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Pyrenyl-functionalized distyryl-Bodipy sensitizer attached

non-covalently to SWNTs was shown to generate singlet oxygen

when excited at 660 nm with a red LED array; this work

emphasizes the potential of SWNT as a viable alternative carrier

of bioactive agents, including photodynamic therapy sensitizers.

Photodynamic therapy is a non-invasive methodology for the

treatment of malignant tumors1 and age related macular

degeneration.2 More recently, a significant cardiovascular

potential for PDT was also demonstrated.3 The treatment in

general involves systemic administration of a photosensitizer.

The sensitizer lingers longer in tumor tissues due to what is

known as enhanced permeation and retention (EPR). Then,

irradiation of the tumor tissues with preferably red light (due

to its higher tissue permeability) excites the sensitizer, which

should undergo an intersystem crossing before it excites

dissolved ground state oxygen to generate highly reactive

and (hence) cytotoxic singlet oxygen. While porphyrins are

the most commonly used PDT sensitizers, there are many

potential candidates for this role, most with impressive

characteristics, such as strong absorption of red to near IR

light, efficient generation of singlet oxygen, high chemical

stability and availability in a pure, single isomeric state. Two

classes of dyes recently added to the growing arsenal of

potentially useful PDT sensitizers are Bodipy4 derivatives

and perylenediimides.5 Bodipy derivatives are especially

interesting6 as these chromophores are easily derivatized to

suit many applications.7 Previously, it was shown that iodine

or bromine substitution on the Bodipy nucleus enhanced

intersystem crossing,8 and a few promising sensitizers for use

in photodynamic therapy have been reported in the last few

years.4a,8a

An important issue with regard to photodynamic therapy

agents is the delivery of these molecules into the organs/tumor

tissues/tissues cells. There are many strategies for drug targeting,

but a satisfactory multifunctional delivery agent is nevertheless

needed.

Single- (SWNTs) or multiwalled carbon nanotubes

(MWNTs) are one distinct possibility. Previously, it was

shown that carbon nanotubes are internalized by mammalian

cells9 through endocytosis,10 however other mechanisms may

also be operational.11 Furthermore, they are excreted from the

body rapidly and solubilized carbon nanotubes seem to have

no significant cytotoxicity.12 They can be chemically modified13

to carry active agents or targeting groups which could be

linked covalently. However, non-covalent modification14 is

even more promising, since it would be much easier to carry

out the required modifications, and multiple functionalities are

as easily placed as a single type of functionality through

non-covalent associations with the CNTs. To that end, we

chose to make use of very strong pyrene–carbon nanotube p–p
interactions reported a few years ago.15 Thus, our target

molecule (Scheme 1) carries a solubilizing group (PEG2000),

red absorbing chromophore (distyryl-Bodipy), intersystem

crossing promoter heavy atoms (iodines at 2 and 6 positions

of the Bodipy core), and two pyrene substituents on the styryl

branches of the chromophore for p-stacking interactions with

the SWNTs. The synthesis (Scheme 2) starts with reaction of

1,8-dichlorooctane with 4-hydroxybenzaldehyde in acetonitrile.

The conditions were adjusted such that mono-substitution

product (3) is the major product. Nevertheless, careful

chromatographic purification was required to separate the

desired product and any excess reactant. Pyrenyl group was

then attached by the reaction of NaH deprotonated 2-pyrenyl-

methanol with compound 3 in DMF. For the generation

and introduction of the Bodipy chromophore, a

‘‘clickable’’16 Bodipy was needed. 4-Hydroxybenzaldehyde

was reacted with propargyl bromide to yield 5. Then, the

Bodipy core was obtained by a typical Bodipy synthesis

reaction sequence.

Heavy atoms were placed by iodination with I2–HIO3 on

positions 2 and 6 of Bodipy. Then, the two fragments were

brought together by a double Knoevenagel condensation

Scheme 1 The target molecule 1, designed for non-covalent

attachment to SWNTs.
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reaction to yield distyryl modified17 compound 8. The final

click reaction step was carried out between the azido-derivatized

PEG2000 (synthesized according to the literature18) and the

terminal alkyne 8. Silica gel column chromatography very

cleanly separated unreacted azido-PEG from the intensely

green colored product 1. Mass spectrometry clearly shows

polymeric (due to PEG) peaks separated by an ethylene glycol

derived unit (approximately 44 amu). In order to bring

together the dye and carrier in the form of a non-covalent

assembly, carbon nanotubes were treated in accordance with

the literature for purification and debundling (breakdown of

aggregate structures).19 Then the sensitizer carrying pyrene

groups (1) was added at 0.5 mM concentration dissolved in

EtOH–PBS (1 : 1, v/v) mixture and sonicated for 1 h while

being cooled externally. Centrifugation (11 000 g) for 2 h

followed by filtration through a 30 kDa Millipore filter

resulted in a clear and largely colorless solution, whereas

functionalized SWNTs remained on the filter as a water

soluble intense green colored substance. The absorbance and

emission spectra, as expected, showed peaks of both Bodipy

and pyrene units (supporting informationw). The absorbance

spectra of neither pyrene nor Bodipy units were altered. This is

in accordance with previous reports.20 Pyrene emission of the

derivatized SWNTs was largely quenched in comparison to

free sensitizer 1 at the same absorbance value at 400 nm, again

a clear indication of pyrene–SWNT interaction.20,21 Atomic

force microscopy (Fig. 1) also confirmed the presence of

separated and solubilized SWNTs. The rough tube surface

indicates the presence of organic groups including relatively

large PEG groups. The generation of singlet oxygen was

monitored by the use of a selective singlet oxygen trap,

diphenylisobenzofuran (Fig. 2). The non-covalent 1–SWNT

derivative was dissolved in isopropyl alcohol, as the trap

molecule is not soluble in water. In the dark, in the presence

of 1–SWNT, no change in the absorbance of the singlet

oxygen trap was observed for 15 min.

Scheme 2 Synthesis scheme for the target molecule 1.

Fig. 1 (A) AFM image of compound 1–SWNT. (B) AFM 3D

topographic view. PSIA XE-100E AFM and Multi75AI tip were used

in non-contact mode with resonance frequency 75 kHz and force

constant 3.0 N m�1.

Fig. 2 Bleaching of 1,3-diphenylisobenzofuran (50 mM) in isopropa-

nol in the presence of SWNT-adsorbed compound 1 (62 nM). The

sample was kept in the dark for the first 15 min and then irradiated at

660 nm with a red LED array for 40 min. Absorbance was measured at

5 min intervals. There is no decrease in absorbance in the dark, but

there is a rapid degradation of the singlet oxygen trap when the

irradiation of the sample is started.
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When the red LED array was turned on, rapid degradation

started. In just 40 min, the absorbance at 412 nm decreased to

1/5 of the original value. Considering the low concentrations

(62.0 nM and 50.0 mM for the 1–SWNT and the trap

compound, respectively) and low intensity irradiation, this is

quite remarkable. In another experiment, we also showed that

under the experimental conditions of the study, the trap

molecule is not degraded by simple exposure to red light at

660 nm (Fig. 3). In conclusion, our work demonstrates that

SWNTs can be useful delivery agents for photodynamic

therapy. While a small decrease in the singlet oxygen generation

efficiency is observed, that may be a small price to pay

considering the additional benefit of non-covalent modifications

through pyrenyl–SWNT interactions; as various targeting and

signaling moieties can be brought together with equal ease on

the SWNT carrier, resulting in a multifunctional PDT agent.

Our work to that end is in progress.
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Fig. 3 Absorbance of DPBF in isopropanol at 411 nm without

compound 1, in the presence of compound 1 only, and in the presence

of compound 1 non-covalently attached to SWNT. Samples were kept

in the dark for the first 15 min and then irradiated at 660 nm for 40 min.

Absorbance was measured at 5 min intervals. Black line: solution

containing DPBF alone; red line: solution containing DPBF (50 mM)

and SWNT-adsorbed compound 1 (62 nM); blue line: solution

containing DPBF (50 mM) and compound 1 without SWNT (62 nM).
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