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A
lthough there have been tremen-
dous efforts to overcome cancerwith
current chemotherapy, past strate-

gies have elicited severe side effects in
patients, such as cardio-toxicity, vomiting,
hair loss, diarrhea and breathing troubles.1�3

Greater dosing of anticancer drugs also
increases toxicity to regenerated tissue
and the immune system and, ultimately,
diminishes the patient's quality of life.4�6

Researchers now acknowledge that inhibit-
ing the multidrug resistance (MDR) ability
of resistive cancer cells is one of critical
factors for reducing the dose of anticancer
drugs.7,8 However, co-treatment approaches
that pair anticancer drugs with verapamil
(VRP) and cyclosporine A (CsA) to inhibit
MDR pumps interfered with their clinical
applications due to their pharmacological
toxicity, such as cardiovascular hyper-
tension for VRP and immunosuppression
for CsA.9,10

Another approach has been introduced
to overcome drug resistance more effec-
tively. For example, nanosized pharmaceu-
tical agents, such as gold, silica, polymer,
nanodiamond, and titanium nanostruc-
tures, have been suggested to reduce efflux
from various cancer cells.11�18 Specifically,
recent development of nanomaterial-based
drug delivery have focused on reducing
drug efflux,17,19�21 such as MDR gene silen-
cing by attaching permeability glycoprotein-
inhibiting small interfering RNA (P-gp-inhi-
biting siRNA) and targeting MDR-exhibiting
cells. However, the instability of siRNA dur-
ing blood circulation and the difficulty in
targeting only MDR cells in vivo has hin-
dered the clinical success as yet.17,22,23

Among the nanosized drug delivery
agents, carbon nanotubes (CNTs) have been
considered as a promising nanosized phar-
maceutical agent for tumor suppression.24�27

However, CNTs have not been extensively
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ABSTRACT As the majority of side effects of current chemotherapies stems from toxicity due to excessive

dosing of anticancer drugs, minimizing the amount of drug while maximizing drug efficacy is essential to

increase the life-quality of chemotherapy patients. This study demonstrated that the intracellular delivery of

amide linked doxorubicin on carbon nanotube can nullify the efflux of cancer cells by achieving prolonged

endolysosome delivery and can induce burst release of doxorubicin in an acidic hydrolase environment and,

ultimately, can reduce the amount of anticancer drug by 10-fold compared to conventional effective drug

dose. The clearance of accumulated carbon nanotubes in the liver was observed after 4 weeks, and analysis of

liver toxicity markers showed no significant changes in GOT and GPT levels and release of pro-inflammatory

cytokines across both short- and long-term periods.

KEYWORDS: anticancer drug . amide covalent conjugation . doxorubicin . carbonnanotube .
endolysosome delivery . liver toxicity
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considered as an effective drug influx mediator for
reducing drug efflux despite efficient pharmaceutical
in vivo results.28�31 In general, noncovalent π stacking
has been commonly used as a standard method to
attaching drugs due to its greater drug loading effi-
ciency (up to 200%).25�27,32�34 However, in contrast to
in vivo success, it is worth to note that the conjugation
with π stacking was less effective in destroying cancer
cells compared to conventional drugs, especially at low
drug concentrations based on the previous in vitro

studies.27,35�38

For designing a highly effective and low dose antic-
ancer drug, two factors need to be considered. First,
drug design should minimize drug release in extracel-
lular environment before reaching the cancer cells.
Second, intracellular drug delivery of nanoparticles
should follow the endosome�lysosome without drug
efflux. In this line, it is essential to design an anticancer
drug whose conjugation type is stable in extracellular
environments and intracellular drug delivery route
should not interfered by efflux via MDR functions of
cancer cells.17,27 On the basis of these considerations,

choosing an appropriate bioconjugation type is critical.
The covalent conjugation is advantageous compared to
noncovalent π stacking in terms of conjugation stability
(drug release before reaching cells).39 However, pure
covalent linkages (without possessing noncovalent
bonds) suffers from a low drug loading capacity of
10�15%16,39,40 and has not shown clear scientific advan-
tage to overcoming the low drug loading capacity as far.
This study demonstrated that optimized amide

covalent conjugation of doxorubicin (DOX) on CNTs
leads burst drug release at the vicinity of cancer
nucleus through endolysosome intracellular pathways
without cancer efflux and with increased drug stability
and, ultimately, reduces 10-fold of conventional cancer
drug. Furthermore, short and long-term liver toxicity
markers by the distribution of anticancer carbon nano-
drugs were investigated.

RESULTS

Maximizing Amide Covalent Linkages and Associated
Conformational Changes of DOX on Multiwalled CNTs
(mwCNTs). Doxorubicin was selected as the standard

Figure 1. Physiochemical properties of covalently conjugated doxorubicin on mwCNTs. (A) Stored DOX-mwCNTs-25 in PBS.
(B) Cryo-TEM images showing covalently attached DOX on mwCNTs. (C) Deformed shape of DOX represents evidence of
strong conjugation withmwCNTs. Scale bar is 20 nm. (D) UV�vis showed the order of attached DOX on carboxylate mwCNTs
(blue). DOX (red) and carboxylate mwCNT (black) were used as references for calculating amount of conjugated weight of
DOX on mwCNTs. (E) Particle sizes of DOX, mwCNTs and DOX-mwCNTs in identical weight density in solution. covalently
conjugatedmwCNTs are generally larger than oxidizedmwCNTs. (F) Complete quenching (i.e., 99.2%) of DOX-mwCNT-25was
observed (blue), as compared to pure DOX by photoluminescence signals. This represents complete conformational change
of DOX structures, as identified by the complete quenching of fluorescence signals by DOX.
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anticancer drug in this study, as its common usage
enables comparison to previously published studies
(Figure 1A).13,14,16,27 Enhancement of oxidization on
nanotube surface is important not only to maximize
covalent loading efficiency, but also to reduce toxicity
to cells. The degree of carboxylic groups on mwCNTs
was maximized to increase the number of available
anchoring points for the covalent attachment of DOX
through cross-linking with 1-ethyl-3-(dimethylamino-
propyl)carbodiimide hydrochloride (EDC). Although
previous studies suggested some promising aspect
for the therapeutic treatment of cancer using covalent
conjugation, ester covalent bond with 10-hydroxy-
camptothecin (HCPT)39 and mixed states of π�π bond
(noncovalent) with hydrazone (covalent) bond on
CNTs39,41 suffered from low drug loading efficacy
(not exceed 16%)39 and partial covalent linkages on
CNTs (major interaction is a noncovalent π�π bonds),41

respectively.
Through our suggested amide covalent linkage

optimization process, weight ratio (weight of DOX/
weight of mwCNTs) ranges are between 25 and
30% (defined as DOX-mwCNTs-25) in PBS solution
(Figure 1A). Images obtained by cryo-transmission
electron microscopy (Cryo-TEM, F20, Tecnai) shows
covalently attached DOX on mwCNTs for the first time
(Figure 1A,B). Most DOX molecules conjugated to
carboxylate mwCNTs demonstrated a characteristic
oval shape (Figure 1B). Particle sizes (averaged rotating
length of nanotubes) of DOX, oxidized mwCNT, and
DOX-mwCNT-25 showed length variation of 0�40,
350�450, and 500�830 nm, respectively (Figure 1E)
and exhibited polydispersity ranging between 0.1 and
0.5, depending on the prepared sample densities in
PBS (Figure 1E). The surface potential of DOX-mwCNT-
25 shows reduced negative potential (�14 mV) com-
pared to oxidized mwCNT (�33 mV). Strong covalent
bonds between DOX and oxidized mwCNT were con-
firmed by luminescence quenching ratio using spec-
trophotometry and Raman spectroscopy (Figure 1F
and Supporting Information Figure S3).42�45 Due to
amide functionalization, D/G ratio was increased on
DOX-mwCNT-25 (ID/IG = 2.3), compared tomwCNT and
physically mixed state of DOX and mwCNT (ID/IG = 1.9)
(Supporting Information Figure S3). In addition, the
10% loading of covalently linked DOX (defined by
DOX-mwCNT-10) on mwCNT reduced DOX fluores-
cence by 85.2%, which is comparable to previously
reported data on the static quenching of DOX via π
stacking (80�90% reduction of DOX fluorescence)
(Supporting Information Figure S1C).27,46 Notably,
DOX-mwCNT-25 diminished DOX fluorescence by
99.2% (Figure 1F). This may be attributed to the
photoinduced electron transfer (PET) by strong cova-
lent linkage between DOX and mwCNT and indicated
that the DOX structure had undergone conformational
changes42 through the coupled electron energy bands

between DOX and oxidized mwCNTs (Supporting In-
formation Figure S2C). The photoinduced effect of
mwCNTs typically yields a higher quenching ratio as
compared to single-walled CNTs (swCNTs).47

In Vivo Studies with 10-fold Reduction of DOX. To examine
the efficacy of developed DOX-mwCNT-25, MDA-MB-
231 (malignant breast cancer cells that having efflux
ability) xenografts were performed beneath the skin
(see Materials and Methods for more details), and
anticancer chemotherapy began when the tumor size
exceeded 100 mm.3 Bioaccumulation (or distribution)
of DOX-mwCNT-25 in the liver and lungs showedmore
than 40% at both 30 min and 6 h after intravenous (IV)
tail injection (Figure 2B,C). Heart, spleen, stomach, and
intestine also showed greater accumulation of DOX-
mwCNT-25, as compared to pure DOX after 30min of IV
injection (Figure 2B). This trend sustained for 6 h except
in the heart (where most of the accumulation cleared
after 6 h) (Figure 2C). The elevated blood flow in the
heart may have accelerated the clearance rate of DOX-
mwCNT from the heart by greater mechanical pump-
ing. The kidney showed higher accumulation of pure
DOX than of DOX-mwCNTs and this may be attributed
to pure DOX undergoing clearance ahead of DOX-
mwCNT by the urinary system. The accumulation
percentage (2%) of DOX-mwCNT-25 in the tumor
tissues was nearly identical to the allocation percen-
tage presented from previous study (xenograft be-
neath the skin).25

The volume and mass of tumors treated with
0.5 mg/kg of DOX-mwCNT-25 were compatible with
tumormass of 5mg/kg of pure DOX after three times IV
injection (Figure 2D,E). In contrast, no notable tumor
inhibition was observed on 0.5 mg/kg of pure DOX
(Figure 2D�F). Tumor volume changes demonstrated
a 6-fold increment of tumor volume for both 5 mg/kg
of DOX and 0.5 mg/kg of DOX-mwCNT-25, as com-
pared to a 30-fold increment of tumor volume in
controls after 21 days (Figure 2F). No significant
changes in body weight were observed during the
experiments (Figure 2G). Hematoxylin and eosin (H&E)
staining showed comparable tumor tissue necrosis
in subjects treated with 5 mg/kg of pure DOX and
0.5 mg/kg of DOX-mwCNT. In contrast, no damage on
tumor tissues was observed on subjects treated with
PBS and mwCNT (Figure 2H). Although 0.5 mg/kg of
pure DOX showed sporadic death of tumor tissue, the
results did not correspond to significant tumor necrosis
(Figure 2H). Furthermore, changes in Ki-67 (monoclonal
antibody marker for cancer cell proliferation) expres-
sion confirmed comparable suppression of cancer
proliferation for both 5 mg/kg of pure DOX and
0.5 mg/kg of DOX-mwCNT-25 (Supporting Information
Figure S11).

In Vitro Studies at in Vivo Relevant Concentration. Cancer
cell viability test at in vivo relevant concentration (i.e.,
low concentration) was examined. The effective drug
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concentration at tumor tissues depends on the allo-
cated percentage from in vivo biodistribution. On the
basis of the biodistribution after IV injection, only
1�2% of the administered dosage reaches the cancer

tissue (Figure 2B,C). Numerically, the anticipated
amount of anticancer drugs in tumor tissue, after
0.5 mg/kg of IV injection, would be less than 200 ng/mL
(or less than 344 nM, see Materials and Methods).

Figure 2. Equivalence of 10-fold less dose of DOX-mwCNT with conventional DOX. (A) Schematic representation of DOX-
mwCNT injection to tumor-xenograftedmousemodel. (B and C) Biodistribution of DOX and DOX-mwCNTs inmajor organs at
30min and 6 h after IV injection (2mg/kg of drug concentration). Most organs showed greater accumulation of DOX-mwCNT,
especially in the liver and lung. However, this was not observed in the kidney, where urinary system accelerated the clearance
of DOX. DOX andDOX-mwCNTs accumulation in the heart were eliminated after 6 h. Only 2%of DOX-mwCNTs were detected
in the tumor, whereas 1% of DOX was deposited in tumor tissues. (D) Tumor sizes of xenografted mice for various drug
groups. Importantly, 5 mg/kg of DOX was equivalent to 0.5 mg/kg of DOX-mwCNTs. (E) Measured tumor weight for each
group after 21 days. The 0.5 mg/kg of DOX-mwCNTs was effective at 10-fold reduction in concentration, as compared to
conventional DOX drugs. (F and G) Tumor weight changes (represented as folds) show similar changes from 5mg/kg of DOX
and0.5mg/kgofDOX-mwCNTs. Nonotablebodyweight changeswereobserved. (H) H&E stains of eachgroup showed severe
damage on tumor tissue for both DOX 5mg/kg and 0.5mg/kg. No notable apoptosis was observed on PBS (CTL), mwCNT and
DOX 0.5 mg/kg groups. Data represent mean ( SEM (n = 3 for biodistribution) and (n = 6�9 for tumor analysis).
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At in vivo drug concentration, cell viability of MDA-MB-
231 cells was greatly arrested by DOX-mwCNT-25
(Figure 3A). A concentration of 25 ng/mL (43 nM) was
sufficient to obtain a statistical difference in cell viabi-
lity (Figure 3A). The viability of MDA-MB-231 cell at
50 ng of DOX-mwCNT-25 was comparable to that at
200 ng of pure DOX and this suggested that DOX-
mwCNT-25 was 4 times more effective than pure DOX
at low drug concentrations (Figure 3A). MDA-MB-231
morphology exhibited higher cytoskeletal networking
and greater cell aggregation on at control samples. The
increased lysozyme density as approaching to nucleus
in MDA-MB-231 suggested a favorable environment
for cleaving of amide bonds between DOX andmwCNTs
(Figure 3B,D�G). Samples with pure mwCNTs also
showed identical cytoskeletons and networking com-
pared with control samples (Figure 3C).

Among the several mechanisms of nanoparticle-
assisted drug delivery, the endocytosis pathway was
considered as a major pathway due to size of nano-
materials.48 The inset image in Figure 3C illustrates the
endocytosis assisted pathway of mwCNTs into the

nucleus in MDA-MB-231 cells. This represented the
general route of DOX-conjugated mwCNTs after cellular
uptake. Magnified images showed vesicle formations
enclosing mwCNTs surrounding nucleus with greater
densities of lysozymes (Figure 3D�G). This suggested
evidence of vesicles (either late endosomes or lyso-
somes) enclosed with mwCNTs were transported to
regions abundant with hydrolytic enzymes in the
vicinity of nucleus (Figure 3D�G). DOX-mwCNTs-25
treated cells showed identical vesicle formation en-
closing mwCNTs, providing evidence toward endo-
some and lysosome enclosure of DOX-mwCNTs
(Figure 3H). Magnified images show DOX diffusion
from endosome-like vesicles to the cell nucleus.
Detailed analysis on these images will comprehen-
sively be discussed in next section. In addition,
competition of cell proliferation arrest for PEG
coated liposomal DOX (DOXIL: Doxoves) and devel-
oped DOX-mwCNT-25 was analyzed. Cell viability
shows greater cancer proliferation inhibition
on DOX-mwCNT than that on DOXIL and DOX
(Supporting Information Figure S5).

Figure 3. In vitro cell viability at in vivo relevant concentrations. (A) MDA-MB-231 cell viability by increasing in vivo DOX
concentration.MDA-MB-231 showed significant change in cell viabilitywas observedat very low concentration. (B) Increasing
lysozyme densities as approaching to nucleus inMDA-MB-231. (C) Immunostaining ofMDA-MB-231 showed higher networks
between cells after treated with mwCNTs (at concentration of 650 ng/mL). Magnified image (inset) represented the
endocytosis�endosome�lysosome pathway of mwCNTs to nucleus in MDA-MB-231 cells. This image suggested evidence
of identical DOX-mwCNT delivery to cancer cells after uptake. (D) Lysozyme densities after intake ofmwCNTs inMDA-MB-231
cells. (E�G) Magnified images showed vesicle formations enclosing mwCNTs surrounding nucleus with greater densities of
lysozymes. (H) DOX-mwCNTs-25 treated cells showed identical vesicle formations enclosing mwCNTs. (I) Demonstration of
endolysosome enclosing DOX-mwCNTs. (J and K) Magnified image captured from h showing direction of DOX diffusion from
endosome-like vesicles to cell nuclei.
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To examine the efficacy of DOX-mwCNT drugs on
other cancer cell types, MCF-7 (breast cancer cell) were
treatedwithDOX-mwCNT-10 andDOX-mwCNT-25 (i.e.,
10% and 25% loading, respectively) at low concentra-
tions (i.e., less than 100 ng/mL or 0.2 μM). Results
indicated that both loading concentrations showed
enhanced efficacy in inhibiting proliferation of MCF-7
over pure DOX (Supporting Information Figure S4A). To
evaluate the response of noncancerous healthy cells,
NIH3T3 fibroblasts were also examined (Supporting
Information Figure S4C). Fibroblast response resembled
cell viability of MCF-7, but cellular response showed a
moderate difference between DOX-mwCNT-25 and
pure DOX at very low concentration (Supporting
Information Figure S4B, C). The different cell response
of DOX-mwCNT-25 for MCF-7 and NIH3T3 at very low
drug concentration is not elucidated and needs to be
examined by further study.

Mechanism I: Late Endosome�Lysosome Delivery and Burst
Drug Release in Acidic Lysozyme Condition. Examining se-
quential endocytic initiated pathways is an essential
step to understanding drug delivery at the intracellular
level. The advantage of endosome delivery of DOX-
mwCNTsmechanism is that this type of vesicles usually
does not experience drug efflux from cytosol into the
extracellular space. Analysis of late endosome marker
provided direct observation of intaked DOX-mwCNTs
before its transport into lysosomes or Golgi because
the late endosome stage is located between early
endosome (approaching drug) and lysosome (degrading
drug). Although previous studies discussed the possi-
ble endosome and lysosome delivery of nanodrugs, no
clear evidence determined whether the endosome or
lysosome is the drug releasing point from nanoparti-
cles. Figure 4A�G provided evidence of drug release
during the endolysosome stage because observed
DOX was abundant in late endosome while DOX was
depleted in lysosomes. Magnified images of late en-
dosome showed diffusion of DOX from late endo-
some to nucleus (Figure 4C, Supporting Information
Figure S14A�C). To the best of our knowledge, this is
the first demonstration of DOX release from nanopar-
ticles enclosed in late endosome. DOX and lysosome
images showed simultaneous presence of approach-
ing endosomes (red: DOX in early or late endosomes)
and outgoing lysosomes (green) with depleted DOX in
vesicles (Figure 4D�F). Magnified image shows diffu-
sion of DOX from lysosome vesicles with a DOX-
enclosed endosome in the vicinity (Figure 4G). As
greater lysozymes were found at the vicinity of nuclei
of MDA-MB-231 cells, abundant acid hydrolases sur-
rounding nucleus, enclosed in late endosomes and
lysosomes, possess sufficient protease enzymes to
cleave amide conjugations between DOX and mwCNT
(Figure 3B). To understand the observed phenomenon,
in vitro drug release experiments were performed to
understand the burst release of DOX from covalently

conjugated mwCNT during endolysosome pathway.
First, outer cell environments (PBS) showed no distinct
release of DOX as time advance (i.e., up to 240 h)
(Figure 4J). DOX release in 10% FBS showed incremental
release of DOX over time, suggesting that DOX-
mwCNT bonds were slowly degraded across many
hours under hematological environments (Figure 4J).
Furthermore, linkages of designed drugs were highly
stable in both neutral and acidic condition (Figure 4J).
Thus, drug release analysis presents a designed DOX-
mwCNT anticancer drug that is highly stable under
extracellular conditions. Furthermore, drug release
under intracellular conditions was also examined.
Remarkably, notable release in high lysozyme density
in neutral condition (pH = 7) was observed and sig-
nificant burst release was achieved by simultaneous
exposure to an acidic environment and greater lyso-
zyme density (Figure 4J). The observed release sup-
ported the observation that optimized conditions for
cleaving covalently linked DOX to mwCNTs requires
acidic hydrolase. Considering late endosomes and
lysosomes are composed of 40 types of acidic hydro-
lases, including lysozymes, the obtained data provided
evidence of a highly selective release of DOX during
late endosome and lysosome stages. Lastly, cryo-TEM
images showed evidence of DOX cleave from mwCNT
and lysozyme attachment onto mwCNTs (Figure 4H,I).
Various shapes corresponding to lysozyme crystalliza-
tions were identified by diffraction patterns in Cryo-
TEM images (Figure 4I). Importantly, it was concluded
that developed DOX-mwCNT-25 induced many endo-
some vesicles compared to DOX and DOXIL and, thus,
provided a more favorable condition than conven-
tional drugs (DOX and DOXIL) for nullifying efflux
working system of tested cancer cells (see Supporting
Infromation Figure S11). In conclusion, it was observed
that the developed DOX-mwCNTs were transported
into the nucleus through late endosome and lysosome
formation. In addition, in vitro drug release analysis and
Cryo-TEM images confirmed the abrupt release of DOX
under acidic-lysozyme condition.

Mechanism II: Prolonged Delivery of DOX-mwCNT through
Endosome Vesicle and Efflux Nullification. Individual analysis
on intake and efflux by increasing drug dose and time
advance is a critical step for evaluating the efficacy of
developed drugs. At in vivo targeting concentrations,
no significant difference in intake was observed be-
tween the amount of pure DOX and DOX-mwCNT-25
during the initial 2 h after drug incubation (Figure 5C,
Supporting Information Figure S6) in MDA-MB-231
cells. This trend sustained even with increasing drug
dosing. However, significant changes were observed
after 12 h, when intake and efflux simultaneously
occurred (Figure 5D, Supporting Information Figure S7).
This effect became more distinct by increasing drug
concentration (i.e., from 10 to 200 ng/mL). Since no
significant differences were observed with intake,
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Figure 4. Late endosome�lysosome delivery with burst DOX release in acidic lysozyme condition. (A) Co-staining with DOX
(red) and late endosome (Le: green) exactly matches same spots surrounding cancer nucleus. (B) Magnified images show
approaching late endosomes to cancer nucleus and late endosome vesicles emerged from the nucleus. (C) High resolution
image identified DOX diffusion (yellow) from late endosome (green) to nucleus (red). (D�F) Co-staining with DOX (red) and
lysosome (green) showed direct overlap surrounding cancer nucleus. Whereas DOX (red) was abundant in late endosome,
lysosome stage shows less DOX intensity, indicating DOX depletion in vesicles. This provided evidence of DOX release during
endolysosome stage (i.e., burst release between approaching late endosomes (greater DOX) and outgoing lysosomes (less
DOX)). (G)Magnified image showeddiffusion ofDOX from lysosome vesicleswhile approaching another endosomeenclosing
DOX. Leftover DOX around late endosome vesicles shows final stage of DOX depletion through lysosome stage. (H) Cryo-TEM
images show covalently linked DOX on mwCNTs, and this corresponds to vesicles until late endosome stage. (I) Cry-TEM
images show removed DOX by cleaving amide bond through lysozymes and attachment of lysozymes onmwCNT (instead of
DOX). This corresponds to vesicles after lysosome stage. (J) Drug release at different pH (pH5 and7.2), FBS, anddifferent pHof
lysozyme (1mg/mLof lysozymedensity). This environment resembles typical late endosomeand lysosome conditions. Stable
conjugation by change of pH and slow release by FBS were observed. However, sudden release (by cleavage of covalent
bonds) of DOX was observed by adding neutral lysozyme. Enhanced release was observed under acidic lysozyme condition.
(K) Schematic representation of late endosome�lysosome delivery with burst drug release at endolysosome stage.
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results corresponded to the difference in efflux be-
tween DOX and DOX-mwCNT-25. Efflux analysis was
performed by allowing cells to incubate at an in vivo

relevant concentration of 100 ng/mL for 2 h and
samples were subsequently exchanged with fresh
media (i.e., without drug dosing). It was observed that
60% of DOX-mwCNT-25 remained in MDA-MB-231
cells after 24 h, whereas pure DOX had completely
undergone efflux during 6�12 h by MDA-MB-231 cells
(Figure 5E, Supporting Information Figure S7). Similar
trends were observed on the efflux analysis with DOXIL
(see Supporting Information Figure S10 for more
detail). On the basis of the clearance studies, it was
concluded that developed DOX-mwCNT-25 possessed

greater efflux nullification ability than DOX and DOXIL.
Interestingly, only 2 h intake (or exposure) of DOX-
mwCNT-25 (100 ng/mL of concentration) resulted in a
notable difference in cell viability after 48 h (Supporting
Information Figure S13A). High magnification image
analysis showed the degradation of intake DOX signals
(efflux-on system), which was examined for 24 h by the
co-staining of DOX and late endosome marker. Impor-
tantly, negligible amount of late endosomes was ob-
served after complete depletion of DOX from the
nucleus as observed by fluorescence microscopy at
high resolution (Figure 5A). As such, it was concluded
that the late endosome acted as an outgoing trans-
porter of effluxed DOX from the nucleus. In contrast,

Figure 5. Prolonged delivery of DOX-mwCNT through endosomevesicle and efflux nullification. (A) PureDOXhadundergone
efflux during 6�24 h by MDA-MB-231 cells and negligible amounts of late endosomes were observed after depletion of DOX
in the nucleus. (B) On the contrary, 60%ofDOX-mwCNT-25 and late endosome signals remained even after 24 h. (C) Intake (for
2 h) showed no noticeable difference betweenDOX andDOX-mwCNT-25. (D) Significant differencewas observed after 12 h of
incubation between the two groups with increasing drug concentration. This demonstrated a difference between intake and
efflux of DOX-mwCNT-25 and pure DOX. (E) Efflux analysis by incubationwith the drug for 2 h and subsequent exchangewith
new media showed that cancer cells completely ejected intaked-DOX by pumping out (i.e., efflux) after 12 h, whereas DOX-
mwCNT-25 showedonly 40%of drugpumpingout. (F andG) Strongactivation ofMrp-1mRNAexpressiononDOX-mwCNT-25
after 2 h (i.e., after intake) and sustained until 36 h, whereasMrp-1 function of DOX-intaked cancer cells diminished after 6 h.
Western blotting of MRP-1 at 24 h exactly matches the mRNA expression results. The applied drug concentration was
500 ng/mL for (A) and (B) and was 100 ng/mL for (C�G).
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late endosome signals were not diminished in the
nucleus of DOX-mwCNT-25 treated cell for 24 h
(Figure 5B).

Furthermore, it was identified that a greater
amount of early endosome vesicles enclosing DOX-
mwCNT-25 (as inferred from the higher DOX intensity
observed within the vesicles) infusing on the nucleus
was identified even after 24 h. This is the first finding
that endosome vesicles enclosing DOX-mwCNT-25

continuously approach and release DOX into the nu-
cleus through endosome or late endosome vesicles
even after 24 h by just 2 h of DOX-mwCNT exposures
(Figure 5A,B). Although DOXIL showed some endo-
somes enclosed with DOXIL approaching to nucleus,
the number of endosome vesicles inside cytosol were
less than DOX-mwCNT-25 (see Supporting Information
Figure S11). Analysis of Mrp-1 (multidrug resistance-
associatedprotein-1)mRNAandMRP-1Westernexpression

Figure 6. Liver toxicity, inflammation and clearance. (A) Images of liver color changes from increased mwCNT accumulation.
(B) GOT, GPT, TNF-R, IFN-γ, IL-6 and IL-2 levels of each groups compared to normal ranges. No notable changes in toxicity and
in cytokine levelswere observed. (C) Liver clearance for 5mg/kgof DOX-mwCNT after 1, 4, and 12weeks. (D) H&E stains shows
accumulation of aggregated mwCNTs (black arrows) and red blood cells (red arrow) in microvasculature between
hepatocytes (cyan arrows). After 4 weeks, CNT aggregates disappeared. Data represent mean ( SEM (n = 5).
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showed different efflux working mechanisms between
DOX and DOX-mwCNT-25 treated cells. Time advance
analysis ofmRNA expression ofMrp-1 showedmaximal
expression at 6 h after cellular intake of DOX, whereas
DOX-mwCNT-25 still showed up-regulated MRP-1 ex-
pression that sustained for at least 36 h (Figure 5F). To
confirm this at the protein level, MRP-1 protein syn-
thesis was confirmed at 24 h and Western blotting
showed a significant difference in the protein expres-
sion of MRP-1 between DOX and DOX-mwCNT-25
(Figure 5G, Supporting Information Figure S12B). Spe-
cifically, MRP-1 protein synthesis remained up-regu-
lated for DOX-mwCNT samples, as compared to the
weak Western band of MRP-1 for pure DOX samples at
24 h. Even though Mdr-1 and Mrp-1 genes have been
reported to mediate efflux for MDA-MB-231,49 only
Mrp-1 expression was barely detected in this experi-
ment becauseof short timeof drug exposure to cells (2 h).

To the best of our knowledge, our obtained results
are the first demonstration of efflux nullification by the
prolonged endosome delivery of DOX-mwCNTs with-
out the gene silencing of multiple drug resistance-1
(Mdr-1 or P-gp) to overcome efflux in cancer cells.
Interestingly, MDA-MB-231 cells are trying to pump
out DOX-mwCNT-25 over the time course of 36 h,
whereas the elimination of pure DOX began to decline
after 6 h (Figure 5F). On the basis of the observed efflux
of DOX-mwCNT-25, it was extrapolated that 100%
efflux will occur after 60 h (Figure 5E). Although pure
mwCNTs slightly down-regulated mRNA expression of
Mrp-1 during the initial 36 h in comparison to controls,
no notable statistical difference was observed in pro-
tein level compared to control (Figure 5G). To confirm
this, mwCNT were pretreated on MDA-MB-231 and
showed normal efflux ability for post-treated DOX
(Supporting Information Figure S9). As such, it is
evident that mwCNTs do not intrinsically trigger the
pumping behavior associated with cancer cell efflux,
but only activate efflux when covalently conjugated
with DOX.

Liver Toxicity, Inflammation, and Self-Clearance. Toxicity
evaluation on liver is a critical factor in preclinic
evaluation of newly designed DOX-mwCNT-25 be-
cause the liver accumulated the highest biodistribu-
tion of DOX-mwCNT as shown in Figure 2B,C. Although
selective accumulation of CNTs in the liver is a com-
monly observed phenomenon, no comprehensive
studies have further investigated CNT toxicity on liver
to date.24,25 As such, short- and long-term toxicity
effects of mwCNT accumulation in the liver were
scrutinized in this study. The mice were administered
with three doses of 5 mg/kg of DOX-mwCNTs by
intravenous (iv) injection and sacrificed for inspection
of liver. As expected, increased dosage of DOX-mwCNT
resulted in greater mwCNT accumulation in the liver
and increased turbidity (opacity) (Figure 6A). However,
glutamic oxaloacetic transaminase (GOT) and glutamic

pyruvic transaminase (GPT) levels for all dosage groups
remained within normal ranges (Figure 6B). Normal
ranges were defined by the levels observed in the
control group treated with PBS. Analysis of the inflam-
matory response, as determined by cytokine levels of
tumor necrosis factor (TNF)-R, interleukin (IL)-2, IL-6 ,
and interferon (INF)-γ, demonstrated no significant
variation from normal ranges (order of pg/mL)
(Figure 6B). The distinct color difference of the liver
between DOX-mwCNTs groups (i.e., 0.5 and 5 mg/kg)
was due to the difference in mwCNTs accumulation
and did not result from liver toxicity. Furthermore, it is
speculated that biocirculation will clear the liver tur-
bidity over time, similar to the clearance of dispersed
swCNTs from the lung.50 Response to lower and higher
levels of mwCNTs (i.e., mwCNT-1 and mwCNT-2, corre-
sponding to 2 and 20 mg/kg of mwCNT concentration,
respectively) resembled results from 0.5 and 5 mg/kg
of DOX-mwCNT-25. Specifically, a noticeable reduction
in liver turbidity was observed after three months,
suggesting that the accumulated CNTs had undergone
clearance by biocirculation (Figure 6C). In H&E staining,
a high amount of accumulated mwCNTs was observed
between hepatocytes after one week (Figure 6D). After
four weeks, mwCNT aggregation began undergoing
the self-clearance process. By three months, a majority
of mwCNTs were cleared and only trace amounts of
mwCNTs remained. It is worthy to note that GOT, GPT
and major cytokines (i.e., TNF-R, IL-2, IL-6 and INF-γ) of
mwCNT groups for 1, 4, and 12 weeks showed no
notable difference compared to the control group (see
Supporting Information Figure S16 for more detail).
Thus, the obtained results demonstrated self-clearance
for accumulated DOX-mwCNTs through blood-circula-
tory system as time advanced.

DISCUSSION AND CONCLUSION

Reducing drug amount for the treatment of various
tumors can substantially increase life quality of pa-
tients during chemotherapy treatment. In this regard,
authors focused on the development a low dose antic-
ancer drug by nullifying cancer resistance without co-
treatment with other drugs. Although biodistribution
of used nanoparticles induced selective deposition in
specific organs, this selective deposition of anticancer
drug by intrinsic shape of materials can be oppositely
harnessed for treatment of tumors at specific organs. In
summary, the present study discussed several original
findings. First, the designed covalently conjugated
DOX-mwCNT showed high stability in the extracellular
system. This is a critical factor in drug design, as the
attached drug on nanomaterials should remain stable
before and after reaching cancer cells, without pre-
release in blood or drug storing solvent (neutral PBS).
Second, it was observed that intaked DOX-mwCNTs
were transported by endocytosis (possibly as clathrin
or caveolae mediated endocytic pathway for nanosized
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nanoparticles as discussed by previous studies48) and
subsequently, delivered by early and late endosomes
within cancer cells. The advantage to this mode of
transportation is that it does not encounter direct drug
pumping out from cytosol51 and can increase drug
retention time through endosome�lysosome delivery,
as confirmed by high resolution images of late endo-
some and lysosome markers. Greater sizes of endo-
somes were observed after 10 h by means of small
endosome fusion, and greater size of endosomes are
assumed as early stage of endosomes since late endo-
some markers did not overlap (see Figure 5B). As
expected, themRNA and protein level ofMrp-1 expres-
sion showed constant pumping to discharge intaked
DOX-mwCNT over the initial 36 h, whereas Mrp-1

functions began diminishing after 6 h for pure DOX
samples. Lastly, burst drug release to cancer nucleus
during late endosome and lysosome (or endolysosome)
stages was identified for the first time. In this line,
maximized release of DOX-mwCNT was observed in
acidic lysozyme conditions that resemble the inner
lumen of late endosomes and lysosomes, while devel-
oped drugs were highly stable under both neutral and

acidic conditions (Figure 4J). Considering the most
abundant lysozyme density was observed in the vici-
nity of cancer nuclei, it was speculated that drug
release by cleavage of the covalent conjugation of
nanodrugs began at the vicinity of nuclei with the
abundant presence of hydrolase proteins, such as
lysozymes. Through this proposed mechanism, the
developed DOX-mwCNT can reduce the efficacious
dosage of DOX anticancer drug by 10-fold in vivo. No
remarkable liver toxicity was observed by three times
injection of DOX-mwCNT and accumulated mwCNTs
were underwent clearance over time.
The developed hybrid nanomaterials�drug system

(DOX-mwCNT) is not only compatible with DOX, but
also amenable to other types of anticancer drugs
including most drugs having amine structures, such
as epirubicin and daunorubicin. As such, the proposed
design suggests a platform technology for achieving
efficacy at low drug dosages through stable amide
bonds. The primary outcome of this study is demon-
stration of a promising avenue for reducing side effects
in patients and increasing patients' quality of life through
the use of low dose anticancer nanodrug treatment.

MATERIALS AND METHODS
Carboxylation of mwCNTs. Purified mwCNTs (900-1351, SES)

were preheated at 300 �C for 3 h to remove vapor and
contaminants and oxidized to generate carboxyl groups. To
generate carboxyl groups, 3:1 ratio of H2SO4/HNO3 solution was
sonicated with mwCNT in a water bath for 99 min and stirred
with a magnetic bar for 36 h at 50 �C. Next, the solution was
sonicated again for 15 min and filtered by mesh (100 μm),
diluted with deionized (DI) water (1:200 v/v), and filtered
(200 nm pore size PTFE, Millipore) with wash out several times
to remove any residual solvent. mwCNTs were then dried in a
vacuum oven at 60 �C overnight.

Materials Characterization. Carboxyl groups presented on the
CNT surface were visualized with high resolution field-emission
transmission electron microscopy (FE-TEM, JEM 2100F, Japan)
operating at 200 kV. The measured diameter for the mwCNT
was between 30 and 50 nm, as identified by TEM (data not
shown). All mwCNT samples were diluted in ethanol and
sonicated for 2 min before undergoing TEM procedures. Cryo-
Transmission Electron Microscopy (Cryo-TEM, F20, Tecnai) was
used to visualize covalently linked DOX onmwCNTs on a copper
grid (plasma etched before dipping DOX-mwCNT solution).
Next, prepared samples were instantly frozen in ethane and
preserved in liquid nitrogen, using a plunge freezing technique
in Vitrobot (FEI). Fourier transform infrared spectroscopy (FTIR,
VERTEX 80v, Bruker Optics) was performed to analyze carboxyl
formation on swCNTs. Samples were prepared by grinding the
CNTs in an agate mortar with KBr and subjected to 70 MPa of
applied pressure. The transparent flakes were analyzed within
the mid-infrared wavelengths (400�4000 cm�1). Quantitative
analysis of the weight amount of functionalized groups
(carboxyl) was performed by thermal gravimetric analysis
(TGA: Q50, TA Instrument). Ten milligrams of mwCNTs was
heat-treated at 60 �C for 3 h in vacuum before TGA to evaporate
residual water molecules from the surfaces. TGAwas performed
with increasing temperature at a rate of 10 �C/min and under
nitrogen flow at 100 mL/min. Particle size analysis (Zetasizer
Nano, Malvern, U.K.) was performed to determine the particle
size of DOX, mwCNT (Carboxylate), and DOX-mwCNT-25 at the
density of 10 μg/mL. The UV�visible spectroscopy (X-ma 3000,

Human Cooperation, South Korea) determined the loading
amount of DOX on mwCNTs. DOX-mwCNT in PBS was diluted
about 10�30 times to measure the absorbance peak. All
standards curves from mwCNT and DOX were used to measure
the loading amount. Tomeasure the bonding strength between
DOX and mwCNTs, luminescence spectrometer (Perkin-Elmer)
was used. Quenching ratiowas defined as the percent reduction
from pure DOX fluorescence (set to 100%) and physically mixed
(mixture by pipetting) DOX with mwCNT (set as 100%), respec-
tively. To identify the amide bonds between DOX and mwCNT,
Raman analysis (785 nm, LabRam Aramis, Horiba Jobin Yvon)
was performed to examine any surface chemical changes by
functionalization bonds.

Covalent Conjugation of DOX with mwCNTs. The carboxyl mwCNTs
were dispersed in MES buffer (50 mM, pH 5.5) by tip sonication
(Misonix 4000) with condition of 6W, with frequency of 3 s-on/3
s-off for 5 min. Next, 400 mM NHS (N-hydroxysuccinimide,
Sigma) solution in MES buffer (2-morpholinoethanesulfonic
acid, 50 mM at pH 5.5) was added to the carboxylate mwCNT
solution and stirred by vortex. This process served to increase
the coupling efficiency by 10�20-fold in cross-linkage with EDC
(1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride).
The coupling pH condition in MES buffer was set to 6.1. EDC
(300 mM in MES buffer solution, Sigma) was then added to the
solution, and the mixture was stirred for 30 min. The mixture
solution was then dispensed into filter tubes (AmiconYM-50,
Millipore), centrifuged at 3000 rpm for 10 min, and rinsed with
50 mM MES buffer at least three times. EDC linked COOH-
mwCNT solutions were then mixed with DOX (Sigma) at a
weight ratio of 1:1 in MES buffer (the pH was set to 6.1). The
mixturewas agitated at 4 �C (refrigerator) at least 24 h. TheDOX-
mwCNT-conjugated suspensions in MES were centrifuged in
AmiconYM-50 filter tubes at 3000 rpm for more than 3 times, to
remove unconjugated drugs. Last, DOX-mwCNTs were dis-
persed in PBS. To measure the concentration of DOX and
mwCNTs, UV�vis was used and adsorption analysis was per-
formed at 490 nm to evaluate the DOX and mwCNT concentra-
tion. Covalently attached DOX weight percentage on mwCNT
was determined by difference of absorbance signal intensities
between DOX-mwCNT and weight density in solutions were
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extrapolated by linear standard curves of DOX and oxidized
mwCNTs. DOXIL (Doxoves, Liposomal Doxorubicin HCl) was
purchased and diluted in PBS (pH = 7.2).

Drug Release Analysis. DOX-mwCNTs with an initial concentra-
tion of 1 μg/mL in PBS (pH 7.2) was added in acetate buffered
saline (ABS, pH 5.0) and FBS 10% (pH 7.2). The percentage of
DOX desorption was based on the total amount of initial DOX
(set to 100%). Experimental samples (PBS, ABS, and FBS 10%)
were suspended by gentle inversion and subsequently incu-
bated at 37 �C. At each time point, the sample was centrifuged
with 50 kDa ultrafilter (Millipore) with a 15 000 rpm for 15 min,
and 500 mL of supernatant was taken at 1, 2, 5, 10, 24, 48, 72,
144, and 288 h. Individual solutions of DOX-MWCNT were pre-
pared and kept at �20 �C. DOX fluorescence (emission at
590 nm; excitation at 470 nm) in the supernatant was measured
with a microplate reader (TECAN, Switzerland).

Cell Assays. MCF-7 andMDA-MB-231 (5� 103 cells/well, HTB-
22, HTB-26, ATCC) were cultured in 96-well plates with DMEM
supplemented with 10% of FBS in a humidified incubator at 37 �C
with 5% of CO2 level. After 24 h, the media was replaced with
drug-fortified (e.g., DOX and DOX-mwCNT) DMEM at 100 μL/
well. An MTT assay was performed on cell cultures after 48 h.
Briefly, cell media was replaced withMTT assay solution (1 mg/mL
concentration; 100 μL/well volume) and allowed to incubate for
1 h at 37 �C. DMSO reagent (100 μL/well) was added in each
well, and the absorbance was measured at 560 nm using a
microplate reader (#680, Bio-Rad). For in vivo concentration test
(or low concentration), distribution percentage was calculated
from the biodistribution. If the weight of mice was 20 g, 0.5 and
5 mg/kg correspond to 10 and 100 μg of drug allocation,
respectively, in tumor tissues (based on 2% allocation in tumor).

Actin and Morphology Analysis. Cells were cultured on poly-D-
lysine-coated coverslips for 48 h and fixed with 4% paraformal-
dehyde in medium overnight at 4 �C. Permeabilization was
done in PBS with 0.1% Triton X-100 for 15 min at room
temperature. After a blocking period of 2 h with 1% of bovine
serum albumin (BSA, AMRECO) in PBS, cells were incubatedwith
F-actin (1:500, Invitrogen, Carlsbad, CA) antibody overnight at
4 �C in the absence of light. After a washing step, cells
were mounted using ProLong Gold antifade reagent with
DAPI (Invitrogen) stains. Cells were visualized using fluores-
cence microscopy (Olympus, Japan) with metamorph analysis
(Olympus, Japan).

Analysis of DOX Influx and Efflux. MDA-MB-231 human breast
cancer cells were cultivated in DMEM (11885-084, GIBCO)media
supplemented with 10% heat-inactivated fetal bovine serum
(16000-044, GIBCO), 100 U/mL penicillin and 100 μg/mL strep-
tomycin (1% antibiotics) under standard cell culture conditions
(5% CO2 at 37 �C). For time-dependent DOX efflux assay, cells
were seeded at a cell density of 5 � 103 cells/cm2 on coverslips
coated with poly-D-lysine (Sigma, St. Louis, MO). For influx
analysis, MDA-MB-231 cells were pretreated with DOX-mwCNTs
and DOX at concentrations of 12.5, 25, 50, 100, and 200 ng/mL
for 2 h (influx) and cultured in unmodified media for 12 h (influx
and efflux). For efflux analysis, cells were treatedwith 100 ng/mL
of DOX after overnight incubation in normal media. After 2 h,
cells on the DOX-fortified media were washed 3 times with 1�
PBS and the solution was exchanged with regular media. After
incubation for 0, 2, 6, 12, and 24 h in regular media, cells were
fixed in 3.5% of PBS-neutral buffered paraformaldehyde (NBP)
solution for 30 min at 4 �C and washed 3 times with 1� PBS.
Samples were mounted onto slide glasses with an antifade
reagent (ProLong, Invitrogen). Cells were imaged with fluores-
cence microscopy (BX51, Olympus) and analyzed with Meta
Morph software (Olympus). DOX intensity was measured using
ImageJ 1.46r software.

Immunocytochemistry Analysis of Lysozyme, Late Endosome, and
Lysosome. Cells were cultured overnight on poly-D-lysine-coated
coverslips and were treated with 100 ng/mL of pure DOX and
DOX-mwCNT for 12 h. Cells were fixed with 4% paraformalde-
hyde in medium overnight at 4 �C. Permeabilization was
performed by PBS with 0.1% Triton X-100 for 15 min at room
temperature. After a blocking period of 2 h with 3% of bovine
serum albumin (BSA, Amresco) in PBS, cells were incubatedwith
lysozyme (1:200, ab2408, Abcam),mannose 6-phosphate receptor

(late endosome marker, 1:1000, ab2733, Abcam), and LAMP1
(lysosome marker, 1:100, ab25630, Abcam) antibodies over-
night at 4 �C in the absence of light. After they were washed
thrice with 1� PBS, cells were incubated with Alexa Fluor488
Goat Anti-Rabbit IgG (HþL) and Alexa Fluor 680 Goat Anti-
Mouse IgG (HþL) (1:200, A11008, A21057, Molecular Probes) for
1.5 h at room temperature. After the washing step, cells were
mounted and visualized using fluorescence microscopy
(Olympus, Japan) with metamorph analysis (Olympus, Japan).

Reverse Transcriptional-PCR. The mRNA expression of the hu-
man multidrug resistance-associated protein 1 (MRP-1) was
evaluated to analyze efflux by cancer cells. RNA was isolated
with Trizol reagent (Invitrogen, Carlsbad, CA). and 1 μg of RNA
was reverse transcribed for synthesis of first cDNA strand.
Synthesized cDNA was used as a template in PCR using PCR
premix (Intron, South Korea) with pairs of primers for MRP-1
(forward, 50-TCATCCTTGCTCTCTACCTC-30 ; reverse, 50-AGGTAG-
GCAGACTTCTTCAG-30 , 283 bp product) and GAPDH (forward,
50-AGCTGAACGGGAAGCTCACT-30 ; reverse, 50-TGCTTAGCCAA-
ATTCGTTG-30 , 300 bp product). PCR products were separated
on 1.5% agarose gel and visualized by ethidium bromide
staining.

Western Blot. Samples were rinsed twice with ice-cold PBS,
and total cell lysates were gathered in 200 μL of lysis buffer
(20mMTris-HCl, 120mMNaCl, 50mMHEPES, 1%Triton-X, 1mM
EDTA, 2 mM sodium orthovanadate, 1 mM DTT, 10% glycerol,
0.02 mM PMSF, 1 mg/mL leupeptin, and 1 mg/mL aprotinin).
The lysates were spun in a microcentrifuge for 20 min at 4 �C,
and the supernatant was collected. Proteins were electrophor-
esed using 8�12% SDS-PAGE, and then transferred to nitrocel-
lulose membranes. The membranes were stained with reversible
Ponceau S to ascertain equal loading of samples in the gel. MRP-
1 was assayed using anti-MRP-1 antibody (sc-7774, Santa Cruz
Biotech). Actin was determined using anti-actin antibodies (sc-
8432, Santa Cruz Biotech). Immunodetection was performed
using an enhanced chemiluminescence detection kit (34080,
Thermo Scientific).

Biodistribution of DOX and DOX-mwCNT. All animal experiments
were performed under the guidelines of the Animal Care
Committee in Gyeongsang National University (Approval
No. GLA-110920-M0038). Tumor models were established by
subcutaneous inoculation with MDA-MB-231cells (i.e., 5 � 106

cells per mouse) in the flank of female BALB/c nu/nu (athymic
nude) mice (6�8 weeks). After 14 days of MDA-MB-231 xeno-
graft, tumor-bearing mice were sacrificed for biodistribution
experiments. First, 0.2mL of DOX-mwCNT conjugates in PBS at a
concentration of 2mg/kgwas injected into the tail vein. Treated
mice were sacrificed at 30 min and at 6 h, and blood circulation
was measured (from 15 μL of blood). For the DOX extraction,
blood samples were dissolved in a lysis buffer-1 (defined by 1%
SDS, 1% Triton X-100, 40 mM Tris-acetate, 10 mM EDTA, and
10 mM DTT), and DOX measurements were performed in
accordance with previously reported protocols.26 The blood
samples in 1 mL of 0.75 M HCl in isopropyl alcohol (IPA) were
incubated at �20 �C overnight. DOX fluorescence from the
supernatant after centrifugationwith 15 000 rpm for 20minwas
measured using a fluorescence microplate reader. For DOX
measurement, organs and tissues (0.1�0.2 g wet-weight) were
homogenized in 0.5 mL of lysis buffer-2 (containing 0.25 M
sucrose, 40 mM Tris-acetate, and 10 mM EDTA) using a homo-
genizer. To quantify DOX amount, 200 μL of tissue lysate was
mixedwith 100 μL of 10% Triton X-100. After strong vortex, 1mL
of extraction solution (0.75 M HCl in IPA) was added and the
samples were incubated at �20 �C overnight. After centrifuga-
tion at 15 000 rpm for 20 min, fluorescence from the super-
natant was measured.

Mouse Tumor Xenograft. MDA-MB-231 cells were inoculated
subcutaneously in the flank of female BALB/c nu/nu (athymic
nude)mice (5� 106 cells permouse)When the tumor reached a
mean volume of 100 mm3 (approximately 14 days after
inoculation), themicewere randomly divided into seven groups
(n = 10 per group) and injected with 200 μL of 0.5 mg/kg DOX,
mwCNT, DOX-mwCNT in PBS, or pure PBS (negative control)
in the tail vein. Subjects were weighed at 2, 9, and 16 days.
Body weight and tumor sizes were measured twice a week for
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21 days, and tumor volumes were calculated by the formula:
V (volume) = X (length)� D (width)2/2. After 21 days, mice were
sacrificed and tumor weights were measured.

Histological Analysis. Tissues from the tumor and liver were
dissected and fixedwith 4% (NBP). The tissueswere treatedwith
paraffin, sectioned at a thickness of 1�5 μm, stained with H&E,
and examined by optical microscopy (Olympus). Immunohis-
tochemistry of tumor tissues was performed using the Ki-67
(Millipore, St. Charles, MO) antibody to identify proliferating
cancer cells in tumor tissues. Deparaffinized tissue slides from
tumors were placed in a solution of 3% of H2O2 for 10 min. After
a washing step with 0.05 M Tris-HCl buffered saline (T buffer,
pH7.4), slideswere incubated indilutedblocking serum for 30min.
Tumor tissues were then incubated at 4 �C overnight with Ki-67
(1:100, 5% goat serum in wet chamber). After a washing step,
slides were incubated with a secondary biotinylated antibody
(1:200). After they were washed thrice with T buffer, slides were
incubated in avidin�biotin�peroxidase complex (ABC) solution
(Vector Laboratories, Burlingame, CA) developed with 0.05%
diaminobenzidine (DAB, Sigma) containing 0.01% H2O2. Tumor
tissues were visualized using a BX51 light microscope (Olympus,
Japan) and analyzed with the program (Olympus, Japan).

Clearance Analysis. BALB/c nu/nu (athymic nude) mice in-
jected with 0.2 mL of DOX-mwCNT-25 conjugates at a dosage
of 5 mg/kg three times were sacrificed after 1, 3, and 12 weeks,
dissected, and fixed in 4% NBP. Blood samples from test groups
were analyzed for various cytokines, GOT, and GPT levels under
the supervision fromGreenCross Corp. (http://www.greencross.
com/eng/main.do, South Korea).

Statistical Analysis. The statistical differences between several
sample types were analyzed with ANOVA followed by the
Newman-Keuls' multiple comparison test. Asterisks (*, **, and ***)
indicated the significance of p values less than 0.05, 0.01, and
0.001, respectively.
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