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Abstract: A novel single-walled carbon nanotube (SWNT)-based tumor-targeted drug delivery system (DDS)
has been developed, which consists of a functionalized SWNT linked to tumor-targeting modules as well
as prodrug modules. There are three key features of this nanoscale DDS: (a) use of functionalized SWNTs
as a biocompatible platform for the delivery of therapeutic drugs or diagnostics, (b) conjugation of prodrug
modules of an anticancer agent (taxoid with a cleavable linker) that is activated to its cytotoxic form inside
the tumor cells upon internalization and in situ drug release, and (c) attachment of tumor-recognition modules
(biotin and a spacer) to the nanotube surface. To prove the efficacy of this DDS, three fluorescent and
fluorogenic molecular probes were designed, synthesized, characterized, and subjected to the analysis of
the receptor-mediated endocytosis and drug release inside the cancer cells (L1210FR leukemia cell line)
by means of confocal fluorescence microscopy. The specificity and cytotoxicity of the conjugate have also
been assessed and compared with L1210 and human noncancerous cell lines. Then, it has unambiguously
been proven that this tumor-targeting DDS works exactly as designed and shows high potency toward
specific cancer cell lines, thereby forming a solid foundation for further development.

1. Introduction

Recently, nanomaterials have effectively been employed to
deliver biologically active cargo into living systems for the
purposes of disease diagnosis and therapy.1,2 Among diverse
classes of nanomaterials, carbon nanotubes (CNTs) have at-
tracted particular attention as carriers of biologically relevant
molecules due to their unique physical, chemical, and physi-
ological properties.3-5 It has been shown, for example, that
CNTs can serve as a highly efficient vehicle to transport a wide
range of molecules across membranes into living cells.6-14 In
addition, the intrinsic stability and structural flexibility of CNTs

may prolong the circulation time as well as the bioavailability
of drug molecules conjugated to CNTs.15-18 Radiolabeled
functionalized SWNTs (f-SWNTs) have been found to exhibit
a blood circulation half-life of 1-3 h, depending on the
radiolabels used.17,19 For instance, [111In]-f-SWNTs exhibited
a slightly longer blood circulation half-life as compared with
[86Y]-f-SWNTs.19 When SWNTs were noncovalently wrapped
with a linear poly(ethylene glycol) (PEG) chain, the blood
circulation time of the PEG-SWNT was prolonged with increas-
ing molecular weight of the PEG chain, e.g., from 1.2 h for 2
kDa PEG-wrapped SWNTs to 5 h for 5 kDa PEG-wrapped
SWNTs.15 However, a further increase in molecular weight of
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linear PEG to 7 kDa and even to 12 kDa resulted in almost no
effect on the blood circulation time. Nonetheless, when 7 kDa
branched PEG was used the blood circulation time dramatically
increased up to 24 h.15 In a related study, covalently conjugated
PEG-SWNTs showed a blood circulation time of 10 h.20 When
targeting moieties, such as amino acids and antibodies, were
conjugated to SWNTs, the blood circulation time was found to
increase from roughly 24 h to days.16,21 On the other hand, when
paclitaxel molecules were conjugated to SWNTs, the blood
circulation time was found to decrease from ∼3 h to ∼1 h,
presumably due to the hydrophobic nature of the bound drug
molecules, i.e., increased nonspecific protein absorption that
would accelerate the uptake by macrophages in reticutoendot-
helial (RES) organs.22

A number of approaches to the functionalization of CNTs
with biomolecules on their external surface have been reported
for potential applications to drug delivery.6-14 As an example
of their versatility, single-walled carbon nanotubes (SWNTs)
noncovalently bound to proteins or genes mediated by phos-
pholipids were internalized into cells through endocytosis.23-29

SWNTs can also be covalently functionalized with small
molecules linked to the carboxylic acid sites localized at the
ends and defect sites on the sidewall.10 Thus, amino acids,30

oligopeptides,31-33 genes,34-37 and antibiotics38 have been
transported into different types of cells via appropriately
functionalized SWNTs.39

More recently, multiple cytotoxic platinum(IV) complex units
were conjugated to SWNTs for delivering those anticancer drugs

to tumor cells, in a process mediated by phospholipids, wherein
the active platinum(II) species (cis-platin) was released upon
reduction at a low pH environment within the cancer cells.40 In
addition, groups led by Prato, Bianco, and Kostarelos41 as well
as by Dai42 have independently conjugated CNTs with doxo-
rubicin by means of π-π stacking interactions. The release of
the doxorubicin was facilitated by the lower pH in lysosome.
These CNT-doxorubicin conjugates have shown high cytotox-
icity to cancer cells.

However, itwouldbemuchmoredesirable ifSWNT-anticancer
drug conjugates were equipped with tumor-targeting ligand units
that could specifically recognize cancer-specific receptors on
the cell surface and induce receptor-mediated endocytosis. Such
a tumor-targeting strategy, exploiting cancer specific biomarkers
and efficient internalization, would minimize systemic toxicity
and, thereby, undesirable side effects typically associated with
conventional chemotherapy.

Numbers of tumor-targeting drug conjugates have been
investigated to date. Those drug conjugates consist of a cytotoxic
drug warhead and a tumor-targeting moiety either directly linked
or attached through a suitable linker.43,44 Such a drug conjugate
should be stable and innocuous in blood circulation but should
also be designed to activate its cytotoxic drug warhead by
chemical or biochemical transformation inside cancer cells.44

The efficacy of a tumor-targeting drug conjugate, therefore,
depends not only on its tumor-targeting specificity but also on
the efficiency of the cleavable linker needed to release an
anticancer drug inside the cancer cells. Typical tumor-targeting
molecules used in those drug conjugates include monoclonal
antibodies, polyunsaturated fatty acids, polysaccharides (e.g.,
hyaluronic acid), peptides, and vitamins (e.g., folic acid or
biotin).44 In one of these laboratories, tumor-targeting drug
conjugates, comprising second-generation taxoids (i.e., cytotoxic
drug warheads) with docosahexaenoic acid (DHA) as well as
monoclonal antibodies, have recently been successfully devel-
oped as promising drug candidates. These tumor-targeting drug
conjugates have exhibited remarkable efficacy against human
tumor xenografts in mouse models.45-47 In addition, highly
efficient self-immolative disulfide linkers have also been
designed and developed in one of these laboratories, which are
stable in blood plasma but readily cleavable by intracellular
thiols,43,48 e.g., glutathione, thioredoxin, glutaredoxin, etc., to
release a highly cytotoxic anticancer agent inside the cancer
cells. Various disulfide linkers have been extensively studied
and successfully used for monoclonal antibody-drug conjugates
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as well as folate-drug conjugates.44,46,49-55 Although the
detailed mechanism of drug release through cleavage of these
disulfide linkers needs further investigation,56 high in vivo
efficacy of those drug conjugates using disulfide linkers has been
confirmed.

The aim of this study is to devise a novel SWNT-based drug
delivery system (DDS) consisting of (a) a cytotoxic drug
warhead with a strategically designed cleavable linker module
that can be specifically activated inside tumor cells and (b)
tumor-targeting modules on the SWNT that would greatly
increase the uptake of the conjugate specifically by tumor cells.
We have successfully developed functionalized SWNTs as
versatile vehicles to selectively and efficaciously deliver anti-
cancer drugs to tumor cells. This SWNT-based DDS possesses
the following advantages: (a) multivalent ligand-receptor
interactions on the tumor cell surface,57,58 (b) increased drug
loading capacity, and (c) capability of controlled drug release

inside tumor cells. Our DDS is a multifunctional, multicom-
ponent system, comprised of tumor-targeting modules (e.g.,
biotin59) and cytotoxic drug warheads (e.g., a second-generation
taxoid) covalently connected to a SWNT scaffold to form a
biotin-SWNT-linker-taxoid conjugate. The warhead-linker
module consists of a disulfide-containing linker that is attached
to the C2′ position of a taxoid molecule. This chemical
modification is known to cause a substantial loss of potency of
the taxoid, rendering the systemic toxicity of the SWNT-drug-
conjugate practically negligible in blood circulation.45,47 How-
ever, upon internalization into cancer cells, the conjugate is
readily cleaved in situ to release the active cytotoxic agent, i.e.,
free taxoid, which leads to tumor cell death.

Scheme 1 illustrates the three key steps involved in the
nanotube-based DDS. First, the biotin-SWNT-linker-taxoid
conjugate is internalized into the tumor cells through receptor-
mediated endocytosis. We chose biotin as the tumor-targeting
module based on the finding of Russel-Jones et al.59,60 that biotin
(vitamin H or vitamin B7) receptors on a wide range of tumor
types would serve as a newer tumor-specific target in a manner
similar to the widely recognized folate receptors.61 The biotin
moieties covalently attached to the ends and sidewall defect
sites of the SWNT efficiently recognize the biotin receptors
overexpressed on the tumor cell surfaces. The presence of
multiple biotin moieties, localized at the ends and sidewall defect
sites of the SWNT, would enhance the internalization of the
conjugate via increased probability for receptor binding or via
multivalent binding.58 Second, the active drug is released
through cleavage of the disulfide bond in the linker moiety,
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Scheme 1. Schematic Illustration of Three Key Steps Involved in the Tumor-Targeting Drug Delivery of Biotin-Linker-Taxoid Conjugatea

a (1) Internalization of the whole conjugate via receptor-mediated endocytosis; (2) drug release through cleavage of the disulfide linker moiety by intracellular
thiol, e.g., GSH; (3) binding of the free taxoid molecules to tubulins/microtubules, forming stabilized microtubules that block cell mitosis and trigger apoptosis.
[Note: Since each taxoid molecule is fluorescently labeled with fluorescein, the internalized biotin-SWNT-linker-taxoid conjugate in the cytoplasm and
the taxoid-bound microtubules are fluorescent.]
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connecting the taxoid to the SWNT. The disulfide bond is readily
cleaved by endogenous thiols such as glutathione (GSH),
thioredoxin, or other intracellular thiols to generate a sulfhydryl
group, which subsequently undergoes a thiolactonization process
to form benzothiophen-2-one and regenerates a free taxoid in
its active form. Concentrations of GSH are typically 1-2 µM
in circulating human blood plasma but are in the range 2-8
mM in tumor tissues.62,63 Thus, the adventitious activation of
the cytotoxic drug warhead should be minute at best in blood
circulation, whereas the activation process would be facile in
the tumor cells.44,46,49,50,53 Third, the released taxoid binds to
tubulins/microtubules, inhibiting cell mitosis at the G2/M stage
by stabilizing microtubules, which triggers signaling to cause
apoptosis.64,65

2. Results and Discussion

2.1. Synthesis and Characterization. To evaluate the specific-
ity and efficacy of the SWNT-based DDS, we designed and
synthesized three fluorescently labeled SWNT conjugates (1,
2, and 3), as shown in Schemes 2-4. Conjugates 1 and 2 were
labeled with fluorescein isothiocyanate (FITC). The resulting
fluorescent conjugates, SWNT-FITC (1) and biotin-SWNT-
FITC (2), were used to track the internalization of SWNT and

biotin-SWNT, respectively, into the tumor cells. Biotin-
SWNT-linker-(taxoid-fluorescein) (3) was designed as a
fluorescent molecular probe of the SWNT-based DDS for
receptor-mediated endocytosis and intracellular drug release, as
illustrated in Scheme 1.

Syntheses of conjugates 1, 2, and 3 are detailed in the
Experimental Section and Schemes 2-4. A batch of pristine
HiPco SWNT (0) was first functionalized and purified by
oxidation in concentrated H2SO4/HNO3 (3:1 by volume) with
sonication for 2 h, followed by refluxing at 70 °C for 30 min.66

Figure 1A and 1B show the TEM images of HiPco SWNTs
before and after oxidation. The ends and defect sites on the
sidewall of the oxidized SWNTs were functionalized with
carboxylic acid and carboxylate groups,67-69 whose presence
was confirmed by ATR IR spectroscopy, showing expected
relevant peaks at 1703 and 1630 cm-1 (Figure 1C). Figure 1D
shows the AFM height image of oxidized SWNTs 4. The
histogram of length and height measurements on 50 oxidized
SWNTs 4 recorded by AFM show an average size of ∼3 nm
in diameter (due to the formation of bundles under the conditions
used) and ∼250 nm in length (see Figure S2, Supporting
Information). These carboxylic acid and carboxylate groups were
subsequently converted to the corresponding amide groups
through condensation with amines. Tube sidewalls were sub-
sequently functionalized with amine moieties through 1,3-dipolar
cycloaddition of azomethine ylide that had been generated in
situ.70 The extent of amine loading was estimated to be 0.50 (
0.03 and 0.20 ( 0.02 mmol/g at the ends/defect sites and the
sidewalls of SWNTs, respectively, by means of the quantitative
Kaiser test.71 Finally, biotin molecules and the fluorescein-
labeled taxoid-linker moieties were conjugated to the amine
moieties localized at the ends/defect sites and sidewalls of
SWNTs, respectively, through standard peptide coupling reac-
tions to yield the desired conjugate, biotin-SWNT-(taxoid-
fluorescein) conjugate 3. In principle, these couplings using
modifiers in large excess should proceed quantitatively to
provide a maximum of 178 biotin modules (at the ends and the

Scheme 2. Synthesis of SWNT-FITC Conjugate 1

Scheme 3. Synthesis of Biotin-SWNT-FITC Conjugate 2
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defect sites on the side wall) and 71 taxoid modules (on the
side wall) per SWNT (based on the mass of a carbon nanotube
with 250 nm in length and 1 nm in diameter estimated as 5.5
× 10-19 g).72 Therefore, conjugate 3 at a concentration of 100
µg/mL is estimated to contain taxoid molecules on the order of
13.9 µM.

Conjugate 3 was analyzed by UV-visible spectroscopy
(Figure 2). The peak at ∼280 nm can be attributed to the sum
of contributions arising from taxoid (SB-T-1214) molecules and
dye molecules (fluorescein). Conjugate 1 was prepared from
functionalized SWNT 6 by attaching FITC groups to its sidewall
through deprotection of the Boc group and the addition of FITC.
Conjugate 2 was prepared from conjugate 1 by introducing the
biotin moiety in the same manner as that used for the synthesis
of conjugate 3. Conjugates 1 and 2 were also characterized by
UV-visible spectroscopy (see Figure S3, Supporting Informa-
tion). Absorption peaks at ∼450 and ∼490 nm confirmed the
presence of FITC in these conjugates. It is noteworthy that the
solubility of the functionalized SWNTs (1, 2, and 3) in
dichloromethane was greatly enhanced as compared with pristine
tubes (0), as shown in Figure 3A. In addition, conjugate 3 was
also well dispersed in the cell culture medium at the final
concentration of 50 µg/mL for months (Figure 3B).

2.2. Internalization of SWNT Conjugate 1 and
Biotin-SWNT Conjugate 2. We examined cellular uptake of
conjugates 1 and 2 using a leukemia cell line, L1210FR,

overexpressing biotin receptors on its surface.59 Figure 4A and
4B show confocal fluorescence microscopy (CFM) images of
L1210FR cells after treatment with 10 µg/mL (final concentra-
tion) of SWNT-FITC 1 and biotin-SWNT-FITC 2 conju-
gates, respectively, for 3 h at 37 °C. Treated leukemia cells
were then washed with phosphate buffered saline (PBS) to
remove excess fluorescent probes in the extracellular medium.
[Note: We did not observe fluorescent probes attached to the
cell surface in the CFM images, which may indicate the
occurrence of highly efficient receptor-mediated endocytosis.]
L1210FR cells treated with conjugate 2 yielded far more intense
fluorescence than those incubated with conjugate 1. This
observation should be attributed to the markedly increased
permeability of conjugate 2 into the cancer cells through highly
efficient receptor-mediated endocytosis. Flow cytometry analy-
ses (Figure 4C) on 10 000 treated live cells, on average, also
supported this observation; i.e., the fluorescence intensity of
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Scheme 4. Synthesis of Biotin-SWNT-Linker-(Taxoid-Fluorescein)
Conjugate 3

Figure 1. TEM images of HiPco SWNTs: (A) pristine SWNTs; (B) acid
oxidized SWNTs. (C) AFM height image of acid-oxidized SWNTs 4, and
(D) ATR-IR spectra of SWNTs vs acid oxidized SWNTs. Note that the
peak at 2349 cm-1 can be attributed to the asymmetric stretching mode of
CO2 molecules in the atmosphere.

Figure 2. UV-visible spectra of SWNTs and their biofunctionalized
conjugates plotted to scale: (A) Acid oxidized SWNTs 4 at 50 µg/mL
concentration; (B) taxoid-fluorescein conjugates at 15 µM concentration;
and (C) biotin-SWNT-(taxoid-fluorescein) conjugate 3 at 50 µg/mL
concentration.
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biotin-SWNT-FITC conjugate 2 increased by 1 order of
magnitude as compared with that of SWNT-FITC conjugate
1.

The mechanism for the internalization of SWNTs into cells
has not been fully established. It has been proposed that SWNTs
wrapped with proteins or genes can be internalized into cells
via endocytosis,25 whereas SWNTs functionalized with small
molecules tend to act as nanoneedles that can pierce through
cell membranes, thereby allowing for their diffusion into cells.39

Endocytosis is known to be energy dependent and could be
hindered at low temperature and/or in the presence of a
metabolic inhibitor, such as NaN3, which is known to disrupt

specifically the production of ATP in cells.73-75 To probe the
mechanism for cellular uptake of the SWNT conjugates, we
incubated L1210FR cells with conjugate 1 (a) at 4 °C and (b)
in the presence of NaN3 (0.05% w/v) to compare the degree of
uptake with that at 37 °C. We found that conjugate 1 was able
to cross the cell membrane even at a low temperature (4 °C)
after 3 h of incubation although the fluorescence intensity
decreased by 2-fold (Figure 5B), due to the intrinsic temperature
dependence of the diffusion process. In contrast, a similar
intensity of fluorescence was observed after incubation in the
absence (Figure 5A) or presence (Figure 5C) of NaN3 at 37
°C. The control experiment, in which cells were subjected to
the same concentration (10 µg/mL) of oxidized SWNT 4 (i.e.,
not conjugated to FITC), showed no fluorescence at all (Figure
5D). Flow cytometry analyses on 10 000 cells are consistent
with the CFM observations. Accordingly, the internalization of
SWNTs within the cells appears to be temperature-dependent
but energy-independent. Thus, the results do not support the
endocytosis mechanism for the internalization of oxidized
SWNTs 4 (and its fluorescent probe SWNT-FITC 1), favoring
the “pierce through” mechanism.

Biotin uptake is known to be a temperature- and energy-
dependent receptor-mediated endocytosis process.76,77 To ex-
amine the mechanism for cellular uptake of biotin-SWNT
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Figure 3. (A) Photographs of vials containing pristine SWNT 0,
SWNT-FITC 1, biotin-SWNT-FITC 2, and biotin-SWNT-(taxoid-
fluorescein) 3 in CH2Cl2 (∼1 mg/mL). (B) Photographs of SWNT conjugates
at concentrations of 50 µg/mL in cell culture medium: SWNT-FITC
conjugate 1 (left) and biotin-SWNT-(taxoid-fluorescein) conjugate 3
(right). Arrow indicates that some of the nanotubes 1 precipitated from the
medium.

Figure 4. CFM images of L1210FR cells after incubation with
SWNT-FITC 1 (A) and biotin-SWNT-FITC 2 (B) at the final concentra-
tion of 10 µg/mL at 37 °C for 2 h. (C) Comparison of fluorescence intensities
of L1210FR cells by flow cytometry upon treatment with pristine SWNTs
0 (purple), conjugate 1 (blue), and conjugate 2 (red) at the final concentration
of 10 µg/mL in each case. Background, i.e., data for untreated cells, is
plotted in black.

Figure 5. CFM images and flow cytometry analysis of L1210FR cells
after incubation with SWNT-FITC 1 at the final concentration of 10 µg/
mL under different conditions after 3 h of incubation: (A) at 37 °C, (B) 4
°C, and (C) 37 °C in the presence of 0.05% (w/v) NaN3. (D) Control
experiment: CFM images and flow cytometry data of L1210FR cells after
treatment with oxidized SWNT 4 at the same concentrations at 37 °C for
3 h. All of the CFM images and flow cytometry data were acquired under
the same conditions.
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conjugates, we incubated conjugate 2 under different conditions
using L1210FR cells, overexpressing biotin receptors on their
surfaces. As Figure 6A and 6B show, the fluorescence intensity
of cells incubated at 4 °C decreases by 1 order of magnitude as
compared with that of cells treated at 37 °C. The results indicate
that the internalization of conjugate 2 was hindered at 4 °C.
The fluorescent intensity decreases dramatically in the presence
of NaN3 as shown in Figure 6C. Thus, it has been found that
endocytosis of the biotin-SWNT conjugates is energy-depend-
ent and hindered by NaN3, indicating receptor-mediated en-
docytosis. To further verify the nature of the internalization of
biotin-conjugate 2, we incubated L1210FR cells with excess
biotin to saturate accessible biotin receptors on the surfaces of
the leukemia cells and then treated them with biotin-conjugate
2 at 37 °C for 3 h. The CFM image in Figure 6D clearly
indicates a drastic reduction in the fluorescence intensity, as
compared to that observed in the absence of excess biotin
(Figure 6A). These results confirm that the receptor-mediated
endocytosis is by far the predominant mechanism accounting
for internalization, with nanotube diffusion as a minor contribut-
ing pathway.

2.3. Release of Taxoid from Conjugate 3 in Vitro. Building
upon the promising results with biotin-SWNT conjugate 2 as
a potentially versatile vehicle for tumor-targeted drug delivery,
we investigated the efficacy of biotin-SWNT-(taxoid-
fluorescein) conjugate 3 for cellular uptake and drug release

inside the leukemia cells. As the anticancer drug warhead, we
used a highly potent second-generation taxoid, SB-T-1214.
[Note: second-generation taxoids exhibit 2-3 orders of mag-
nitude higher potency against multidrug-resistant (MDR) cancer
cell lines as compared with paclitaxel (Taxol), which is the most
widely used anticancer drug in current chemotherapy treat-
ments.78,79] To evaluate the efficacy of biotin-SWNT-taxoid
conjugate 3 for its internalization and drug release, we incubated
conjugate 3 with L1210FR cells at a 50 µg/mL concentration
for 3 h at 37 °C and washed the treated cells with PBS.

2.3.1. CFM Analysis. As Figure 7A shows, internalization
of conjugate 3 was confirmed by the bright fluorescence of the
L1210FR cells observed by CFM. Next, the leukemia cells were
treated with glutathione ethyl ester for an additional 2 h at 37
°C to ensure cleavage of the disulfide linkage covalently
connecting the taxoid to the biotin-SWNT moiety. It is
anticipated that the fluorescein-labeled taxoid released from the
conjugate inside the leukemia cells should bind to the tubulin/
microtubule that is the target protein of the drug. In fact, Figure
7B clearly shows that the fluorescent taxoid does bind to the
target protein to light up the large bundles of microtubules,
which provides ultimate proof of the designed drug release.

It should be noted that the intracellular glutathione in the
leukemia cells should be able to cleave the disulfide linkage
over longer incubation times, but the endogenous glutathione
level in cancer cells varies due to the significant difference in
physiological conditions between cultivated cancer cells and
those in the actual leukemia or solid tumors in ViVo. Accord-
ingly, the extracellular addition of excess glutathione ethyl ester
is beneficial for rapid visualization of the drug release inside
the leukemia cells. This acceleration is evident by comparing
Figure 7A and Figure 7B, i.e., before and after addition of GSH-
ethyl ester, respectively. To further confirm the presence of the
microtubule network, we incubated the cells with conjugate 3
overnight, followed by removal of excess conjugate 3, fixation
of the cells, and staining microtubules with a “fluorescent red”-
labeled antibody. We also confirmed that the green fluorescence
associated with conjugate 3 and the “fluorescence-red” of the
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Figure 6. CFM images and flow cytometry analysis of L1210FR cells
after incubation with biotin-SWNT-FITC 2 at a final concentration of 10
µg/mL under different conditions after an incubation period of 3 h: at (A)
37 °C, (B) 4 °C, (C) 37 °C in the presence of 0.05% (w/v) NaN3, and (D)
37 °C after pretreatment with excess biotin. All of the CFM images and
flow cytometry data were acquired under the same conditions.

Figure 7. CFM images of L1210FR cells treated with biotin-SWNT-
(taxoid-fluorescein) conjugate 3 incubated before (A) and after (B) addition
of GSH-ethyl ester. Image (B) clearly highlights the presence of fluorescent
microtubule networks in the living cells generated by the binding of the
fluorescent taxoid (SB-T-1214-fluorescein) upon cleavage of the disulfide
bond in the linker by either GSH or GSH-ethyl ester.
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antibody for microtubules are clearly overlapped (see Figure
S4, Supporting Information). [Note: In the double-staining
experiment, no GSH-ethyl ester was added. Thus, the endog-
enous GSH cleaved the disulfide bond, releasing the taxoid-
fluorescein molecules. Exposure to the endogenous GSH
overnight might not be enough to release all taxoid-fluorescein
molecules in conjugate 3, but obviously sufficient amounts of
the taxoid molecules were released for this purpose.]

2.4. Evaluation of Tumor-Targeting Specificity through
Receptor-Mediated Endocytosis. 2.4.1. CFM Analysis. To evalu-
ate the specificity of biotin-SWNT-taxoid-fluorescein con-
jugate 3 to cell lines, overexpressing biotin receptors on their
surface, we chose two other cell lines, i.e., the murine leukemia
L1210 cell line and WI38 human lung fibroblast cell line, which
do not overexpress biotin receptors. Conjugate 3 is expected to
evince a much higher level of cellular uptake into L1210FR as
compared with L1210 and WI38 cells. Figure 8 shows that the
L1210FR cells (Figure 8A) indeed yield a much stronger
fluorescence intensity than L1210 (Figure 8B) or WI38 (Figure
8C) cells upon incubation with conjugate 3 under identical
conditions, as expected.

2.4.2. Cytotoxicity Assay. We also performed the cytotoxicity
assessment for conjugate 3 against these three cell lines by means
of the MTT assay. As Table 1 shows, after 72 h of incubation,
the IC50 value of the conjugate 3 against the L1210FR cell line
was measured to be 0.36 µg/mL, whereas the IC50 values for
L1210 and WI38 cell lines were more than 50 µg/mL (see Figure
S5, Supporting Information, for data plot and graphs).

In control experiments, the IC50 values of oxidized SWNT
4, conjugate 1 (SWNT-FITC), and conjugate 2 (biotin-
SWNT-FITC) against all three cell lines were found to be
consistently higher than 100 µg/mL. It is suggested, therefore,
that the observed cytotoxicity is attributed to taxoid-fluorescein
molecules released from conjugate 3 (biotin-SWNT-taxoid-
fluorescein) internalized. It is worth noting that taxoid-fluorescein
molecules appear to be mostly released by endogenous GSH in
L1210FR cells after 72 h of incubation time.

According to calculations, the IC50 value (0.36 ( 0.04 µg/
mL) of conjugate 3 corresponds to ∼51 nM of taxoid-fluorescein
molecules in the L1210FR cell line by assuming that all

taxoid-flurorescein molecules attached to SWNTs are released.
If the drug release is not complete, the IC50 values should be
even smaller (i.e., more potent). This means that the apparent
cytotoxicity per taxoid is substantially increased by using the
biotin-SWNT-based drug delivery system, i.e., 87.6 ( 4.2 nM
for drug itself (i.e., SB-T-1214-fluorescein) determined in a
parallel control experiment vs ∼51 nM for conjugate 3. The
results clearly indicate that the mass drug delivery into the
cytosol of the cancer cells using this drug delivery system is
superior to simple exposure of the drug itself to the same cancer
cells. The latter is very likely to include a concentration-
dependent cell penetration efficiency factor (i.e., not all extra-
cellular taxoids can be internalized). When taxoids get into the
cancer cells through the mass drug delivery system, the released
taxoids can quickly and tightly bind to the target protein
(tubulins/microtubules) so that the effective intracellular drug
concentration is substantially higher than that achieved by
extracellular exposure of the drug.

3. Conclusions

Biotin-functionalized SWNT conjugates have been success-
fully designed and synthesized as a novel and efficient DDS
for potential use in tumor-targeting chemotherapy. We have
unambiguously observed the occurrence of the designed cancer-
specific receptor-mediated endocytosis of the whole conjugate,
followed by efficient drug release and binding of the drug to
the target microtubules by CFM analysis. The conjugate shows
the specificity to the cancer cells, overexpressing biotin receptors
on their surface, and the cytotoxicity of the conjugate is solely
ascribed to the released taxoid molecules inside the cancer cells.
We also have found that the mass drug delivery into the cytosol
of the cancer cells using this drug delivery system is superior
to simple extracellular exposure of the drug itself to the same
cancer cells. These results strongly suggest that the function-
alized SWNT-based DDS can serve as a highly promising drug
delivery platform, which offers (a) biomarker-targeted drug
delivery, (b) possible delivery of greater therapeutic payloads,
and (c) possible use of multiple, complementary drug warheads
for combination therapy.
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Figure 8. CFM images and flow cytometry analysis of different cell types
upon incubation with biotin-SWNT-taxoid conjugate 3 at a final
concentration of 50 µg/mL at 37 °C for an incubation period of 3 h: (A)
L1210FR leukemia cell line overexpressing biotin receptors; (B) L1210
leukemia cell line; and (C) WI38 human lung fibroblast cell line. All of the
CFM images and flow cytometry data were taken under identical conditions.

Table 1. IC50 Values of Biotin-SWNT-Taxoid Conjugate 3
Corresponding to Different Cell Lines

cell line L1210FR L1210 WI38

IC50 (µg/mL) 0.36 ( 0.04 >50 >50
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