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Single-walled carbon nanotubes (SWNTs) exhibit unique size,
shape and physical properties1–3 that make them promising
candidates for biological applications. Here, we investigate the
biodistribution of radio-labelled SWNTs in mice by in vivo
positron emission tomography (PET), ex vivo biodistribution
and Raman spectroscopy. It is found that SWNTs that are
functionalized with phospholipids bearing polyethylene-glycol
(PEG) are surprisingly stable in vivo. The effect of PEG chain
length on the biodistribution and circulation of the SWNTs is
studied. Effectively PEGylated SWNTs exhibit relatively
long blood circulation times and low uptake by the
reticuloendothelial system (RES). Efficient targeting of integrin
positive tumour in mice is achieved with SWNTs coated with
PEG chains linked to an arginine –glycine –aspartic acid (RGD)
peptide. A high tumour accumulation is attributed to the
multivalent effect of the SWNTs. The Raman signatures of
SWNTs are used to directly probe the presence of nanotubes in
mice tissues and confirm the radio-label-based results.

An emerging field in nanotechnology is the exploration of
interesting structural, mechanical, electrical and optical properties
of SWNTs1–3 for biological applications including biosensors4,
molecular transporters for drug delivery5–12 and potential new
therapies11. Water-solubilized carbon nanotubes are found to
traverse the cell membrane via endocytosis to deliver
molecular cargoes including proteins13 and nucleic acids such as
plasmids9 and short interfering RNA10. The intrinsic physical
properties of SWNTs can also be exploited. The high optical
absorbance of SWNTs in the near-infrared regime causes
heating under laser irradiation, which is useful for destroying
cancer cells that are selectively internalized with nanotubes11.
Various groups have found that well water-solubilized
nanotubes with high hydrophilicity are non-toxic, even at high
concentrations5–12,14,16.

The fate and biological effects of carbon nanotubes in animals
are critical to potential applications in vivo. There are only two
reports on the biodistribution of chemically functionalized
nanotubes intravenously injected into animals17,18. In these,
Wang et al.17 and Singh et al.18 reported that two differently

functionalized SWNTs behaved like small molecules in mice and
freely cleared through the urine with little uptake by the liver or
other organs of the RES. It therefore appears, based on the
information to date, that SWNTs defy the general trend of high
RES uptake observed for nanomaterials in general19,20. The
validity and generality of these results deserve careful
investigation. Also, much effort is needed to achieve targeted
accumulation of SWNTs in vivo, a goal central to potential
therapeutics19,20, which has not yet been achieved with nanotubes.

In this work, we investigated the biodistribution and tumour
targeting ability of SWNTs in mice, using Hipco nanotubes non-
covalently functionalized with phospholipid–PEG (PL–PEG), the
PEG chains being one of two different lengths (molecular weight of
PEG chains¼ 2,000 and 5,400, respectively) (Fig. 1a). The
diameters and lengths of the PL–PEG-functionalized SWNTs were
1–5 nm and 100–300 nm, respectively (Fig. 1b) and were well
solubilized and suspended in buffers and whole serum without any
aggregation (Fig. 1c; also see Supplementary Information, Fig. S1).
Macrocyclic chelating agent DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) was attached to the termini of the PEG
chains and used to conjugate positron emitting radionuclide 64Cu
(radio decay half-life t1/2 ¼ 12.7 h) (Fig. 1a). Owing to the
importance of integrin avb3 to tumour angiogenesis and
metastasis21,22, we conjugated SWNTs to both 64Cu and c(RGDyK)
(Fig. 1a), a potent integrin avb3 antagonist, aimed at in vivo
targeting of integrin avb3-positive tumours in mice via specific
RGD–integrin avb3 binding23,24. We measured the numbers of
DOTA (by isotope dilution assay25) and RGD conjugated to
SWNTs (see Supplementary Information, Table S1), carried out a
receptor binding assay, and observed the multivalent binding of
SWNTs to cell-surface receptors via multiple RGD on each tube
(see Supplementary Information, Fig. S4). Importantly, the 64Cu
radio labels remained intact on SWNTs after incubation in full
mouse serum over 24 h (Fig. 1d). No detachment from nanotubes
was observed owing to strong binding of the phospholipids onto
SWNTs10,11, even when heated to high temperatures, as
demonstrated by the lack of nanotube aggregation at 70 8C over
more than 1 week (see Supplementary Information, Fig. S1).
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Mice bearing subcutaneous integrin avb3-positive U87MG
tumours were intravenously injected with SWNT–PEG2000 and
SWNT–PEG5400, followed by microPET scans at multiple time
points (up to 24 h). Both SWNT conjugates exhibited prominent
uptake in the liver (Fig. 2a, b), with lower uptake for SWNT–
PEG5400 than SWNT–PEG2000 (Fig. 2b). Blood sampling revealed
that SWNT–PEG5400 exhibited a much longer blood circulation
time (t1/2 � 2 h) than SWNT–PEG2000 (t1/2 � 0.5 h) (Fig. 2c).
Biodistribution in various organs (Fig. 3a) after killing the mice at
24 h post-injection (p.i.) revealed prominent SWNT uptake in the
liver and spleen (consistent with PET data, Fig. 3c) and low
uptake in the tumour, muscle, bone, skin and other organs.

The fact that much of the radioactivity remained in the mice
at 24 h p.i. (Fig. 3d) suggested relatively slow excretion of SWNTs,
which differed from the previous finding where SWNTs acted as
small molecules, with little RES uptake and free excretion from
mice17,18. Note that the dimensions of our SWNTs (diameter
�1–5 nm, length �100–300 nm) were in fact smaller than the
SWNT bundles (diameter �10–40 nm, length �1 mm or larger)
used in previous reports17,18. It is known that RES uptake of
nanomaterials is size-dependent and should be higher for larger
sizes20. Our biodistribution data were accurate, because there were
few free unconjugated 64Cu radio labels in our SWNT solutions
and the 64Cu-conjugated SWNTs were serum stable (Fig. 1c, d).
Otherwise, it is known that small molecules (such as free 64Cu

ions and PEG–64Cu) would indeed be rapidly excreted from mice
via the urine over several hours26.

The biodistribution of our SWNTs is similar to other
nanomaterials (sizes �10–100 nm) with a tendency to undergo
RES uptake, including in the liver19,20. RES uptake occurs
via osponization, that is, antibody binding to nanomaterials in
the plasma for recognition by phagocytes in the RES. We found
that PEGylation by PL–PEG5400 imparted to SWNTs high
hydrophilicity and resistance to protein nonspecific binding
(NSB) (PL–PEG2000 functionalization was insufficient to prevent
protein NSB to SWNTs; see Supplementary Information, Fig. S3),
consistent with the reduced RES uptake and longer blood
circulation of SWNT–PEG5400

19,20.
Next, we show the efficient targeting of integrin avb3-positive

U87MG tumours via RGD-functionalization of SWNT–PEG5400

and specific RGD–integrin avb3 recognition (Fig. 4, and see
Fig. 3b for biodistribution of SWNT–PEG5400 –RGD). Although
SWNT–PEG2000–RGD showed only a slight increase in tumour
uptake compared to that without RGD (Fig. 4a, first column and
Fig. 4b), SWNT–PEG5400–RGD exhibited a high tumour uptake
of �10–15% injected dose (ID) g21 (Fig. 4a, second column), a
significant increase from �3–4% ID g21 for SWNT–PEG5400 free
of RGD (Fig. 4c). Tumour uptake of SWNTs was rapid, reaching a
plateau at about 6 h p.i., and then levelled off in the next 20 h.
The tumour uptake levels derived from PET images were
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Figure 1 Water-soluble carbon nanotubes functionalized with PEG, radio labels and RGD peptide. a, Schematic drawings of non-covalently functionalized

SWNT–PEG2000, SWNT–PEG5400, SWNT–PEG2000 –RGD, SWNT–PEG5400 –RGD with DOTA– 64Cu. The hydrophobic carbon chains (blue segments) of the phospholipids

strongly bind to the sidewalls of the SWNTs, and the PEG chains render water solubility to the SWNTs. The DOTA molecules on the SWNTs are used to chelate 64Cu

for radio labelling. b, An atomic force microscope AFM image of SWNT–PEG5400 deposited on a silicon substrate. c, A photograph of stable SWNT–PEG2000

suspensions in PBS and full fetal bovine serum. d, Serum stability test showing that 64Cu remains intact on carbon nanotubes over 24-h incubation in full mouse

serum. The slight reduction during the early two time points was due to the removal of residual free 64Cu radio labels in the nanotube solution by filtration.
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consistent with what was measured by biodistribution (Fig. 3b),
and the tumour/muscle uptake ratio was calculated to be .15 for
SWNT–PEG5400 –RGD. The high tumour accumulation was a
result of the long blood circulation time, the specific high
tumour-binding affinity of RGD-functionalized SWNT–PEG5400,
and the multivalency effect (that is, multiple RGDs along a
SWNT binding to multiple integrin avb3 simultaneously; see
Supplementary Information, Fig. S4). Note that without
nanotubes, PEG–RGD–64Cu species were known to be rapidly
cleared from mice through the renal route in just a few hours, and
U87MG tumour accumulation peaked at around �3% ID g21

30 min after injection, and decreased afterwards26. In control
experiments, we injected a blocking dose of c(RGDyK)
(15 mg kg21) into U87MG tumour-bearing mice along with
SWNT–PEG5400–RGD, and observed that the uptake of nanotubes
in the tumour was significantly blocked (Fig. 4a, third column).
Mice bearing integrin avb3-negative HT-29 tumours (see
Supplementary Information, Fig. S5) were also injected with
SWNT–PEG5400–RGD, and little tumour uptake of nanotubes was
observed (�3% ID g21, Fig. 4a, fourth column).

To take advantage of the intrinsic optical properties of
SWNTs, we used Raman spectroscopy to directly detect SWNTs in
the various tissues of a mouse. Non-covalently functionalized

SWNTs exhibit strong resonance Raman bands, including the G
band at �1,580 cm21, characteristic of graphitic carbon (Fig. 5a)
(refs 1 and 2). A U87MG tumour-bearing mouse injected with a
high dose of SWNT–PEG5400 –RGD (0.5 mg kg21) was killed
after PET imaging (Fig. 5b) at 8 h p.i. Raman spectroscopy clearly
revealed the existence of SWNTs in the liver and tumour samples
with high G-band Raman intensities, a slight signal in the kidney
sample, and no SWNT Raman signal in muscle (Fig. 5c). The
amounts of SWNT in each of the tissue samples, derived from
Raman intensities calibrated against SWNT solutions with known
concentrations, were in reasonable agreement with PET data
based on radioactivity of nanotubes (Fig. 5d). Thus, our Raman
data provide direct proof of tumour uptake of SWNTs. The
co-localization of 64Cu radio labels and SWNTs in various mouse
tissues also suggests a proof of the in vivo stability of our non-
covalent functionalization of SWNTs. Such functionalization
retains the intrinsic properties of SWNTs (for example, without the
Raman intensity degradation seen in covalently modified tubes) for
biological and medical applications such as Raman probing27 and
fluorescence imaging8 in vitro, ex vivo and potentially in vivo.

We observed no obvious toxicity or negative health effects
(such as weight loss and fatigue), with many mice injected with
SWNT–PEG at dosages up to 2 mg kg21 over monitoring periods
of up to several months. However, the long-term fate of SWNT–
PEG injected into mice requires further investigation. Based on
the retained radioactivity in mice, we observed relatively slow
excretion of SWNTs. Longer-term monitoring is currently
ongoing to investigate SWNT clearance from mice.

Our current work establishes strong non-covalently
functionalized SWNTs for in vivo applications. Surveying the
literature, we found that the nanotube tumour accumulation of
�13% ID g21 over long periods (.24 h) is among the best achieved
using nanomaterials. The unique one-dimensional shape and flexible
structure of SWNTs enables a polyvalency effect (see Supplementary
Information, Fig. S4) and enhances tumour binding affinity. The
one-dimensional shape may also facilitate SWNTs leaking out from
blood microvessels to reach cancer cells in the tumour through
vascular and interstitial barriers28. The exact distribution of our
SWNTs within the tumour requires further investigation. SWNTs of
various lengths will be ideal vehicles for elucidating size and shape
effects on nanomaterial distribution within tumours. These
discoveries will be useful for the application of the structural and
physical properties of SWNTs for therapeutic approaches.

METHODS

PREPARATION OF PEGYLATED SWNTs

Raw Hipco SWNTs were sonicated in an aqueous solution of PL–PEG2000–
NH2, that is, DSPE–PEG2000–Amine (1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-(amino (polyethyleneglycol)2000)) (Avanti Polar
Lipids) or PL–PEG5400–NH2, DSPE–PEG5400–Amine for 1 h, centrifuged at
24,000 g for 6 h to obtain short, PL–PEG-functionalized SWNTs in
supernatant. Filtration through 100-kDa filters (Millipore) removed excess
phospholipids. PL–PEG5400–NH2 was synthesized by linking NHS–PEG3400–
Boc (Nektar) with PL–PEG2000–NH2 in aqueous solution followed by
deprotection of Boc. The optical absorbance of the SWNTs was measured to
determine their concentration (see Supplementary Information)11.

DOTA AND RGD CONJUGATION TO SWNTs

DOTA–SNHS (Sulfo-NHS) was synthesized by reacting DOTA with
N-hydroxysulphonosuccinimide in the presence of 1-ethyl-
3-(3-(dimethylamino)-propyl) carbodiimide (EDC) at 1:1:1 molar ratio29.
PL–PEG2000–NH2 and PL–PEG5400–NH2 functionalized SWNTs were mixed
with DOTA–SNHS at pH 7.4 and incubated for 4 h. The SWNT solution was
purified by filtration to remove unconjugated DOTA.

For conjugation of both RGD and DOTA, DOTA–SNHS and sulpho-
SMCC (sulphosuccinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate)
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Figure 2 Functionalization-dependent biodistribution and blood circulation

of intravenously injected SWNTs in mice bearing the U87MG human

glioblastoma tumour. a, MicroPET images of two mice at various time points

post tail-vein injection of 64Cu-labelled SWNT–PEG2000 and SWNT–PEG5400,

respectively. The arrows point to the tumours. b, Liver uptake curves over time

as measured by PET for the two SWNT conjugates. c, Blood activity curves for

the two conjugates. All data points represent three animals per group (four mice

per group for c).
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were mixed at 1:5 molar ratios and incubated in SWNT–PEG–NH2 solutions
at pH 7.4 for 2 h. Upon removal of excess reagents, the SWNTs were reacted
overnight with 0.2 mM of thiolated RGD24 in the presence of 10 mM
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) at pH 7.4, yielding
SWNT–PEG2000–RGD and SWNT–PEG5400–RGD with both RGD and
DOTA on the SWNTs.

64Cu-LABELLING OF SWNTs AND SERUM STABILITY TEST
64CuCl2 (supplied by the University of Wisconsin-Madison) was diluted in
300 ml of 0.1 M sodium acetate buffer (NaOAc, pH 6.5). Two mCi of 64Cu was
added to 100 ml of each of the SWNT conjugates (�150 nM) buffered by
300 ml of 0.1 M NaOAc solution (pH 6.5). The reaction mixture was incubated
for 1 h at 40 8C after which excess unconjugated 64Cu was removed. The final
radio-labelling yield was 60–80%.

The serum stability of radio labels on SWNTs was investigated by incubating
64Cu-labelled SWNTs in full mouse serum at 37 8C for up to 24 h. Portions of
SWNT–serum suspension were collected at different time points and

filtered through 300-kDa cutoff filters. The filtrates were collected and the
radioactivity was measured. The percentages of retained (intact) 64Cu on the
SWNTs were calculated by using the relation (total activity2activity in
filtrate)/total activity.

CELL LINES AND THE ANIMAL MODEL

U87MG human glioblastoma and HT-29 human colorectal cancer cell lines
(from American Type Culture Collection, ATCC) were cultured under standard
conditions. The U87MG and HT-29 tumour models were generated by
subcutaneous injection of 5 � 106 cells in 50 ml PBS into the front left and
front right legs of the mice, respectively. The mice were used for the study
when the tumour volume reached 200–300 mm3.

MICROPET IMAGING

PET imaging was carried out on a microPET R4 rodent model scanner
(Concorde Microsystems)30. About 1 mg of SWNTs (�30 nM) in 150–200 ml
PBS with 200–300 mCi of 64Cu were injected into each mouse at the tail vein,
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Figure 3 Biodistribution and retained activity of 64Cu-labelled SWNTs in mice. a, Biodistribution of SWNT–PEG2000 and SWNT–PEG5400 in various organs at 24 h

p.i. b, Biodistribution of SWNT–PEG2000 –RGD and SWNT–PEG5400 –RGD at 24 h p.i. c, Comparison of liver uptake of SWNTs measured by microPET

and biodistribution at 24 h p.i. d, Total 64Cu activity left in the mice at different time points p.i. of the two different SWNT conjugates. The radio-decay of 64Cu

with a half-life of 12.7 h was corrected in the data. All data shown are based on three mice per group.
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except for one mouse, which was injected with �10 mg of SWNTs for the
Raman study. The tissue/organ uptake (% ID g21) based on PET imaging was
calculated as described previously25,30. Note that all the PET data and
biodistribution data have been decay corrected by the half-life of 64Cu. Three
mice in each group were used for the data presented in this work.

BIODISTRIBUTION AND BLOOD CIRCULATION STUDIES

Nude mice bearing U87MG tumours were injected with �200–300 mCi of
64Cu-labelled SWNTs. The mice were killed at 24 h p.i. The major organs were
collected and wet weighed. The radioactivity in the tissues was measured using
a g-counter (Packard). For each mouse, the radioactivity of the tissue samples
was calibrated against a known aliquot of the injectate, and normalized to a
body weight of 25 g. Data presented were from three animals per group.

Approximately 3–5 ml of blood was taken from the tail vein of the mice
injected with 200–300 mCi of 64Cu-labelled SWNTs at different time points

p.i., and the radioactivity was measured by a g-counter. The data shown were
based on four mice in each group. The values of blood circulation half-life
were obtained by first-order exponential decay fits.

EX VIVO RAMAN SPECTROSCOPIC MEASUREMENTS OF MOUSE TISSUES

A U87MG tumour-bearing mouse injected with a high dose of SWNT–
PEG5400–RGD (0.05 mg ml21, 300 nM in 200 ml PBS) was killed at 8 h p.i. The
tumour, liver, kidney and a portion of the muscle were lyophilized and sonicated
in 1% SDS and 1% Triton X-100 solution to form homogenous suspensions.
Raman spectra of the suspensions were acquired with a Renishaw micro-Raman
instrument. SWNT suspensions in lysis buffer with known concentrations were
measured to obtain a standard calibration curve (see Supplementary
Information, Fig. S6), against which the SWNT concentrations in the tissue
samples were calculated and compared to the microPET data. More
experimental details can be found in the Supplementary Information.
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Figure 5 Detecting nanotubes in mice tissues using characteristic Raman signatures of SWNTs. a, A Raman spectrum of a solution of SWNT–PEG5400. The G

band of the SWNTs is indicated by the arrow. The peak at the lower Raman shift near 230 cm21 corresponds to the radial breathing modes of the SWNTs. b, A two-

dimensional projection of the microPET image of a U87MG tumour-bearing mouse 8 h p.i. of a high dose of SWNT–PEG5400 –RGD solution. The arrows point to the

tumour and several organs used for Raman measurements (symbols correspond with those in c). c, Raman spectra in the G-band region of SWNTs recorded on

lyophilized tumour and tissue powder samples suspended in surfactant solutions. The data provides direct evidence of the existence of SWNTs in the tumour.

d, Comparison of the biodistribution data obtained by PET imaging and ex vivo Raman measurements. The error bars in the Raman data were obtained with several

measurements performed over different parts of the tissues.
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1. Comparison of aqueous stability of SWNTs functionalized by various methods 

Phospholipid (PL)-PEG (PEG M.W. 2000 Da or 5400 Da) and sodium dodecyl 

sulfate (SDS) suspended SWNTs were made by sonicating raw Hipco SWNTs in aqueous 

solution of PL-PEG-NH2 (1 mg/ml) or SDS (10 mg/lml) for 1 h followed by 

centrifugation at 24,000 g for 6 h to remove aggregates. Excess PL-PEG-NH2 or SDS in 

the supernatant was removed by repeated filtration through 100 kDa filters and re-

suspension in water. Hydroxylated SWNTs (SWNTols) were prepared following the 

method reported by Wang et al.1. In brief, SWNTs were mixed with KOH and agitated 

vigorously with the help of small stainless steel balls for 1 h at room temperature (r.t.). 

Then the SWNTols were dissolved in distilled water and centrifuged at 12,000 g for 15 

min. Excess KOH was removed by filtration using 100 kDa filters.  

PL-PEG-NH2 suspended SWNTs are the most stable without any visible 

aggregation in water and phosphate buffered saline (PBS) after removing excess amount 

of free PL-PEG-NH2 molecules. The nanotubes are stable in PBS without aggregation 

even after heating at 70 °C for one week (Fig. S1a, 1st row), suggesting no detachment of 

the coating under such harsh condition.  SDS, a commonly used surfactant, can also be 

used to solubilize SWNTs, giving a good suspension in water. However, SDS suspended 

SWNTs are not stable in the absence of free SDS (Supplementary Fig. 1a, 2nd row), 

suggesting that the binding between SDS and SWNTs is not sufficiently strong. The in 

vivo biodistribution study of hydroxylated SWNTs (SWNTols) has been previously 

performed before by Wang et al.1  However, this type of SWNTs is not very stable in 

PBS buffer. Obvious aggregation of SWNTols was seen after incubation in PBS 

overnight at either room temperature or 70 °C (Fig. S1 3rd row). 
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Figure S1.  Stability of SWNTs functionalized by various methods. First row, 
phospholipid-PEG (PL-PEG-NH2) suspended SWNTs are stable at all conditions, 
even at 70 °C for one week (the fourth photo). Second row, SDS suspended SWNTs 
are not stable after removal of excess SDS molecules in aqueous solution. Third 
row, hydroxylated SWNTs (SWNTols) aggregate in PBS buffer after overnight 
incubation at either room temperature or 70 °C (the third and fourth photo, 
respectively).  

 

2. Measurement of SWNT concentration by UV-VIS-NIR spectroscopy 

 PL-PEG-NH2 functionalized SWNTs exhibit high optical absorbance from 
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ultraviolet (UV) to near infrared (NIR) regimes (Fig.S2). The absorbance spectrum of a 

SWNT solution can be utilized to estimate the concentration of nanotubes2. The 

absorbance at 808 nm exhibits a molar extension coefficient of 7.9 × 106 M-1·cm-1 for 

SWNTs with average length of ~200nm.2 
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Fig. S2. A UV-VIS-NIR spectrum of SWNTs functionalized by PL-PEG-NH2.  

 

3. Number of DOTA and RGD peptides on the SWNTs  

For SWNT-PEG2000 and SWNT-PEG5400 with and without conjugated RGD, the 

average number of DOTA chelators per SWNT was measured using a previously 

reported procedure with slight modifications.3 Briefly, a defined amount of non-

radioactive CuCl2 (~150 fold excess of SWNT concentration) in 40 µl 0.1 M NaOAc 

buffer (pH = 6.5) was added to 0.2 mCi of 64CuCl2 in 20 µl 0.1 M NaOAc buffer. Twenty 

µl of each SWNT conjugate in 100 µl 0.1 M NaOAc buffer was added to the above 

carrier-added 64CuCl2 solution. The reaction mixtures were incubated with constant 

shaking at 40 ˚C for 1 h. 64Cu-labeled SWNTs were purified using 100 kDa filters and the 

radio-labeling yield was calculated by measuring the radio activity retained in the 

 S4



NNANO-06090419A 

SWNTs solution. The number of DOTA per SWNT (average length ~150 nm) was 

determined as moles(Cu2+) × yield/moles(SWNT). 

 

 

 

 

 

 Average number of DOTA per SWNT Std. 

SWNT-PEG2000 75.5 9.3 

SWNT-PEG5400 61.9 0.6 

SWNT-PEG2000-RGD 47.4 6.4 

SWNT-PEG5400-RGD 36.2 4.5 
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Supplementary Table 1. DOTA number assay. Standard deviations (std.)
were obtained from 4 parallel samples. 
 
 

The measured numbers of DOTA per nanotube of SWNTs with RGD conjugation 

WNT-PEG2000-RGD and SWNT-PEG5400-RGD) are less than those without RGD 

WNT-PEG2000 and SWNT-PEG5400). Assuming 100% yield of thiolated RGD 

njugation (a large excess of thiolated RGD was used), the ratio between RGD and 

OTA on nanotubes will be 0.59:1 for SWNT-PEG2000-RGD and 0.71:1 for SWNT-

EG5400-RGD as calculated by the following equation: 

 of RGD per SWNT-PEG-RGD]/[# of DOTA per SWNT-PEG-RGD]=([# of DOTA 

r SWNT-PEG] – [# of DOTA per SWNT-PEG-RGD]) / [# of DOTA per SWNT-PEG-

GD]). 

. Non-specific binding (NSB) of SWNTs functionalized with different length PEGs   

Ex vivo, we found that PEGylation by PL-PEG5400  imparted to SWNTs high 

ydrophilicity and resistance to protein NSB. PL-PEG2000 functionalization was 

sufficient to prevent protein NSB to SWNTs.   

Four hundred nanoliter of mouse IgG (MIgG) solution was spotted on a 
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polylysine coated glass slide (Electron Microscopy Sciences) and allowed to dry.  The 

glass slide was then rinsed briefly with PBS at pH 7.4 and subsequently blocked with 0.5 

% tween20 and 3 % fetal bovine serum in PBS overnight.  After blocking, the slide was 

rinsed briefly with PBS and water followed by drying with blowing air.  Fourty 

nanomolar of SWNT-PEG2000 and SWNT-PEG5400 solution were dropped over the MIgG 

spots and allowed to incubate for 1 hr.  After incubation, the slide was soaked in PBS for 

30 min and then briefly rinsed with water before blow drying.  Raman spectrum was 

taken at different positions inside the MIgG spot (~10mW power, 50 × objective, laser 

spot size ~2 µm2, 30 s scan) and the averaged spectrums were presented in Fig. S3. The 

NSB level of SWNTs on substrates was determined based on the intensity of SWNT 

Raman G band peak. 

 SWNTs coated with PEG2000 exhibited appreciable NSB on MIgG spots on 

substrates, indicating the SWNTs sidewalls were not densely covered by hydrophilic 

PEG chains. In contrast, SWNTs coated with PEG5400 showed little NSB on MIgG spots, 

suggesting that the longer length of PEG5400 afforded sufficient hydrophilicity and 

biological inertness to SWNTs. The lower NSB of SWNTs coated with PEG5400 was 

consistent with the in-vivo behavior of lower liver uptake and longer circulation half-life. 
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Fig. S3. Non-specific binding (NSB) of SWNTs with different PEG lengths. SWNT-PEG5400
has significantly lower NSB on mouse IgG protein substrate than SWNT-PEG2000. 

 

We suggest that the optimum length of PEG on SWNTs to impart high 

hydrophilicity and minimize NSB of proteins and antibodies (ex vivo and in vivo) will 

depend on the density of PEG chains on the tubes. For the particular phospholipid 

approach used in the current work, the packing of lipids on SWNT sidewalls may not be 

dense and long PEG5400 chains of the lipids are needed to impart sufficient hydrophilicity 

and NSB resistance.  For denser PEGylation on SWNT sidewalls by other means, it is 

possible much shorter PEG can afford excellent inertness of SWNTs in vivo. Much 

remains to be done in developing such chemistry for nanotubes. 

  

5. Receptor binding assay of SWNT-PEG-RGD  

The in vitro integrin αvβ3-binding affinity and specificity of SWNT-PEG2000-RGD 

and SWNT-PEG5400-RGD were assessed via competitive displacement cell-binding 

assays using 125I-echistatin as the αvβ3 integrin-specific radio-ligand 4.  Experiments were 
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performed on integrin αvβ3-positive U87MG human glioblastoma cells. The cells were 

harvested, washed twice with PBS and re-suspended (2 ×106 cells/ml) in binding buffer 

(20 mM Tris, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, 0.1% 

BSA).  Filter multiscreen DV plates (96-well, pore size: 0.65 µm, Millipore, Billerica, 

MA) were seeded with 1 × 105 cells per well and incubated with 125I-echistatin (30,000 

counts per minute (cpm)/well) in the presence of increasing concentrations of SWNT-

PEG2000-RGD or SWNT-PEG5400-RGD (0 – 100 nM).  The total incubation volume was 

adjusted to 200 µl.  After the cells were incubated for 2 h at room temperature, the plates 

were filtered through a multi-screen vacuum manifold and washed twice with cold 

binding buffer.  The hydrophilic polyvinylidene fluoride (PVDF) filters were collected 

and the radioactivity was determined using a gamma counter (Packard, Meriden, CT).  

The half maximal inhibitory concentration (IC50) values were calculated by fitting the 

data by nonlinear regression using GraphPad PrismTM (GraphPad Software, Inc., San 

Diego, CA).  Experiments were carried out twice with triplicate samples. 

Echistatin is a viper venom disintegrin containing RGD loop which binds integrin 

αvβ3 with high affinity. The presence of SWNT-PEG-RGD can inhibit the binding 

between echistatin and integrin αvβ3 by competition, confirming the successful 

conjugation of RGD on SWNTs (Fig. S3). Both SWNT-PEG2000-RGD and SWNT-

PEG5400-RGD inhibited the binding of 125I-echistatin to αvβ3 integrin on U87MG cells, 

with IC50 values being 4.1 and 11.1 nM of SWNTs, respectively. The enhanced integrin 

αvβ3 binding affinity for the SWNT-PEG-RGD conjugates as compared to the monomeric 

RGD peptide (IC50 = 67.9 ± 6.1 nM) 4 is likely due to the cooperative or multi-valent 

binding of multiple RGD units on the SWNT to multiple αvβ3 integrin, in accordance 
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with our previous findings that multimeric RGD peptides exhibit more potent binding to 

integrin αvβ3 than the monomeric peptide c(RGDyK) 4. 
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Fig. S4. Receptor binding assay. In vitro inhibition of 125I-echistatin binding to αvβ3 integrin
on U87MG human glioblastoma cells by SWNT-PEG2000-RGD (●) and SWNT-PEG5400-
RGD (○), with IC50 values being 4.1 and 11.1 nM, respectively. 
 
 
. Immunofluorescence staining  

Frozen tumor sections (5 µm) were warmed to room temperature, fixed with ice-

old acetone for 10 min, and dried in the air for 30 min.  The sections were blocked with 

0 % donkey serum for 1 hour at r.t.. For CD31 and human integrin αvβ3 double staining, 

he sections were incubated with rat anti-mouse CD31 (1:100, BD BioSciences, San Jose, 

A) and Abegrin™ (anti-human integrin αvβ3 monoclonal antibody) (100 µg/mL) for 1 

S9



NNANO-06090419A 

hour at r.t.. After incubating with Cy3-conjugated donkey anti-rat secondary antibody 

(1:200, Jackson ImmunoResearch Laboratories, Inc.) and FITC-conjugated donkey anti-

human secondary antibody (1:200, Jackson ImmunoResearch Laboratories, Inc.), the 

tumor sections were examined under the microscope (Carl Zeiss Axiovert 200M, Carl 

Zeiss USA, Thornwood, NY). For CD31 and mouse integrin β3 double staining, hamster 

anti-mouse β3 (1:100, BD BioSciences) and FITC-conjugated goat anti-hamster 

secondary antibody (1:400, Jackson ImmunoResearch Laboratories, Inc) were used. 

CD31 is a transmembrane glycoprotein highly expressed on endothelial cells but 

not on tumor cells. CD31 staining was performed to visualize tumor vasculature. Human 

integrin αvβ3 is expressed on U87MG tumor cells (a human cancer cell line) while the 

tumor vasculature expresses mouse integrin αvβ3. As shown in Fig. S4a, Abegrin™ (anti-

human integrin αvβ3 monoclonal antibody) staining afforded strong signal for U87MG 

tumor cells but not HT-29 tumor cells. No co-localization between AbegrinTM  staining 

and CD31 staining was observed for either U87MG tumor or HT-29 tumor, suggesting 

the vessels in neither of the two tumors were stained by AbegrinTM as murine tumor 

vessels do not express human integrin αvβ3. In Fig.S4b, anti-mouse β3 staining showed 

strong vessel staining for U87MG tumor but weak staining for HT-29 tumor. The good 

co-localization of CD31 and mouse β3 staining indicates that the tumor vasculature 

expresses mouse integrin αvβ3, although the expression level is different in different 

tumors.  

Taken together, Fig.S4 shows that U87MG tumor has high human integrin αvβ3 

expression in tumor cells and mouse integrin αvβ3 expression on the tumor vasculature 

while HT-29 tumor has low integrin αvβ3 expression in both. Note that both mouse 
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integrin αvβ3 (expressed on tumor vasculature) and human integrin αvβ3 (expressed on 

U87MG cells) can be recognized by c(RGDyK).  

 

 

 

 

Fig. S5. Immunofluorescence staining of U87MG and HT-29 tumor sections. (a) 
CD31 and Abegrin™ (anti-human integrin αvβ3 monoclonal antibody) 
immunofluorescence staining showed that U87MG cells have much higher integrin αvβ3 
expression than HT-29 cells. (b) CD31 and mouse β3 staining of U87MG and HT-29 
tumor sections revealed that U87MG tumor vessels also have higher integrin αvβ3 
expression than HT-29 tumor vessels. Scale bar: 100 µm.
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7. Raman measurement of SWNTs in tissues 
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 SWNT solutions with known concentrations in a capilary glass tube were 

measured by Renishaw micro-Raman instrument (laser excitation wavelength = 785 nm). 

A glass capillary tube filled with SWNT solution was placed under the objective of the 

Raman microscope. After focusing at the center of the capillary, we recorded the Raman 

spectrum of the solution (100 mW power, 20 × objective, laser spot size ~3 × 60 µm2, 10s 

collection time). Spectra were also taken by slightly changing the focus. The G band peak 

area was integrated from 1570 cm-1 to 1620 cm-1 and averaged for multiple spectra and 

then plotted against the concentrations of SWNTs (Fig. S6).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6. Standard Raman calibration curve of SWNT solutions. (a) Raman spectra 
of SWNT solutions of different concentrations after subtracting background. (b) G-
band intensity vs. SWNT concentration. 
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Raman spectra of tissue suspensions were collected similarly and the spectra were 

used to measure SWNT concentrations in the tissues against the standard calibration 

curve in Fig.S6. The Raman spectroscopy based %ID/g of SWNTs in a specific tissue 

was calculated by the following equation: 

%ID/g = 
([SWNT] in tissue suspension) x (volume of tissue suspension)

([SWNT] in injected solution) x (volume of injected SWNT) x (wet weight of tissue)  
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