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Carbon nanotubes are promising new materials for molecular
delivery in biological systems. The long-term fate of nanotubes
intravenously injected into animals in vivo is currently unknown,
an issue critical to potential clinical applications of these materials.
Here, using the intrinsic Raman spectroscopic signatures of single-
walled carbon nanotubes (SWNTs), we measured the blood circu-
lation of intravenously injected SWNTs and detect SWNTs in
various organs and tissues of mice ex vivo over a period of three
months. Functionalization of SWNTs by branched polyethylene-
glycol (PEG) chains was developed, enabling thus far the longest
SWNT blood circulation up to 1 day, relatively low uptake in the
reticuloendothelial system (RES), and near-complete clearance
from the main organs in ~2 months. Raman spectroscopy detected
SWNT in the intestine, feces, kidney, and bladder of mice, suggest-
ing excretion and clearance of SWNTs from mice via the biliary and
renal pathways. No toxic side effect of SWNTs to mice was
observed in necropsy, histology, and blood chemistry measure-
ments. These findings pave the way to future biomedical applica-
tions of carbon nanotubes.
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he utilization of novel nanomaterials for biological and

biomedical applications has been an active and exciting
direction of research in recent years (1-3). A wide range of
nanomaterials, such as nanoparticles (4-7), nanorods (8),
nanowires (9), and nanotubes (10-12) have been investigated for
their potential clinical applications in diagnosis and therapeutic
treatment of diseases. The interesting structural, chemical, elec-
trical, and optical properties of carbon nanotubes (13, 14), when
used in biological and medical settings, may bring new oppor-
tunities to biological detection, imaging, and therapy with high
performance and efficacy. Carbon nanotube-based intercellular
molecular delivery vehicles have been developed for intracellular
gene (15-17) and drug delivery in vitro (18, 19). Recently,
research began to investigate the behavior of carbon nanotubes
in animal bodies in vivo (20, 21), including the finding of lack of
toxicity of well PEGylated single-walled carbon nanotubes
(SWNTs) in mice in a pilot study (M. L. Schipper, N. Nakayama-
Ratchford, C.D.,N. W. S. Kam, P. Chu, Z.L., X. Sun, L. C. Cork,
H.D., and S. S. Gambhir, unpublished data).

The biodistribution of intravenously injected carbon nano-
tubes in mice has been studied by using radiolabeling and isotope
ratio mass spectroscopy methods (20, 22). Promising result of
efficient targeted tumor accumulation in vivo has been obtained
by conjugating a ligand peptide to nanotubes to recognize
receptors on the surface of tumor cells (20), suggesting high
potential of nanotube-based drug delivery vehicles for cancer
therapy. However, an important unaddressed question for car-
bon nanotubes and various nanomaterials in general in biomed-
ical applications is their long term fate in vivo. It is known that
most nanomaterials tend to exhibit high uptake in the reticu-
loendothelial system (RES) (liver, spleen, etc.) once injected
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into animals and are not rapidly excreted (6, 20). Whether or not
and how these materials are cleared from the body is unknown
in many cases, because of the difficulties in long term in vivo
tracking and monitoring of the materials. Currently used radio
labels (6, 20) or fluorescent labels for nanomaterials are useful
for in vivo tracking over short periods of time (a few hours to a
few days), but these labels may gradually dissociate from the
materials or decay and lose activity over time. It is thus highly
desirable to detect nanomaterials based on their intrinsic phys-
ical properties rather than relying on radiolabels or spectroscopic
tags for indirect detection/measurement. The direct detection
method may lead to a more accurate assessment of how nano-
materials behave in vivo in both short and long terms, i.e., during
the blood circulation stage and during time periods lasting
several months.

Here, we show that the intrinsic Raman scattering intensity of
SWNTs (23, 24) does not decay over time while being relatively
insensitive to the types of noncovalent coatings and solution
environments of SWNTs. Unlike the resonance breathing model
(RBM) in the SWNT Raman spectrum, the intensity of tangen-
tial graphene-like G band is relatively insensitive to the diameter
and bundling of nanotubes (25, 26). We then use Raman
spectroscopy to measure the postinjection blood concentration
of SWNTs with different polyethylene-glycol (PEG) coatings in
mice and thus glean nanotube blood circulation times. We also
use Raman spectroscopy and Raman imaging to probe the
biodistribution of SWNTs in various organs of mice ex vivo over
a period of several months. We find that the surface chemistry,
including the length and branching structure of PEG chains, is
critical to the in vivo behaviors of SWNTs. Longer and more
branched PEG on SWNTs afford longer blood circulation and
lower RES uptake. Superior to linear PEG, branched PEG
coating renders SWNTs a significantly prolonged blood circu-
lation, which is desired for future targeted imaging or therapeu-
tic applications. By monitoring the biodistribution of SWNTSs in
mice organs for months, a relatively slow, but persistent decrease
in the SWNT Raman signal is observed, suggesting that the
clearance of SWNTs is occurring in the mice. To study the
excretion pathway, nanotubes with the highest possible dose is
injected into mice with their excreta examined by Raman
spectroscopy. Biliary excretion pathway is confirmed by the
SWNT Raman signals in the intestine and feces. Although
the SWNT concentration in urine is low over a high background,
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Fig. 1. Noncovalently functionalized SWNTs by various PEGylated phospho-

lipids. (a Left) Scheme of functionalization by various phospholipid-PEGs with
linear or branched PEG chains. (Right) A photo of the SWNT-br-7kPEG saline
solution at the concentration (0.1 mg/ml; optical density was 4.6 at 808 nm for
1 cm path) used for injection. (b) A Raman spectrum of a solution of SWNT-
I-2kPEG. The G band peak at 1,590 cm~" was used for SWNT detection in this
work. (c) Raman intensity vs. SWNT concentration calibration curve. Linear
dependence was observed from 0.02 ng/ml to 4 ug/ml.

the existence of SWNT Raman signals in the kidney and bladder
is evident, suggesting renal excretion for nanotubes as well.
Further, necropsy, histology and blood chemistry studies reveal
no obvious toxic effect for mice injected with SWNTS, providing
further supports to the recent finding (M. L. Schipper, N.
Nakayama-Ratchford, C.D., N. W. S. Kam, P. Chu, Z.L., X. Sun,
L. C. Cork, H.D., and S. S. Gambhir, unpublished data). These
results establish a foundation for further exploration of carbon
nanotubes for biomedical applications and may have implica-
tions for other nanomaterials.

Results and Discussion

We used Hipco SWNTSs noncovalently functionalized and solu-
bilized (see Materials and Methods) by PEGylated phospholipids
(Fig. 1la) that were stable without aggregation in various bio-
logical solutions including serum (15, 17, 20). Our previous study
(20) also showed that the phospholipid-PEG coating was stable
in vivo without rapid detachment. Centrifugation was used to
remove big bundles and impurities, leaving short individual and
small bundles of tubes in the solution. Atomic force microscopy
(AFM) images revealed similar length distributions of different
functionalized SWNTs [SWNT-/-2kPEG, 104 = 49 nm; SWNT-
I-5kPEG, 101 = 51 nm; SWNT-br-7kPEG, 95 * 46 nm; sup-
porting information (SI) Materials and Methods, and SI Fig. 5].
Strong resonance Raman scattering is an intrinsic optical prop-
erty of SWNTs with sharp peaks and low background in the
spectra (Fig. 1b). In this work, the tangential graphite-like
phonon mode (G band), the strongest peak in the SWNT Raman
spectrum, was used to detect nanotubes in solution, blood, and
tissue lysates. No obvious decay in the Raman signal was
observed by measuring the Raman spectrum of a SWNT solution
for up to 3 months (SI Fig. 6). Raman spectra of SWNT solutions
with known concentrations from 0.02 to 4 ug/ml were taken, and
the G band intensities (integrated peak areas) were plotted
against SWNT concentrations [measured by their near infrared
(NIR) absorptions] as the calibration curve (Fig. 1c). The linear
dependence allowed for quantitative measurement of SWNT
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concentration in blood or tissue lysates of mice using Raman
spectroscopy. Solutions of same concentration of SWNTs with
different PEG coatings (SWNT-/-2kPEG and SWNT-/-5kPEG,
SWNT-br-7kPEG) exhibited very similar Raman intensities in
various environments including water, saline, lysis buffer, serum,
and liver lysate. These results suggested that the Raman intensity
of SWNTSs was relatively insensitive to the coatings and solution
environments involved in our experiments (SI Fig. 6).

We intravenously injected ~200 ul of saline solutions of
different PEG functionalized SWNTs at the same nanotube
concentration (=~0.1 mg/ml) into mice and drew blood (=5 ul)
at different time points postinjection (p.i.) for Raman measure-
ment (Fig. 2 a—). The measured %ID/g (percentage of injected
dose per gram) in blood vs. time p.i. gave blood circulation
behavior of SWNTs with various PEGylations (Fig. 2 d and e).
We observed that increasing the linear PEG chain length from
2 kDa (SWNT-/-2kPEG) to 5 kDa (SWNT-I-5kPEG) signifi-
cantly extended the blood circulation of SWNTSs from ~1.2 h to
~5 h (Fig. 2 a, b, d, and e). Note that we defined the blood
circulation time as the time span over which the blood SWNT
level reduced to 5%ID/g. This result was consistent with our
previous measurements made with radio-labeled SWNTs (20).
However, further increase of linear PEG length to 7 kDa
(SWNT-[-7KPEG) and even 12 kDa (SWNT-/-12kPEG) showed
only minor effect on the blood circulation time (Fig. 2 d and e).
However, SWNT-br-7kPEG, i.e., SWNTs functionalized with
three branched PEG chains (Fig. 1a), exhibited a remarkable
increase in circulation to ~15 h (Fig. 2 ¢, d, and e, with SWNTs
detected in the blood nearly 1 day p.i.). This finding is important
and suggests that branched PEG structures on SWNTs is highly
desired in affording optimal biological inertness of SWNTs that
resist opsonization or nonspecific binding of proteins in vivo,
avoiding rapid RES uptake and thus prolonging circulation in
blood. We attribute this improvement to the branched PEG
structure giving better coverage and higher density of hydro-
philic PEG groups on SWNTs, thus making nanotubes more
inert and resistant to nonspecific binding and uptake.

To investigate the biodistribution of nanotubes in the main
organs 1 day p.i. of SWNTs, we killed mice injected with
SWNT-/-2kPEG, SWNT-/-5kPEG, and SWNT-br-7kPEG, re-
spectively. The organs and tissues were homogenized and solu-
bilized in lysis buffers, for measuring SWNT levels in these
organs and tissues by Raman spectroscopy (Fig. 3a and SI Fig.
7). We observed dominant SWNT uptake in the liver and spleen
of the RES over other organs and tissues. Clearly reduced levels
of liver and spleen uptake were seen for SWNT-/-5kPEG and
SWNT-br-7kPEG compared with SWNT-I-2kPEG (Fig. 3a),
suggesting higher degree of surface PEGlyation of SWNTs
affording lower RES uptake. Under the injected dose of 200 ul
of SWNT at ~0.1 mg/ml concentration and detection conditions,
no obvious SWNT signals were detected in other main organs
except for minor kidney signal. Note that the detection limit of
SWNTs was ~0.04 uwg/ml in blood and ~0.2 pg/ml in other
tissues, corresponding to ~0.2%ID/g and ~1%ID/g of the
normal injected dose respectively. Therefore, under the injected
~200 ul of ~0.1 mg/ml nanotubes, the lack of appreciable
SWNT Raman signals in organs other than liver, kidney, and
spleen (Fig. 3a) does not mean absolutely no SWNT uptake in
those organs. It suggests only that the level of uptake is lower
than a certain limit (1-2%ID/g). The total amount of SWNTs in
these organs could still be substantial owing to the large mass/
weight of the tissues combined.

Indeed, by injecting a highly concentrated SWNT-/-SKPEG
solution (200 ul of ~0.5 mg/ml SWNTs in a form of concentrated
viscous liquid) into mice, we observed at 1 day p.i. that, besides
dominant liver and spleen uptake, SWNT Raman signals became
apparent in the bone (leg bone), kidney, intestine, stomach, and
lung of mice with ~1%ID/g in the first three organs (Fig. 4a).
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