the carboxylic acid group on the mol-

ecule. These results suggest that various types of small

aromatic and hydrophobic molecules with low water

solubility can be loaded onto the surface of SWNTs in
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Figure 4. In vitro toxicity test of doxorubicin-loaded
SWNTs. (a– d) Flow cytometry or flow-assisted cell sort-
ing (FACS) data of U87MG cells treated by PL-SWNT (20
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free DOX (d). (e) Concentration-dependent cell survival
curves of U87MG cells treated with PL-SWNT-DOX and
free DOX, respectively. PL-SWNT-DOX showed a higher
IC50 value (�8 �M) compared with that of free DOX
(�2 �M).
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the aqueous phase via noncovalent �-interaction. Such
interaction is sufficiently strong to prevent rapid de-
sorption in normal physiological conditions. Molecular
release of the noncovalently bound molecules can be
triggered by environmental changes such as pH or
other external stimuli.

CONCLUSION
We have found that large areas still exist on various

common functionalized SWNTs that retain high affinity
for noncovalent binding of aromatic molecules via
�-stacking. Consequently, prefunctionalized SWNTs

can adsorb widely used aromatic molecules by simple

mixing, forming “forest–scrub”-like assemblies on nano-

tubes with PEG extending into water to impart solubil-

ity and aromatic molecules densely populating the

nanotube sidewalls. Our work establishes a novel, easy-

to-make formulation of a SWNT– doxorubicin complex

with extremely high drug loading efficiency. Counting

the weight of PL-PEG coating, the SWNT– doxorubicin

complex contains �50 – 60 wt % of doxorubicin, which

is remarkably higher than the �8 –10 wt % for conven-

tional liposomes23–25 and the latest reported dendrimer

drug carriers.26 The good stability of SWNT-DOX com-

plexes in normal physiological buffer as well as serum,

and fast drug release in acidic environments, are ideal

properties for in vivo drug carriers. SWNT diameter-

dependent drug binding and release behaviors allow

multiple choices for drug carriers with different pur-

poses. The functional groups outside the SWNT-DOX

complexes are available for conjugation of other molec-

ular ligands, including RGD peptide and potentially an-

tibodies, which renders targeted delivery of drug. Mul-

tiple types of molecules with aromatic structure can

�-stack onto prefunctionalized SWNTs. SWNTs are thus

unique among high-surface-area materials, owing to

extended polyaromatic structures favoring supramolec-

ular chemistry with a wide range of important mol-

ecules. Combined with the in vivo tumor targeting of

SWNTs achieved in mice,12 our current work in drug

loading opens up the door to in vivo cancer therapy us-

ing nanotubes. Thus, supramolecular chemistry on

SWNTs could represent a new, exciting direction that

may open up new opportunities in chemistry, biology,

and medicine.

MATERIALS AND EXPERIMENTS
Starting Functionalized SWNT Materials. Noncovalent functional-

ized SWNTs were prepared as follows.12,27 As-grown Hipco
or laser-ablation SWNTs were sonicated in aqueous solution
of PL-PEG5000-NH2 (Sunbright DSPE-050-PA, NOF Corp.) at a
ratio of 0.2 mg of SWNTs:0.5 mg of PL-PEG:1 mL of water for
1 h, followed by centrifugation at 24000g for 6 h, yielding
well-suspended SWNTs (in the form of individual SWNTs and
small bundles) in the supernatant. Unbound surfactant was
thoroughly removed by repeated filtration through 100 kDa
filters (Millipore) and resuspending SWNTs in water by soni-
cation. The PL-PEG-functionalized SWNTs (denoted as PL-
PEG-SWNT) were finally resuspended in phosphate-buffered
saline (PBS).

Covalently functionalized SWNTs were prepared by reflux-
ing 10 mg of as-grown Hipco SWNTs in 50 mL of 2.5 M nitric
acid for 24 h. Acid was thoroughly removed by repeated filtra-
tion through 100 nm polycarbonate membrane (Millipore) and
resuspension in water. PEGylation of carboxylic acid groups on
the oxidized SWNTs (OXNT) was done by adding 1 mM poly(eth-
ylene oxide), four-arm, amine-terminated (Aldrich, 565733), into
the OXNT solution in the presence of 2 mM 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (Aldrich) un-
der gentle sonication. After overnight reaction, unreacted re-
agents were removed by repeated filtration and resuspension
of the covalently PEGylated SWNTs (denoted as PEG-OXNT).

Both the PL-PEG noncovalently functionalized and covalently
PEGylated oxidized SWNTs were well solubilized and stable in
water, PBS, and cell medium containing 10% fetal calf serum and
full serum.11,12 Atomic force microscopy was used to measure
the diameter and length of the functionalized SWNTs after depo-
sition on a Si substrate.

Supramolecular Assembly for Doxorubicin Loading onto Functionalized
SWNTs. DOX loading onto PEG-functionalized SWNTs (PL-PEG-
SWNT or PEG-OXNT) was done by simply mixing 1 mM DOX with
the PEGylated SWNTs at a nanotube concentration of �0.05
mg/mL (�300 nM) at various pH values overnight. Unbound ex-
cess DOX was removed by filtration through a 100 kDa filter
and washed thoroughly with water (over 10 times) and PBS un-
til the filtrate became free of reddish color (corresponding to free
DOX). The formed complexes (denoted as PL-SWNT-DOX and
OXNT-DOX) were then resuspended and stored at 4 °C.

UV–vis–NIR absorbance spectra of the SWNT-DOX com-
plexes were measured by using a Cary-6000i spectrophotome-
ter. The concentrations of SWNTs were determined by the absor-
bance at 808 nm with a molar extinction coefficient of 7.9 �
106 M · cm�1 for PL-PEG-SWNT10 and 4.0 � 106 M · cm�1 for PEG-
OXNT (Supporting Information) with an average tube length of
�200 nm. The concentration of DOX loaded onto SWNTs was
measured by the absorbance peak at 490 nm (characteristic of
DOX, after subtracting the absorbance of SWNTs at that wave-
length) with a molar extinction coefficient of 1.05 � 105
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Figure 6. Supramolecular loading of other molecules on
pre-PEGylated SWNTs. (a) UV–vis–NIR spectra of solutions
of SWNTs and daunorubicin loaded at different pH values.
(b) UV–vis–NIR absorbance spectra of SWNTs and fluorescein
cadaverine (FITC-NH2)-loaded SWNTs at different pH values.
Daunorubicin exhibited pH-dependent loading behavior
similar to that of doxorubicin, due to their similar molecular
structures, while fluorescein cadaverine was loaded on
SWNTs more strongly at lower pH (pH 6) than at higher pH.
Note that the pI of fluoresceinamine is about 6.
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M · cm�1. Note that thorough removal of free DOX was carried
out by filtration prior to the measurement to accurately assess
the amount of DOX loaded onto SWNTs. Fluorescence spectra
were taken by using a Fluorolog-3 fluorimeter for free DOX and
DOX bound to SWNTs at an excitation of 488 nm, to evaluate
fluorescence quenching of DOX resulting from �-interaction
with nanotubes.

Analysis of Molecular Release from Nanotubes. Solutions of PL-PEG-
SWNT or PEG-OXNT loaded with DOX by the above procedure
were allowed to stand for various times at room temperature at
various pH values in carbonate buffer (pH 9), phosphate buffer
(pH 7.4), or acetate buffer (pH 5.5) with the same ionic strength,
adjusted by addition of sodium chloride. DOX molecules that de-
tached from the SWNT surfaces over time were removed from
solution by filtration through a 100 kDa filter. SWNTs were then
resuspended in water for UV–vis–NIR measurement of the per-
centage of DOX retained (and thus released) on the nanotubes.
To glean the temperature dependence of release, we kept solu-
tions of PL-PEG-SWNT loaded with DOX (for both Hipco and
laser-ablation nanotubes) for various times in PBS (pH 7.4) at
20, 40, 60, and 80 °C, respectively. The amount of released DOX
was measured at different time points to obtain retained DOX on
SWNTs vs time and calculate the retention half-life, t1/2, at vari-
ous temperatures (Supporting Information, Figure S7).

Loading of Doxorubicin onto RGD-PEG Functionalized SWNTs for Cellular
Experiments. RGD peptide capable of selectively binding to inte-
grin �v�3 receptors on various cancer cells28 was conjugated to
PEGylated SWNTs as described previously.12 Briefly, 1 mM sulfo-
succinimidyl 4-N-maleimidomethylcyclohexane-1-carboxylate
was mixed with �0.05 mg/mL (�300 nM) PL-PEG-SWNT with
amine groups at the PL-PEG termini (or OXNT with covalently at-
tached PEG-NH2) solutions at pH 7.4 for 2 h. Upon removal of ex-
cess reagents by fitration, the SWNTs were reacted overnight
with 0.2 mM thiolated RGD29 in the presence of 10 mM tris(2-
carboxyethyl)phosphine hydrochloride at pH 7.4, completing
RGD conjugation to the terminal amine groups of PEG chains
on SWNTs. DOX loading was then done to the RGD-
functionalized nanotubes (denoted as PL-SWNT-RGD-DOX) at
the same conditions as for SWNTs without RGD, with similar
loading efficiencies observed (Supporting Information, Figure
S8).

MCF-7 breast cancer cells and U87MG human glioblas-
toma cancer cells (both from American Type Culture Collec-
tion) were cultured under standard conditions. Both MCF-7
and U87MG cells were incubated with PL-SWNT-DOX or PL-
SWNT-RGD-DOX ([DOX] � 2 �M) for 1 h and washed by PBS
twice before confocal imaging. Confocal fluorescence images
were taken under a Zeiss LSM 510 microscope. Cells were in-
cubated with series concentrations of PL-SWNT-DOX, PL-
SWNT-RGD-DOX, and free DOX for 24 h before the cell viabil-
ity test, which was performed by MTS assay with a CellTiter96
kit (Promega).

U87MG cells treated by SWNTs or drugs for 24 h were co-
stained with propidium iodide (PI) and FITC-labeled annexin V
before flow cytometry (Becton Dickinson) analysis. Necrotic cells
were stained by PI, while apoptic cells were stained by FITC-
annexin V.
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