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Multiwalled carbon nanotube aqueous dispersions using block

copolymers are able to form supramolecular complexes with

the aromatic chromophore and anticancer agent doxorubicin

via p–p stacking and enhance its cytotoxic activity.

The discovery of novel nanomaterials such as carbon nanotubes

(CNTs) capable of traversing the plasma membrane1 and

promoting the cellular uptake of small molecules and macro-

molecules (e.g. nucleic acids and peptides2,3) has offered new

opportunities for various biological applications.4 Although most

of the existing anticancer drugs are very potent small molecules,

their efficacy is constrained not only by their systemic toxicity and

narrow therapeutic window but also as a result of drug resistance

and limited cellular entry. For this reason the development of

efficient delivery systems with the ability to enhance cellular uptake

of existing potent drugs is needed. Functionalised CNTs have

shown great promise as novel delivery systems especially based on

their ability to cross biological barriers independently of the cell

type they interact with and the functional group at their surface.1

In addition, the high aspect ratio of CNTs offers great advantages

over existing delivery vectors, as the high surface area provides

multiple attachment sites for drug targeting. Pastorin et al. have

developed CNT–methotrexate conjugates via covalent linkage for

the use of CNTs as multimodal drug delivery systems.5 Though

such conjugates seem promising and are actively explored in our

laboratories, the efficiency of drug activity is dependent on the

nature of the covalent bond between the CNT and the small

molecule. As an alternative strategy, we wanted to explore the

hypothesis of any prevalent non-covalent interactions between

anticancer drug molecules and CNTs.

In this communication, we describe a previously unreported

non-covalent multiwalled nanotube (MWNT)–doxorubicin supra-

molecular complex that can be developed for cancer therapy. We

have investigated the ability of doxorubicin to interact non-

covalently with very thin, pristine MWNT 1 at various mass ratios

and evaluated their capability to kill human breast cancer cells.

Doxorubicin belongs to a clinically-used family of anthracyclines,

therefore constitutes one of the best candidates to test non-

covalent complexation with MWNTs. Moreover, doxorubicin 3 is

a fluorescent molecule with a chromophore composed of three

planar and aromatic hydroxyanthraquinonic rings that are used to

monitor its supramolecular interaction with MWNTs. MWNTs

were dispersed in water using the tri-block copolymer (Pluronic

F127) 2.

Pristine MWNTs 1 (Nanocyl1 3150) were dispersed using a 1%

Pluronic F127 2 (Sigma Ltd) solution to a final MWNT

concentration of 1 mg ml21 by bath sonication for 30 min as

previously described by others.6 Doxorubicin 3 and pluronic–

MWNT were allowed to interact by mixing equal volumes of

doxorubicin hydrochloride (20 mg ml21) with increasing MWNT

aqueous dispersion concentrations (10, 20 and 40 mg ml21). The

complexes formed contained from 0.5 6 1018 to 2 6 1018

molecules of doxorubicin per mg of MWNT. The interaction

between doxorubicin and MWNT was studied by monitoring the

emission spectrum of doxorubicin by fluorescence spectrophoto-

metry (Perkin Elmer Luminescence Spectrometer LS 50B).

As can be seen from Fig. 1, the fluorescence intensity of

doxorubicin dramatically decreased as the final concentration of

MWNT was increased from 5 to 20 mg ml21. Maximum

quenching was occurring at 0.5 6 1018 doxorubicin molecules

per mg MWNT indicating that optimum interaction between the

drug and the MWNT occurs at this mass ratio. In a control

experiment, when the same number of doxorubicin molecules were

mixed with the equivalent Pluronic F127 concentration in the

absence of MWNTs, no decrease in fluorescence intensity

compared to that of doxorubicin in water (Fig. 1) was observed,
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suggesting that no interaction was taking place between the drug

and the copolymer molecules.

The dramatic decrease in fluorescence intensity seen when

doxorubicin interacted with the MWNT can be explained by the

static quenching of doxorubicin molecules due to the p–p stacking

of its aromatic chromophore groups and the carbon nanotube

backbone. It is well known that doxorubicin exhibits a unique

fluorescence emission spectrum that is susceptible to changes in its

microenvironment.7 Interaction with MWNTs resulted in changes

in its molecular conformation leading to loss in fluorescence signal,

similar to that described when binding to human a-1 glycoprotein.7

The affinity of the doxorubicin chromophore for self- and hetero-

association with various compounds with planar aromatic ring

systems has also been shown before.8,9 Moreover, the binding and

intercalation of doxorubicin between the aromatic bases of nucleic

acids is well described, and is also shown to cause considerable

reduction in doxorubicin fluorescence intensity.7 The possibility of

electrostatic or hydrogen bond formation between the doxorubicin

molecule and the non-ionic block copolymer may also be

enhancing the interaction between doxorubicin and MWNTs,

however it is not dominant as shown in Fig. 1 when doxorubicin

interacted with block copolymer alone. This indicated that the

structure of the CNT backbone can act as a platform for the

formation of supramolecular complexes with small drug molecules,

similar to what has been described before with the aromatic bases

of nucleic acids.10

In order to study the structural characteristics of the

doxorubicin–MWNT complexes, transmission electron micro-

scopy (TEM) was used. Complexes were prepared by simple

mixing as described above, by keeping the final concentration of

MWNT constant at 0.5 mg ml21, in order to be able to image the

structure of the complexes, while the same number of doxorubicin

molecules per mg MWNT as in the fluorescence analysis were

added. Fig. 2A shows copolymer-wrapped MWNTs as well-

individualised and dispersed nanotubes, clean from any impurities,

and confirming the ability of the polymer molecules to disperse the

CNTs effectively. Doxorubicin alone showed crystal-like structures

at low magnification (Fig. 2B). Overall, the TEM images revealed

that MWNTs were strongly interacting with doxorubicin via

formation of supramolecular clusters. These MWNT–doxorubicin

clusters were very well visualised as the number of doxorubicin

molecules was decreased from 2 6 1018 to 0.5 6 1018 molecules

per mg MWNT (Fig. 2C, D, E, and F). The observed clustering

between the MWNTs and doxorubicin also correlated well with

the maximum fluorescence quenching of doxorubicin (Fig. 1).

Next we studied the cytotoxic capability of these MWNT–

doxorubicin supramolecular assemblies in in vitro cytotoxicity

studies using the MCF7 human breast cancer cells. The MTT

assay used is a well-established toxicological assay to assess cell

viability based on the activity of mitochondrial enzymes.11–14

Moreover, this assay has been used by several groups to assess the

cytotoxic response of cell cultures to carbon nanotubes.15–18 In this

assay the conversion and cleavage of the tetrazolium salt MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)

into a purple formazan product is monitored at 570 nm. This

conversion occurs by mitochondrial reductase only present in

living and metabolically active cells. The epithelial breast cancer

derived MCF-7 cells were seeded and the cell viability following

interaction for 24 h with the doxorubicin–MWNT complex (mass

Fig. 1 Normalised fluorescence intensity of MWNT–doxorubicin com-

plexes. Final concentration of doxorubicin was fixed to 10 mg ml21 while

MWNT final concentration was increased (5, 10 and 20 mg ml21) which is

equivalent to doxorubicin : MWNT mass ratios of 1 : 0.5, 1 : 1 and 1 : 2.

Fig. 2 TEM images of doxorubicin–MWNT complexes. (A) MWNTs

alone (scale bar 100 nm), (B) doxorubicin alone (scale bar 2 mm), (C) 2 6
1018, (D) 1 6 1018, (E) 0.5 6 1018 doxorubicin molecules per mg MWNT

with scale bar of 500 nm and (F) 0.5 6 1018 doxorubicin molecules per mg

MWNT at higher magnification (scale bar corresponds to 100 nm). The

final MWNT concentration was kept constant at 0.5 mg ml21.
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ratio 1 : 2) is shown in Fig. 3. There was a statistically significant

enhancement in the cytotoxic capability of the doxorubicin–

MWNT complex compared to that of the doxorubicin alone (p =

0.016724) and the equivalent pluronic–doxorubicin (p = 0.000173)

after 24 h. Interestingly, cells treated with the equivalent pluronic-

coated MWNT and pluronic alone demonstrated no difference

compared to untreated cells, exhibiting 100% cell viability. The

enhanced cytotoxicity obtained with the doxorubicin–MWNT

complex suggests that MWNTs can mediate the delivery of

doxorubicin and hence improve the cellular uptake of the drug.

Importantly, the copolymer does not seem to be contributing to

this improved cytotoxic capacity, since mixing doxorubicin with

pluronic showed no significant difference as compared to

doxorubicin alone (p = 0.493148). This correlated well with the

fluorescence spectroscopy data that indicated no complex forma-

tion between doxorubicin and the block copolymer molecules

(Fig. 1). Recently published data1 indicated that CNT may possess

an inherent capacity to interact and translocate within living cells,

however the exact contributing mechanisms are not yet fully

elucidated. In light of this, the mechanism by which the presently

reported complexes between MWNT and doxorubicin are

delivered into the breast cancer cells needs to be further

investigated.

We have demonstrated that copolymer-coated MWNT can

form non-covalent supramolecular complexes with doxorubicin.

The formation of such complexes is evidenced by a sharp decrease

in the intensity of the doxorubicin fluorescence spectrum and takes

place presumably via p–p interactions with the MWNT backbone.

We have also shown that the doxorubicin–MWNT complex

exhibits enhanced cytotoxic activity compared to both doxorubicin

alone and doxorubicin–pluronic complexes. Following submission

of this communication, another group published studies they ran

independently and simultaneously with ours also reporting

enhanced cell kill efficacy from non-covalent complexation

between lipid-coated single-walled nanotubes (SWNTs) and

doxorubicin.19 The two studies clearly corroborate each other,

indicating that both SWNTs and MWNTs seem to offer available

surface area for p–p interactions with the doxorubicin aromatic

rings, leading to enhanced cell kill efficacy. The use of carbon

nanotubes to facilitate anticancer drug delivery and improve drug

activity seems promising given the ability of CNT to cross

biological barriers.1 These observations may be a result of this

reported CNT behaviour, however more mechanistic work needs

to be carried out in order to investigate if the capabilities of CNT

to translocate into cells is also the case for the drug–MWNT

complex. Moreover, factors such as the timely and effective

intracellular release of the drug molecule from the CNT complex

that will determine the efficacy of drug action need to be studied.

These results are promising and warrant further investigation to

reveal the in vitro and in vivo cytotoxic capacity and assess the

potential of the CNT–drug complexes in cancer therapy.
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Fig. 3 The percentage cell viability of MCF-7 cells after 24 h incubation

at a final concentration of doxorubicin (Dox) 600 nM); CNT (651.5 ng

ml21); Pluronic (6.5 ng ml21) and Pluronic–Dox and CNT–Dox at CNT :

doxorubicin mass ratio of 2 : 1. Untreated cells were used as control.

Statistical significance was observed between the CNT–Dox and the {
doxorubicin (p , 0.05) and the *** Pluronic–Dox groups (p , 0.005)

respectively.
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