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Multidrug resistance (MDR) remains the

major obstacle for successful cancer chemo-

therapy.1 The mechanisms associated with

MDR in cancer have been widely explored.2,3

The chemotherapy-induced up-regulation of

P-glycoprotein (P-gp), a broad-specificity

trans-membrane efflux pump that functions

as an energy dependent drug efflux pump for

a wide variety of substrates,4 is considered

the major event in establishment of MDR in

cancer cells.5 The MDR caused by P-gp fre-

quently exists in the residual tumor cells af-

ter chemotherapy and the tumor stem cells

inducing the tumor metastasis.6�8 Over-

coming the increased efflux phenomenon,

the consequence of the overexpression of

multidrug resistance-associated proteins, is

the significant challenge for cancer

chemotherapy.9,10 The strategies such as us-

ing the inhibitors of drug efflux pump, drug

analogues to circumvent the efflux by P-gp,

and targeted drug delivery systems have

been attempted to overcome the multidrug

resistance of cancer cells.11

Targeted drug delivery12,13 is the effec-

tive strategy to provide the therapeutic con-

centrations of anticancer drugs at the tar-

geted cancer cells rather than the

noncancerous cells by a variety of function-

alized drug carriers, which thus improves

the therapeutic efficacy for targeted tissues

and reduces the side effects for nontar-

geted tissues. The efficient delivery, the

preservation of drug-molecular bioactivity,

and desirable loading and release kinetics

of drug molecules toward targets are the

driving forces in the design of a targeted

drug delivery system.14,15 Nanoparticle-

assisted drug delivery systems could en-

hance the water-solubility, the circulation

time, and the intracellular uptake and pre-
serve the metabolic stability of drugs in can-
cer cells, while avoiding toxicity in normal
cells via both passive and active targeting
strategies.16�18

The carbon nanotubes (CNTs), particu-
larly the functionalized water-soluble CNTs,
were suggested to be biocompatible and
nontoxic at the cellular level. However, the
conclusions on cytotoxicities of CNTs were
kind of controversial due to the application
of different cytotoxicity assays, the use of
CNTs with or without surface modifications
and the residual heavy metals in CNTs. It has
been reported that the popular applied

*Address correspondence to
hanfazou@dicp.ac.cn,
wurenan@dicp.ac.cn.

Received for review August 30, 2009
and accepted February 04, 2010.

Published online February 11, 2010.
10.1021/nn9011225

© 2010 American Chemical Society

ABSTRACT Multidrug resistance (MDR), which is related to cancer chemotherapy, tumor stem cells, and

tumor metastasis, is a huge obstacle for the effective cancer therapy. One of the underlying mechanisms of MDR

is the increased efflux of anticancer drugs by overexpressed P-glycoprotein (P-gp) of multidrug resistant cells. In

this work, the antibody of P-gp (anti-P-gp) functionalized water-soluble single-walled carbon nanotubes (Ap-

SWNTs) loaded with doxorubicin (Dox), Dox/Ap-SWNTs, were synthesized for challenging the MDR of K562 human

leukemia cells. The resulting Ap-SWNTs could not only specifically recognize the multidrug resistant human

leukemia cells (K562R), but also demonstrate the effective loading and controllable release performance for Dox

toward the target K562R cells by exposing to near-infrared radiation (NIR). The recognition capability of Ap-SWNTs

toward the K562R cells was confirmed by flow cytometry (FCM) and confocal laser scanning microscopy (CLSM).

The binding affinity of Ap-SWNTs toward drug-resistant K562R cells was ca. 23-fold higher than that toward drug-

sensitive K562S cells. Additionally, CLSM indicated that Ap-SWNTs could specifically localize on the cell membrane

of K562R cells and the fluorescence of Dox in K562R cells could be significantly enhanced after the employment

of Ap-SWNTs as carrier. Moreover, the composite of Dox and Ap-SWNTs (Dox/Ap-SWNTs) expressed 2.4-fold higher

cytotoxicity and showed the significant cell proliferation suppression toward K562R leukemia cells (p < 0.05) as

compared with free Dox which is popularly employed in clinic trials. These results suggest that the Ap-SWNTs are

the promising drug delivery vehicle for overcoming the MDR induced by the overexpression of P-gp on cell

membrane. Ap-SWNTs loaded with drug molecules could be used to suppress the proliferation of multidrug

resistant cells, destroy the tumor stem cells, and inhibit the metastasis of tumor.
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MTT assay was not appropriate for the test of cytotoxic-

ity induced by CNTs;19 the crude CNTs were often ap-

proved to be cytotoxic rather than the water-soluble

functionalized CNTs;20 and also, the residual heavy met-

als in CNTs have been confirmed to induce the cytotox-

icity.21 Actually, the functionalized CNTs, which possess

excellent biocompatibility and have no residual heavy

metals, have been suggested to be nontoxic at cellular

level,22,23 especially for single-walled carbon nanotubes

(SWNTs).24�26 Recently, the functionalized SWNTs have

been applied as the molecular carriers for a variety of

biomolecules including proteins,27�29 DNA,30,31 and

RNA32�34 because of the associated effective endocyto-

sis of CNTs by living cells.31,35,36

In our previous work, we have demonstrated the up-

takes of water-soluble oxidized carbon nanotubes (o-

CNTs) into yeast and human leukemia cells,37,38 and the

effective intracellular uptake of rhodamine 123 (a sub-

strate of P-gp39) to the human leukemia cells of K562 by

rhodamine 123-loaded o-SWNTs.40 Interestingly, the in-

tracellular uptakes of rhodamine 123 were enhanced in

both the multidrug resistant (K562R) and drug-sensitive

(K562S) human leukemia cells, and showed no signifi-

cant differences in both cell types when the o-SWNTs

were used as the carrier of rhodamine 123. That hinted

at the potential advantage of o-SWNTs in overcoming

the multidrug resistance by circumventing the drug-

efflux mechanism of MDR cancer cells. For further

achieving the specific delivery of drugs toward the

MDR human leukemia cells (K562R) and lowering the

concentration of anticancer drugs in normal cells,

herein, the anti-P-gp antibody functionalized o-SWNTs

(Ap-SWNTs) were prepared for pursuing the targeted

drug delivery of doxorubicin (Dox) to the P-gp overex-

pressed MDR human leukemia cells of K562R. The Ap-

SWNTs possess the specificity toward the MDR human

leukemia cells by recognizing the overexpressed

P-glycoprotein on cell membrane. And, moreover, the

Dox could be conveniently loaded on Ap-SWNTs via the

physical adsorption (��� stacking interaction) and

could be released controllably into the target cells un-

der the exposure of near-infrared radiation (NIR). The

obtained results from this work strongly suggest the

promising potential of Ap-SWNTs in overcoming the

MDR of human leukemia cells.

RESULTS
Characterization of Ap-SWNTs. The purpose of this work is

to challenge the multidrug resistance of human leuke-

mia K562R cells by recognizing the membrane P-gp of the

leukemia cells using the P-gp antibody (anti-P-gp) func-

tionalized water-soluble carbon nanotubes, where the

anti-P-gp is covalently bonded onto the oxidized single-

walled carbon nanotubes (o-SWNTs) via a diimide-

activated amidation reaction. Figure 1 shows the sche-

matic procedure of the preparation of Ap-SWNTs, the

physical loading of Dox on Ap-SWNTs, the targeting of

Ap-SWNTs to MDR cells, and the release of Dox to the tar-

get cell under the exposure of near-infrared radiation

(NIR). For the preparation of Ap-SWNTs, the SWNTs were

first oxidized by the mixture of HNO3 and H2SO4 to gener-

ate the carboxylic groups (�COOH) on the SWNTs,

and then activated by 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC) and

N-hydroxysuccinimide (NHS). After that, the activated

SWNTs undergo nucleophilic substitution reaction with

Figure 1. Schematic procedure of utilizing Ap-SWNTs as the targeted Dox-deliver including (a) the synthesis of Ap-SWNTs and
loading of Dox, (b) targeting of Ap-SWNTs to membrane P-gp of K562R cells and controllable release of Dox under exposure of
NIR.
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the amine groups on the antibody of P-gp labeled with

FITC, resulting in the formation of a peptide bond be-

tween the o-SWNTs and anti-P-gp proteins. Thus the anti-

P-gp immobilized water-soluble carbon nanotubes (Ap-

SWNTs) were synthesized. After that, the Dox was

physically adsorbed on the Ap-SWNTs via the ��� stack-

ing interaction, and delivered to the MDR human leuke-

mia cells of K562R by the Dox-loaded Ap-SWNTs (Dox/Ap-

SWNTs).

For further investigating the immobilization of anti-

P-gp antibody on o-SWNTs, the infrared (IR) spectros-

copy was applied for the characterization of Ap-SWNTs,

anti-P-gp, and o-SWNTs. The obtained IR spectra of Ap-

SWNTs, anti-P-gp and o-SWNTs are presented in

Figure 2 spectra a, b, c, respectively, with the IR re-
gion from 4000 to 400 cm�1. As shown in Figure
2c, the bands at 3448 and 1689 cm�1 are corre-
sponding to the typical stretching vibration of O�H
and �CAO41 on carbon nanotubes due to the oxi-
dization of HNO3 and H2SO4. As for anti-P-gp, there
are three IR absorption bands at 1616, 1531, and
3444 cm�1 (Figure 2b), which are the typical IR
bands corresponding to the amide I, amide II, and
free amino groups of protein molecules, respec-
tively.42 After the reaction of anti-P-gp with
o-SWNTs, the three typical IR absorption bands of
1616, 1531, and 3444 cm�1 for anti-P-gp are shifted
to 1620, 1533, and 3446 cm�1 (Figure 2a), respec-
tively, because of the covalent bonding of anti-P-gp
on the o-SWNTs. Additionally, the bands at 2360
and 945 cm�1 are the typical IR bands of CO2 likely
adsorbed on o-SWNTs and the glycosidic bonds of
anti-P-gp molecules, respectively. After the conju-
gation of anti-P-gp with o-SWNTs, both above
bands are respectively shifted to 2364 and 951
cm�1, accordingly.

The Loading and Release Performance of Ap-SWNTs for
Dox. The in vitro loading and release performance

are the very important characters for a drug delivery

system. The Ap-SWNTs are expected to have the high

loading capacity for Dox because of the high surface-to-

volume ratio of carbon nanotubes. The in vitro loading

experiment for Dox on Ap-SWNTs was carried out by

dissolving 200 �g of Ap-SWNTs and 100 �g of Dox in

2 mL of PBS buffer solution with stirring at 25°c for 1 h.

By filtering the resultant PBS buffer solution through a

0.45 �m filter, followed by the measurement of Dox

concentration in filtrate with a Hitachi F-2500 fluores-

cence spectrophotometer (FS) (�ex, 488 nm; �em, 580

nm), the loading of Dox on Ap-SWNTs was estimated

by the concentration difference of Dox between the

original PBS buffer solution and the filtrate. The concen-

Figure 2. Infrared (IR) spectra of (a) Ap-SWNTs, (b) anti-P-gp,
and (c) o-SWNTs. The anti-P-gp antibody is characterized by
three IR absorption bands of 945, 1616, 1531, and 3444 cm�1

(see spectrum b), which represent the typical absorption bands
of glycosidic bonds, amide I, amide II, and free amino groups of
protein molecules, respectively. The formation of Ap-SWNTs
could be confirmed by the shifted absorption bands of glyco-
sidic bonds, amide I, amide II, and free amino groups at 951,
1620, 1533, and 3446 cm�1 (see spectrum a).

Figure 3. (a) Adsorption isotherm of Dox on Ap-SWNTs and (b) in vitro release profiles of Dox from Ap-SWNTs. The adsorption
isotherm indicates excellent loading capacity of Ap-SWNTs as the drug deliverer; the saturated adsorption capacity for Dox could
reach 40 �g/mg (panel a). The release profiles include the spontaneous release curve and the controlled release curve under near-
infrared radiation. The release of Dox from Ap-SWNTs can be controlled by the near-infrared radiation (NIR), which is signifi-
cantly enhanced as compared to that without the NIR.
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trations of Dox ranged from 0 to 50 �g/mL in the PBS

buffer solutions. Figure 3a shows the resulting adsorp-

tion isotherm of Dox on Ap-SWNTs, which can be ex-

pressed with a Langmuir adsorption equation of q �

(79.89Ce)/(1 � 1.75Ce) (R2 � 0.9898), where q and Ce rep-

resent the adsorption capacity and the equilibrium con-

centration of Dox on Ap-SWNTs, respectively; R2 is used

to assess the fitting degree. This Langmuir isotherm ad-

sorption approximation indicates the monomolecular

adsorption of Dox on Ap-SWNTs. It also can be seen that

the Ap-SWNTs have the maximum loading capacity of

ca. 40 �g/mg for Dox.

On the other hand, the in vitro release of Dox from

Ap-SWNTs were examined. At first, 1 mg of Ap-SWNTs

was dissolved in 2 mL of 100 �g/mL of Dox solution and

stirred for 1 h to completely adsorb Dox. After that,

the mixture was filtered and the content of Dox in fil-

trate was measured by FS, and the amount of Dox

loaded on Ap-SWNTs was the difference of Dox in the

original PBS solution over that in the filtrate. Then Dox/

Ap-SWNTs composite together with the filter paper

were dispersed into 2 mL of PBS solution and placed

into a filter bag. After the filter bag was immerged into

10 mL of PBS solution in a glass bottle, the bottle was

exposed to a Philips PAR 38 infrared lamp (Philips, Eind-

hoven, Netherlands) and stirred for 5 min (see Support-

ing Information, Figure S-2a), and the liquid level is ca.

15 cm away from the lamp. Then, the bottle was placed

into a shaker and dialyzed at 25 °C with a rate of 100

rpm/min. Within a 2-h dialysis period, a 5 min near-

infrared radiation (0.2 W/cm2) generated by a near-

infrared lamp was applied on the dialysis device for

three times during each 35 min interval (see Support-

ing Information, Figure S-2b). Besides, the dialyzate was

refreshed every 2 h, and the concentration of Dox in di-

alyzate was detected by FS. For comparison, the in

vitro release experiment with the absence of near-

infrared radiation during dialysis was performed under

the same dialysis condition. The accumulative release

value of Dox could be calculated on the basis of the for-

mula described as R ��Ci/Ctotal � 100, where R repre-

sents the accumulative release value, Ci is the content of

Dox in dialyzate during each 2-h dialysis period, and Cto-

tal is the adsorption capacity of Dox. The obtained re-

sults are shown in Figure 3b, it is observed that the re-

lease of Dox from Ap-SWNTs is slow with the absence of

the near-infrared radiation. Only 20% of Dox is re-

leased from Ap-SWNTs within 24 h without the near-

infrared radiation. Whereas, the Dox release could be

significantly enhanced (nearly 60% of Dox is released

from Ap-SWNTs within 24 h) when the Ap-SWNTs are

exposed to the near-infrared radiation during dialysis.

The Recognition Capability of Ap-SWNTs toward the MDR

K562R Cells. The primary goal of this work is to challenge

the multidrug resistance of human leukemia cells by the

targeted drug delivery of Dox carried on Ap-SWNTs.

The recognition capability of Ap-SWNTs toward the

MDR K562R cells is the essential property for this tar-

geted drug delivery system. For evaluating this recogni-

tion capability, K562S and K562R human leukemia cells

(ca. 1 � 107) were incubated in media containing 0, 10,

20, 30, and 40 �g/mL of Ap-SWNTs for 30 min. Since

the anti-P-gp antibody immobilized on o-SWNTs has

been labeled by FITC, the uptake of Ap-SWNTs by the

K562 cells could be determined by flow cytometry. Fig-

ure 4a shows the geometric mean florescence inten-

sity (Gmean) values of Ap-SWNTs in K562S and K562R

cells treated by Ap-SWNTs at different concentrations

(histograms shown in Supporting Information, Figure

S-4). The expression of P-gp in K562R cells was nearly

458-times higher than K562S cells (see Supporting In-

formation, Figure S-3). So the higher Gmean values were

observed for K562R cells as compared to K562S cells at

each concentration of Ap-SWNTs. To evaluate the tar-

geted capability of Ap-SWNTs, a binding affinity value

(A) was defined as: A �GmeanK562R
/GmeanK562S

. The obtained

Figure 4. (a) The Gmean value of Ap-SWNTs in K562R and K562S cells by flow cytometry analysis. (b) The binding affinity values of
Ap-SWNTs for K562R vs K562S cells. These flow cytometric results indicate good specific affinity of Ap-SWNTs to P-gp overex-
pressed multidrug resistant K562R leukemia cells.
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binding affinity values are shown in Figure 4b. It could

be found that the binding affinity values were in a dose-

dependent manner as the concentration of Ap-SWNTs

changed from low to high level. The binding affinities of

Ap-SWNTs for K562R cells is ca. 23-fold higher than

that in K562S cells while there is 30 �g/mL of Ap-SWNTs

in culture media.

For further studying the intracellular distribution of

Ap-SWNTs in the MDR cells, both K562R and K562S cells

(ca. 1 � 107) were incubated in media containing 30

�g/mL of Ap-SWNTs for 30 min. Because of the pres-

ence of FITC on Ap-SWNTs, the Ap-SWNTs attached on

cells could be observed by confocal laser scanning mi-

croscopy (CLSM). Figure 5 panels a and b show the ob-

tained fluorescent images of K562R and K562S cells. As

can be seen, the Ap-SWNTs were clearly localized on the

cell membrane of K562R cells. However, there was no

Ap-SWNTs observed on cell membrane for K562S cells

but in the cytoplasm. Furthermore, K562R cells were in-

cubated with the human serum albumin (labeled with

FITC) functionalized SWNTs (HSA-SWNTs, 30 �g/mL for

30 min) and observed under CLSM. The obtained image

is shown in Figure 5c, where the fluorescence of HSA-

SWNTs in K562R cells is dim. All of the three images (the

corresponding bright field images and single channel

images shown in Supporting Information Figures

S-5a�c,i,g) demonstrate the specific targeted capabil-

ity of Ap-SWNTs very well.

For a targeted drug delivery system, the successful

delivery of drugs into the targeted cells is the terminal

purpose. To evaluate the delivery of Dox by Ap-SWNTs,

K562R cells (ca. 1 � 107) were incubated with media

containing Dox/Ap-SWNTs composites (20 �g/mL of

Dox, 30 �g/mL of Ap-SWNTs), free Dox (20 �g/mL of

Dox), and Dox/HSA-SWNTs (20 �g/mL of Dox, 30 �g/mL

of HSA-SWNTs), respectively, at 37 °C for 8 h. During

the incubation, a 5-min near-infrared radiation was pe-

riodically applied on these cell samples for three times

to enhance the release of Dox to cells from Ap-SWNTs.

The intracellular Dox delivered by Ap-SWNTs was moni-

tored by CLSM in this work. The obtained CLSM im-

ages are illustrated in Figure 5d�f (the corresponding

bright field images and single channel images shown in

Supporting Information, Figure S-5d�i), where the red

and green fluorescence represent the Dox and Ap-

SWNTs, respectively. Figure 5d shows that the fluores-

cence of Dox in cells is rather bright, which indicates

more Dox was delivered into K562R cells by Ap-SWNTs.

In contrast, inconspicuous red Dox spots appeared if

the K562R cells were incubated with free Dox (Figure

Figure 5. Confocal microscopy images of (a) K562R cells treated by Ap-SWNTs, (b) K562S cells treated by Ap-SWNTs, (c) K562R
cells treated by HSA-SWNTs, (d) K562R cells treated by Dox/Ap-SWNTs, (e) K562R cells treated by free Dox, and (f) K562R cells
treated by Dox/HSA-SWNTs. Green spots represent Ap-SWNTs or HSA-SWNTs, and red spots represent Dox under confocal micros-
copy. Apparently, Ap-SWNTs are located on the cell membrane of K562R cells (panel a) due to the overexpression of P-gp as com-
paring to drug-sensitive K562S cells (panel b), and the dim green fluorescence indicates that HSA-SWNTs do not have the spe-
cific targeted capability (panel c). Also the fluorescence of Dox delivered by Ap-SWNTs is stronger than free Dox and HSA-SWNTs
as comparing panel d to panel f.
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5e), whereas HSA-SWNTs exhibit a medium level in the
delivery of Dox into K562R cells (Figure 5f).

The Intracellular Pathway of Ap-SWNTs. It is essential to
study the intracellular mechanism of Ap-SWNTs as a
novel drug deliverer for its further clinical applications.
There are two possible mechanisms involved in the in-
tracellular uptake of carbon nanotubes by cells, namely
the penetration and the endocytosis. The endocytosis
mechanism is known as an energy-dependent uptake
for various extracellular materials, which can be sup-
pressed by incubating cells at low temperature,
whereas the penetration mechanism performs in an
energy-independent manner. For determining the up-
take behavior of Ap-SWNTs by K562R cells, the cells
were incubated with Ap-SWNTs at 4 and 37 °C. The in-
tracellular uptakes of Ap-SWNTs at different incubation
temperature were monitored by flow cytometry (FCM),
and we find that the intracellular uptake of Ap-SWNTs
by K562R cells at 37 °C is 3.8-times higher than that at 4
°C (see Supporting Information, Figure S-5). Thus it
could be concluded that Ap-SWNTs enter into leuke-
mia cells via endocytosis. As shown in Figure 5a, the
fluorescent Ap-SWNTs could be clearly observed on the
cell membrane of K562R cells by CLSM due to the spe-
cific targeting of Ap-SWNTs to K562R cells. We assume
that the Ap-SWNTs are initially conjugated with the site
of P-gp on the outside of membrane and then endocy-
tosed by K562R cells and localized on the inside of
membrane.

Dox-Induced Cytotoxicity by Ap-SWNT. During chemo-
therapy, the residual tumor cells and tumor stem cells
are hard to clear up, which directly induces the failure of
chemotherapy. In this study, the new drug vehicle, Ap-
SWNTs, are designed to assist the antitumor agents to
eliminate the multidrug resistant cells, and the cytotox-

icity of Ap-SWNTs loaded with Dox against the multi-
drug resistant cells was examined.

Before that, the biological safety of Ap-SWNTs
along with o-SWNTs was evaluated. Namely, 100 �L
of K562R cells (1 � 104) were seeded on a 96-well
plate and cultured for 24 h. Followed by adding 100
�L of Ap-SWNTs or o-SWNTs solutions (0�100
�g/mL of material in medium) and being incubated
for 48 h, the cell viabilities were tested on the 96-
well plate via the WST-1 assay. As shown in Figure
6a, the cell viabilities of K562R cells remain unaf-
fected as the concentrations of o-SWNTs and Ap-
SWNTs varied from 0 to 50 �g/mL. On the basis of
the material biosafety investigation of Ap-SWNTs,
the Dox-induced cellular cytotoxicities were carried
out by incubating K562R cells with free Dox, Ap-
SWNTs, Dox/HSA-SWNTs, Dox/anti-P-gp, Dox/o-
SWNTs, and Dox/Ap-SWNTs on a 96-well plate with
equivalent concentrations of Dox, anti-P-gp, and
functionalized SWNTs (Ap-SWNTs, o-SWNTs, and
HSA-SWNTs) at 5, 0.06, and 30 �g/mL in media. Af-
ter the K562R cells (1 � 104 cells/100 �L of media/
well) were seeded and incubated for 24 h, 100 �L of
media containing all of the above agents was added
into each well and the cell samples were sequen-
tially incubated for 6 h. After that, the culture me-
dia were replaced with fresh ones and the cell
samples were incubated for 24, 48, and 72 h, respec-
tively. While, for releasing the Dox from the compos-
ites, a 5 min near-infrared radiation was applied on
the cell samples every 8 h during the incubation pe-
riods. The Dox-induced cytotoxicities for all these
agents are illustrated in Figure 6b. The cellular vi-
abilities of K562R cells incubated with Ap-SWNTs re-
mained at ca. 100%, which indicated the insignifi-

Figure 6. (a) The viability of K562R cells treated by o-SWNTs and Ap-SWNTs; (b) the viability of K562R cells treated by Ap-
SWNTs, free Dox, Dox/anti-P-gp, Dox/o-SWNTs, Dox/HSA-SWNTs, and Dox/Ap-SWNTs with 24, 48, and 72 h incubation. The
cytotoxicity assay was tested on 96-well plate. All of the four agents contained same concentration of Dox in culture media,
which was ca. 5 �g/mL. The results indicate that Dox/anti-P-gp has similar cytotoxicity with free Dox, while Dox/HSA-SWNTs
and Dox/o-SWNTs express higher cytotoxicity than free Dox and Dox/Ap-SWNTs possess the highest cytotoxicity. Nearly
242% enhancement of cytotoxicity was observed after 72-h incubation, and it indicates that the cytotoxicity of Dox/Ap-
SWNTs is time-dependent.
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cant effect to the survival of K562R cells for Ap-
SWNTs even under the exposure of NIR (n � 9, p �

0.123, compared to 100%). Free Dox and Dox/anti-
P-gp composite demonstrate similar cytotoxicities to
K562R cells, and the growth of K562R cells would
gradually bloom as the increase of the incubation
time (n � 9). However, by conjugating Dox with
o-SWNTs, HSA-SWNTs, or Ap-SWNTs, the cytotoxic-
ity of Dox toward K562R cells is correspondingly en-
hanced. The Dox/Ap-SWNTs composite demon-
strates the predominant cytotoxicity (ca. 2.4-fold
higher than that induced by free Dox) toward K562R
cells as compared to the other agents (n � 9, p 	

0.05).

DISCUSSION
Chemotherapy is an important cure strategy for can-

cer patients. However, the multidrug resistance (MDR),
which broadly exists in residual tumor cells after che-
motherapy and tumor stem cells, has become the ma-
jor obstacle for cancer therapy. The up-regulated
P-glycoprotein that increases the drug-efflux is consid-
ered the major event for the establishment of MDR in
cancer cells. The P-gp blockers and targeted drug deliv-
erers are the major approaches for MDR; however, the
former is hard to succeed in vivo.43 While the targeted
drug deliverers, especially the targeted nanoparticles
(NPs), have attracted much attention due to the en-
hanced permeability and retention (EPR) effects in tu-
mors. There are three classes of targeted deliverers in-
cluding lipid nanocapsules,44 polymer NPs,45 and
inorganic NPs. Among them, lipid nanocapsules and
polymer NPs have outstanding advantages in biocom-
patibility and are widely studied, but the instability and
low loading capacity are the major problems. On the
contrary, inorganic NPs as targeted deliverers for MDR
possess wonderful stability but inferior biocompatibil-
ity. So far, only three kinds of inorganic nanoparticles in-
cluding ZnO,46 gold,47 and Fe3O4 NPs48 have been stud-
ied as deliverers for MDR, though the further desirable
functionalization of these nanomaterials seems a prob-
lem still. Nonetheless, the preservation of the biological
activity for delivered drugs, the desirable loading capac-
ity, and controllable release of drug molecules and the
specific targeting performance are the driving forces for
the design of targeted drug delivery system. In the
past years, carbon nanotubes, due to their inherent
properties, had been employed in the intracellular de-
livery of macrobiological molecules.34,35 In this work, we
employed anti-P-gp antibody functionalized SWNTs
(Ap-SWNTs) as a targeted drug deliverer for overcom-
ing the MDR of human leukemia cells (K562R) for the
first time.

Here, the antibody against P-glycoprotein (anti-P-
gp) is immobilized on the o-SWNTs via a diimide-
activated amidation approach in aqueous MES
buffer, where the biological activity of antibody

could be well preserved. Additionally, the oxidiza-
tion of carbon nanotube mainly occurs at the end of
carbon nanotube, so the remaining surface of car-
bon nanotube could still be used for the loading of
drugs (e.g., Dox in this work) even after the coupling
with an antibody. The obtained loading capacity for
Dox on Ap-SWNTs is ca. 40 �g/mg, which is attrib-
uted to the remaining high surface area of carbon
nanotube itself. This high loading capacity indicates
that the carbon nanotube based drug carriers could
provide desirable loading performance for Dox. In
fact, many of the small molecular anticancer drugs
could be physically adsorbed on carbon nanotubes
via the hydrophobic interactions of drugs on carbon
nanotube. Comparing to the covalent bonding of
small molecules on carbon nanotubes,49�52 the
physical adsorption of drugs on Ap-SWNTs would
maximally preserve the molecular integrity due to
the avoid of chemical reactions between drugs and
carbon nanotubes. Additionally, the carbon nano-
tube is the good energy absorption material for la-
ser and near-infrared radiation.30,53 While exposed
under NIR, Ap-SWNTs will adsorb the energy from
NIR, which would consequently improve the release
of Dox from Ap-SWNTs as the endothermic process
of Dox desorption from SWNTs. We believe that this
noncovalent drug-delivery manner is a promising
strategy for delivering drugs to different types of
cells with the most minimum loss of drug activities
along with the controllable release of drugs from
carbon nanotubes by near-infrared radiation.

For further demonstrating the suppression of
Dox/Ap-SWNTs to the proliferation of the multidrug
resistant leukemia cells, the cytotoxicity assay is car-
ried out. As shown in Figure 6b, free Dox and Dox/
anti-P-gp have similar cytotoxicity to K562R cells,
and the growth of K562R cells would gradually
bloom along with longer incubation time. These re-
sults implied that free Dox, popularly employed in
clinic, is unable to suppress the proliferation of
K562R cells, which would lead to the failure of che-
motherapy and even the death of patients. Also,
anti-P-gp has no influences to the cytotoxicity of
Dox. The o-SWNTs, HSA-SWNTs, and Ap-SWNTs all
enhance the cytotoxicity of Dox to the multidrug re-
sistant K562R cells, while the prepared Dox/Ap-
SWNTs demonstrated the highest cytotoxicity to
K562R cells. Most importantly, the cytotoxicity of
Dox/Ap-SWNTs was time-dependent; normally, the
longer the incubation time was, the greater was the
proliferation inhibition of K562R cells. This exciting
phenomenon is due to two excellent characters of
Ap-SWNTs, one is the prolonged release ability and
another is the specific recognition capability. All of
the results from FCM, CLSM, and cytotoxicity assays
indicate that Dox carried by Ap-SWNTs can be well
delivered to multidrug resistant cells, and success-
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fully suppress the proliferation of K562R cells. This
can be explained as (1) there will be much more Dox
in K562R cells as Ap-SWNTs targeted on K562R cells;
(2) it is difficult to pump Ap-SWNTs out by P-gp be-
cause of the nanosize vehicles rather than the small
molecules of Dox; (3) Ap-SWNTs could conjugate
with P-gp and there would be huge stereohindrance
around the P-gp molecule, which greatly suppressed
the out-efflux of Dox by MDR existed cells.

Moreover, the intracellular uptake of Dox in K562R
cells incubated with all of the above agents was mea-
sured by capillary electrophoresis coupled with laser-
induced fluorescence (CE-LIF),40 and it was found that
the obtained results from CE-LIF are accordant with the
conclusions from cytotoxicity tests (see Supporting In-
formation SI-3 and Figure S-7). Finally, the apoptosis
test for K562R cells treated with Dox/Ap-SWNTs was
carried out on FCM. Annexin V (labeled with FITC)
coupled with PI are the popular agents for the test of
apoptosis on FCM.54 After incubation with the agents,
the early apoptosis cells would conjugate with Annexin
V, the advanced apoptosis cells would conjugate with
both Annexin V and PI and the necrotic cells would con-
jugate only with PI. The obtained results (see Support-
ing Information SI-4 and Figure S-8) indicate that Dox/
Ap-SWNTs would trigger the apoptosis pathway of
K562R cells and suppress the proliferation, which is
similar with Dox. And it implies that the deliverer, Ap-
SWNTs, do not influence the apoptotic mechanism of
the carried drugs. Thus, Ap-SWNTs may be the good
carriers for delivering drug molecules into cells, which
are not only an efficient strategy for overcoming the

pumping-out function of P-gp, but also possess the pro-
longed drug release ability.

CONCLUSIONS
For the first time, for the best of our knowledge, an

anti-P-gp antibody functionalized single-walled carbon
nanotubes (Ap-SWNTs) as targeted drug deliverer for
MDR were synthesized. The prepared novel drug-
vehicle demonstrated the advantages in biocompatibil-
ity, controlled release ability, and targeted capability in
cellular level to overcome the MDR of human leukemia
cells. In this work, the P-gp antibody functionalized car-
bon nanotubes (Ap-SWNTs) were synthesized via the
biocompatible diimide-activated amidation reaction
between the antibody and the water-soluble oxidized
single-walled carbon nanotube. By taking advantage of
the specific affinity of the immobilized antibody to the
membrane P-gp overexpressed in the multidrug resis-
tant human leukemia cells, the obtained Ap-SWNTs
were thus applied in the targeted drug delivery of dox-
orubicin (Dox) to the multidrug resistant leukemia
(K562R) cells. Additionally, the anticancer drug of Dox
was loaded on the surface of Ap-SWNTs via the nonco-
valent physical adsorption, so it could be controllably
released into target cells via the exposure of near-
infrared radiation (NIR). Moreover, the induced cytotox-
icity of Dox to the multidrug resistance leukemia cells
(K562R) has been significantly enhanced by loading
Dox on Ap-SWNTs. It can be concluded that the Ap-
SWNTs are a promising vehicle for the targeted drug de-
livery of Dox to the multidrug resistance during cancer
therapy.

EXPERIMENTAL SECTION
Reagents and Materials. P-glycoprotein antibody (anti-P-gp)

labeled with FITC was purchased from BD Biosciences (Fran-
klin Lakes, NJ); doxorubicin was purchased from Sigma-
Aldrich (St. Louis, MO); 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-
(2, 4-disulfophenyl)-2H-tetrazolium, monosodium salt
(WST-1) and 1-methoxy-5-methylphenazinium methylsulfate
(PMS) were purchased from Dojindo laboratory (Kumamoto,
Japan); 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC) and N-hydroxysuccinimide (NHS) were pur-
chased from Pierce (Pierce, IL); human serum albumin was
purchased from Sigma-Aldrich (St. Louis, MO); single-walled
carbon nanotube (SWNTs) were purchased from Sino-nano
Company (Beijing, China), and treated by the mixture of con-
centrated HNO3/H2SO4 (1:3 v/v) at 120 °C for 30 min under re-
flux with stirring to produce the oxidized single-walled car-
bon nanotubes (o-SWNTs).55 The obtained o-SWNTs were
further redispersed in water, centrifuged at 10000g for 30
min to remove the water immiscible carbon nanotubes or
other residuals, lyophilized to dryness at room temperature,
and stored at 4 °C before use.

Cell Culture. The multidrug resistance (K562R) and drug-
sensitive (K562S) human leukemia cells were obtained from the
Institute of Blood, Chinese Academy of Medical Sciences (Tianjin,
China), which were seeded initially at a density of 1.0 � 104

cells/mL and cultured in 75-cm2 vented culture flasks at 37 °C
with RPMI-1640 medium containing 10% calf serum in 5% car-
bon dioxide atmosphere, and split every 2�3 days.

The Preparation of anti-P-gp Functionalized Carbon Nanotubes (Ap-
SWNTs). The AP-SWNTs were prepared by covalently bonding
the anti-P-gp antibody on the o-SWNTs via the diimide-activated
amidation process as described in the literature.56 The scheme
for this preparation is presented in Figure 1. Briefly, 5 mg of the
water-soluble o-SWNTs, 30 mg of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC), and 300 mg of
N-hydroxysuccinimide (NHS) were added in a 10 mL aqueous
buffer solution of 2-(4-morpholino)ethanesulfonic acid (MES) (50
mM, pH � 6.0), mixed, and shaken in a reciprocating shaker at
room temperature for 2 h. After that, the resultant SWNTs were
filtered through a 0.45 �m filter, fully rinsed with 50 mM MES
buffer, and redissolved in a 10 mL MES buffer solution (50 mM,
pH � 6.0). Subsequently, 1 mL of anti-P-gp solution (0.025 mg/
mL) was added, and the mixture was shaken at room tempera-
ture for 2 h. This was followed by a filtration through 0.45 �m fil-
ter and a consecutive rinse with 2 mL of NaCl solution (0.1 M)
until there was no antibody detected in the filtrate by a Hitachi
F-2500 fluorescence spectrophotometer (FS) (Pleasanton, CA,
USA) with excitation at 488 and emission at 533 nm. Finally, the
resulting Ap-SWNTs were collected, lyophilized to dryness, and
stored at 4 °C before use (TEM image of Ap-SWNTs shown in Sup-
porting Information, Figure S-1). Additionally, human serum al-
bumin (HSA) labeled with FITC was conjugated with o-SWNTs by
the same procedure and applied as a control.

Flow Cytometry and Confocal Laser Scanning Microscopy Analysis. The
flow cytometry analysis was carried out on a FACS Vantage SE
flow cytometer from BD (Franklin Lakes, NJ) with Ar-ion (� � 488
nm) excitation. The flow cytometric data were collected and pro-
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cessed using WinMDI 2.9 Software (TSRI, La Jolla, CA). The confo-
cal laser scanning microscopy analysis was performed by a TCS-
SP2 confocal laser scanning microscope (Leica, Wetzlar,
Germany) with an 80� objective. Before these analyses, the ob-
tained cell samples (ca. 1 � 107) were rinsed with PBS buffer
(4 °C) for three times and resuspended in 500 �L of PBS buffer.

Cellular Viability Measurement. The cellular viabilities were mea-
sured by a model 550 ELISA reader (BIO-RAD, Hercules, CA) with
detection wavelength at 450 nm. K562 cells (1 � 104) were ini-
tially seeded in the wells of a 96-well plate and incubated in RPMI
1640 cell culture media under certain incubation conditions as
indicated. After the incubation, the media on plate were re-
placed by 200 �L fresh culture media containing 200 �M WST-1
and 1 �M PMS,57 and the cells were incubated for additional
3 h before the cellular viability test. All experiments were per-
formed in triplicate and the results were analyzed by SPSS 15.0
software (SPSS, Chicago, IL). One-Way ANOVA and student’s t
test were used to determine the statistical differences. Differ-
ence was considered significant for p value 	0.05.
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