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Conjugating proteins onto carbon nanotubes has numerous
applications in biosensing1,2, imaging and cellular delivery3–5.
However, remotely controlling the activity of proteins in these
conjugates has never been demonstrated. Here we show that
upon near-infrared irradiation, carbon nanotubes mediate the
selective deactivation of proteins in situ by photochemical
effects. We designed nanotube –peptide conjugates to
selectively destroy the anthrax toxin, and also optically
transparent coatings that can self-clean following either visible
or near-infrared irradiation. Nanotube-assisted protein
deactivation may be broadly applicable to the selective
destruction of pathogens and cells, and will have applications
ranging from antifouling coatings to functional proteomics.

Biological systems are relatively transparent at near-infrared
(NIR) wavelengths (700–1,100 nm), so we tested whether the
ability of carbon nanotubes to absorb NIR radiation (Fig. 1a)
could provide control over the activity of adsorbed proteins. The
localized generation of heat resulting from the NIR irradiation
of nanomaterials such as nanoshells and carbon nanotubes
has previously been used to effect cell death4–6. In principle,
such a photothermal effect might also influence the activity of
proteins adsorbed onto carbon nanotubes. The irradiation
of nanotubes might also influence the activity of adsorbed proteins
photochemically. The irradiation of complexes formed by DNA-
wrapped single-walled carbon nanotubes (SWNTs) and silver ions
results in the reduction of silver ions to silver7, and the irradiation
of other nanomaterials such as fullerenes and quantum dots8–11

can result in the generation of reactive oxygen species (ROS). If
reactive species are generated upon irradiation of nanotubes, these
species might influence the activity of adsorbed proteins.

For initial experiments, we adsorbed the enzyme alcohol
dehydrogenase (ADH) onto SWNTs (Thomas Swan & Co.) from
aqueous buffer (see Methods). NIR irradiation by a continuous
wave laser resulted in a significant loss of enzymatic activity of
SWNT–ADH conjugates (Fig. 1b). In contrast, NIR irradiation of
a solution of ADH did not result in a loss of activity (Fig. 1b).
Interestingly, SWNT–ADH conjugates showed negligible loss of
activity over 60 min at 60 8C (Fig. 1b). However, for the
concentrations of SWNT–ADH conjugates used for these
experiments, NIR irradiation of a solution initially at room
temperature (�23 8C) resulted in an increase in the global
temperature of only 8 8C over 60 min (Fig. 1c). Theoretical work
by Keblinski et al.12 indicates that the local temperature rise
adjacent to an SWNT following heating by a continuous wave laser
would be negligible, and that the heating would be homogeneous

over large volumes. Consistent with these predictions, a Raman
spectroscopy-based measurement of local nanotube temperature
indicated a negligible change in temperature following irradiation
of SWNT films covered with a layer of water (see Supplementary
Information, Fig. S1). Collectively, these results indicate that a
photothermal effect—previously used for NIR-mediated cell killing
by nanomaterials—is not the basis of the reported NIR-induced
protein deactivation (Fig. 1b).

We next tested whether protein deactivation was mediated by
the photoinduced generation of free radicals. Bubbling argon
gas through the sample to decrease the amount of dissolved
oxygen significantly inhibited SWNT–ADH deactivation (Fig. 2a),
suggesting a role for photogenerated ROS. Furthermore, protein
deactivation was inhibited by 2 mM disodium terephthalate
(a hydroxyl radical quencher), 200 mM superoxide dismutase-
mimetic Mn-TBAP, and 200 mM mannitol (a quencher of both
hydroxyl radicals and superoxide anions13). However, little
inhibition of deactivation was observed in the presence of sodium
azide, a quencher of singlet oxygen, at concentrations as high as
200 mM. Similar results were obtained for conjugates of ADH
with ‘super-purified HiPco’ SWNTs (Carbon Nanotechnologies;
see Supplementary Information, Fig. S2), conjugates of SWNTs
with the protease Subtilisin Carlsberg (SC) (Fig. 2b), and
conjugates of multiwalled carbon nanotubes (MWNTs) with ADH
(Fig. 2c). Collectively, these results suggest that the nanotube-
assisted protein deactivation is mediated primarily by generated
ROS—specifically hydroxyl radicals and superoxide anions. These
ROS are known to cause protein fragmentation and amino-acid
modification14. We further validated the proposed photochemical
mechanism by confirming the generation of superoxide anions
and hydroxyl radicals following NIR irradiation of nanotubes (see
Supplementary Information, Fig. S3).

Based on these results, we propose the following model for the
photoinduced nanotube-assisted ROS generation:

CNTred �!
O2, hv

CNTox þO�†
2 ð1Þ

CNTox �!H2O or OH�

CNTred ð2Þ

Optical excitation and subsequent electron transfer to oxygen
results in the formation of a superoxide anion and an oxidized
carbon nanotube (CNTox); a similar electron-transfer-based
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mechanism has been proposed for superoxide anion generation
following the irradiation of TiO2 (ref. 15). The adsorption of
oxygen onto nanotubes in aqueous solution16,17 may facilitate the
proposed electron transfer (equation 1).

Analysis of the electron-transfer thermodynamics2 suggests that
this proposed mechanism is plausible. For the O2/O2

2. redox pair,
the half potential (compared with a normal hydrogen electrode,
NHE) is 20.33 V (ref. 18):

O2 þ e� !O�†
2 ; DG1 ¼ 7:61 kcal mol�1 ð3Þ
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Figure 2 Deactivation behaviour of nanotube–protein conjugates. Extent of

protein deactivation after 40 min and 60 min for SWNT–ADH (a), SWNT–SC (b) and

MWNT–ADH (c) conjugates in the absence of quenchers (black), after bubbling with

argon (white), and in the presence of 2 mM disodium terephthalate (grey), 200mM

Mn-TBAP (diagonal stripes), 200 mM mannitol (horizontal stripes) and 200 mM

sodium azide (vertical stripes). Error bars represent standard deviations from

triplicate measurements.
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Figure 1 Behaviour of nanotube and nanotube–protein conjugates after NIR

irradiation. a, Visible-NIR absorption spectrum of (1) surfactant-solubilized

‘super-purified’ HiPco SWNTs, (2) surfactant-solubilized SWNTs and (3) oxidized

MWNTs. b, Protein activity of SWNT–ADH conjugates (filled triangles) and native

ADH (open squares) upon NIR irradiation at room temperature, and SWNT–ADH

conjugates at 60 88888C in the absence of NIR irradiation (open circles). c, Irradiating

a solution of SWNT–ADH with NIR at room temperature (�23 88888C) results in

global heating. The change in temperature (DT) is shown for SWNT

concentrations of 1, 0.5, 0.2 and 0.1 mg ml21 (from top to bottom), and without

SWNTs (the bottom-most curve). The asterisk indicates the data for SWNT

concentrations used for the NIR irradiation experiments. Error bars represent the

standard deviations from triplicate measurements.
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Similarly, the potential ESWNT (versus NHE) for the one electron
withdrawal from a nanotube ranges from 20.25 to 20.003 V for
semiconducting nanotubes2,19:

CNTred !CNTox þ e�; DG2 ¼ 0:07�5:76 kcal mol�1 ð4Þ

The free energy change for the withdrawal of an electron from the
nanotube surface by an oxygen molecule (equation 1) therefore
ranges from 7.68 to 13.37 kcal mol21:

DG ¼ DG1 þ DG2 ¼ 7:68�13:37 kcal mol�1 ð5Þ

For irradiation at 975.5 nm, the energy of the incident photons
(�1.26 eV per photon or 29.17 kcal mol21) would therefore be
sufficient to induce this electron transfer.

Reduction of the oxidized carbon nanotube by water or
hydroxide ions would complete the cycle7,20. Hydroxyl radicals
may be generated from water or hydroxide ions during this
process (equation 2), or possibly from photogenerated
superoxide anions by means of the following series of reactions15,18:

O�†
2 þ 2Hþ þ e� �! H2O2 ð6Þ

H2O2 þHþ þ e� �! OH† þH2O ð7Þ

The half potentials (versus NHE) for the O2
2†/H2O2 and

H2O2/OH† redox pairs are 0.94 V and 0.46 V, respectively18, and
these reactions are feasible.

The unique properties of carbon nanotubes enable nanotube-
assisted protein deactivation to be exploited in several contexts.
Our first demonstration uses polyvalent interactions. We reasoned
that polyvalent carbon nanotubes21,22, presenting multiple copies
of a suitable ligand, could be used for the selective high-affinity
binding and NIR radiation-assisted destruction of anthrax toxin
(Fig. 3). It is the anthrax toxin that is responsible for the major
symptoms and death in anthrax. We therefore functionalized
MWNTs with the peptide HTSTYWWLDGAPC, which binds to
the heptameric receptor-binding subunit of anthrax toxin
([PA63]7) (ref. 23). Peptide-functionalized MWNTs were added to
a solution containing a 1:1 mixture of [PA63]7 and ADH, exposed
to NIR radiation, and the amount of PA63 and ADH was
characterized using SDS-polyacrylamide gel electrophoresis

(SDS-PAGE). The amount of PA63 decreased with increasing time
of NIR exposure, but no significant change was seen in the
amount of ADH (lanes 3–6, Fig. 4a), indicating the selective
destruction of the target protein. Little or no decrease in the
amount of PA63 or ADH was seen for samples irradiated in the
presence of mannitol (lane 7) or using control thioglycerol-
functionalized MWNTs (lane 8). This selective destruction
strategy should be broadly applicable for the neutralization of
pathogens and toxins in vitro (for example, for the
decontamination of biopharmaceuticals or of blood during
haemodialysis) and potentially even in vivo. Selective protein
deactivation may also be useful in functional proteomics, by
helping elucidate protein function.

We also exploited the photoinduced ROS generation in
conjunction with the ability of nanotubes to form ultrathin,
flexible and transparent films24 to fabricate self-cleaning25 films
(for example, films that eliminate protein fouling). Protein
fouling is a significant problem, as it can mediate bacterial
attachment to surfaces and biofilm formation. We fabricated
optically transparent nanotube films (Fig. 4b) (see Methods),
exposed them to a 1 mg ml21 solution of bovine serum albumin
(BSA), and then to NIR radiation. As seen in Fig. 4c, NIR
irradiation resulted in removal of adsorbed protein (lane 6).
Similar self-cleaning properties were observed (lane 8) following
exposure to visible light from a fluorescent bulb whose output
spectrum mimics daylight (see Methods). No significant decrease

Oxidized
MWNTs

Peptide
functionalized

MWNTs

1, 2, 3 4

MWNT – heptamer
complex in the

presence of ADH

Heptamer

ADH

Figure 3 Functionalizing carbon nanotubes with peptides that recognize

anthrax toxin. Oxidized MWNT is treated with (1) mono-N-t-boc-amido-dPEG11-

amine, (2) chloroacetic anhydride and (3) peptide (Ac-HTSTYWWLDGAPC-amide)

that binds to the heptamer, [PA63]7 , in anthrax toxin, and subsequently added to

a mixture of heptamer and ADH (4). 67 kDa

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8 9

63 kDa

35 kDa 

Figure 4 Applications of nanotube-assisted protein deactivation.

a, Peptide-functionalized MWNTs in selective destruction of anthrax toxin.

SDS-PAGE of heptamer [PA63]7 (lane 1); ADH (lane 2); a mixture of

MWNT–peptide conjugates, [PA63]7 and ADH exposed to NIR radiation for 0 min

(lane 3), 40 min (lane 4), 80 min (lane 5), 120 min (lane 6) and 120 min with

mannitol (lane 7); and a mixture of control thioglycerol-functionalized MWNTs,

[PA63]7 and ADH exposed to NIR radiation for 120 min (lane 8). b, Optical

micrograph of a transparent nanotube film. Text lies beneath the film. c,

Transparent nanotube films are self-cleaning after NIR or visible irradiation.

SDS-PAGE shows BSA at 10, 20, 50 and 100 ng (lanes 1–4); residual protein

adsorbed onto nanotube film after incubation with 1 mg ml21 BSA for 30 min

and exposure to neither NIR nor visible radiation (lane 5), NIR radiation for 4 h in

the absence (lane 6) and presence (lane 7) of mannitol; exposure to visible light

for 2 h in the absence (lane 8) and presence (lane 9) of mannitol.
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in the extent of protein adsorption was observed in the presence of
mannitol following either NIR (lane 7) or visible (lane 9)
irradiation. Characterization by X-ray photoelectron
spectroscopy, transmission electron microscopy and experiments
using C14-labelled BSA confirmed the ability to remove adsorbed
protein from the films by irradiation (see Supplementary
Information, Figs S4, S5 and S6, respectively). Similar self-
cleaning behaviour was observed in situ when the nanotube film
was exposed to a solution of BSA in the presence of light from a
fluorescent bulb (see Supplementary Information, Fig. S7).
Nanotube-assisted free radical generation should represent a
general strategy to eliminate surface fouling.

In summary, this study provides mechanistic insight into an
interesting new phenomenon—nanotube-assisted protein
deactivation. The unique properties of carbon nanotubes
facilitate applications of this phenomenon. In particular,
nanotubes serve as attractive scaffolds for the polyvalent display
of ligands, thereby enabling them to recognize pathogens or cells
selectively and with high affinity. The approach that we have
applied for the selective degradation of a component of anthrax
toxin may be broadly applicable for the targeted destruction of a
variety of pathogens and toxins. The nanotube-mediated
generation of ROS following NIR irradiation may also represent
an exciting approach for the targeted destruction of cells (for
example, tumour cells), which is complementary to previously
reported photothermal approaches4. Furthermore, the ability to
generate stable ultrathin nanotube coatings that are optically
transparent and self-clean on exposure to even visible light would
be particularly advantageous for numerous indoor and outdoor
applications. Nanotube-assisted deactivation therefore represents
a general and facile strategy for the targeted destruction of
proteins, pathogens and cells, with applications ranging from
antifouling coatings to proteomics and novel therapeutics.

METHODS

FUNCTIONALIZING NANOTUBES

Enzymes were adsorbed onto SWNTs (Elicarb SW, Thomas Swan & Co.) as
described previously26. To attach enzymes to MWNTs, 100 mg of the as-received
MWNTs (diameter 20–40 nm) (Cheap Tubes) were first ‘cut’ and oxidized by
sonicating in 400 ml of a mixture of concentrated sulphuric and nitric acids (3:1)
for 3 h. The suspension was washed with milliQ water several times by filtering
through a 0.8 mm polycarbonate membrane (Millipore). Nanotubes were
lyophilized and stored as a dry powder, which could be re-solubilized in water
with �2 min sonication. Iron and nickel were not detected when the oxidized
MWNTs were characterized by X-ray photoelectron spectroscopy (Anderson
materials evaluation); the detection limits for iron and nickel were 0.09 wt% and
0.05 wt%, respectively. Enzymes were attached to the oxidized MWNTs using
carbodiimide chemistry as described previously27.

To attach the [PA63]7-binding peptide, mono-N-t-boc-amido-dPEG11-
amine (Quanta Biodesign) was first attached to oxidized MWNTs using
carbodiimide chemistry27. Following removal of the t-boc-protecting group by
treatment with a mixture of HCl and 1,3-dioxane (1:3), the resulting free amines
were chloroacetylated by reaction overnight with a mixture of chloroacetic
anhydride and triethylamine. The nanotubes were recovered by filtration,
re-suspended in water, and lyophilized. To attach the peptide, 2 mg of these
nanotubes were sonicated in 2 ml of anhydrous N,N-dimethylformamide for
10 min. Then, 3 mg of the peptide Ac-HTSTYWWLDGAPC-amide (Genemed
Synthesis) and 2 ml triethylamine were added to the solution and allowed to react
overnight. Unreacted chloroacetyl groups were quenched with thioglycerol.
The peptide-functionalized nanotubes were characterized by nuclear magnetic
resonance (NMR) spectroscopy. Control thioglycerol-functionalized nanotubes
were synthesized by adding thioglycerol instead of the peptide.

NIR IRRADIATION AND DETERMINING ENZYME ACTIVITY

To test the effect of NIR irradiation on the activity of nanotube–enzyme
conjugates, a solution of the conjugates (in the absence or presence of quenchers
of ROS) was transferred to a quartz cuvette and exposed to radiation from a

fibre-coupled diode laser (centre wavelength ¼ 975.5 nm, operated at power 1 W
out of the fibre, laser manufactured by Spectra-Physics). The distance between
the focusing lens and cuvette was adjusted to allow for a spot size of �1 cm
diameter. While irradiating the conjugates, aliquots were removed periodically,
and enzyme activity was determined using assays based on ethanol oxidation for
ADH and substrate cleavage for SC (Sigma). ADH (Sigma) catalyses the
oxidation of ethanol to acetaldehyde in the presence of b-nicotinamide adenine
dinucleotide (NAD), which is reduced to NADH and can be detected at 340 nm.
SC catalyses the hydrolytic cleavage of the substrate, N-succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide (Sigma), releasing the chromophore p-nitroaniline, which
absorbs at 405 nm. Activity was determined by measuring the increase in
absorbance of the reaction mixture at the appropriate wavelength (340 or
405 nm) as a function of time.

MAKING TRANSPARENT NANOTUBE FILMS

The transparent films were fabricated as described previously24. Briefly, 0.04 mg
of oxidized MWNTs were sonicated in 20 ml of 1% sodium dodecyl sulphate
(SDS) solution for 30 min. The solution was filtered through a 0.45 mm mixed
cellulose ester membrane (Millipore) and the surfactant washed away with
deionized water. The nanotube film was dried under vacuum for 30 min. The
membrane was dissolved away in acetone24, and the film was transferred onto a
glass cover slip, dried for 30 min in air, and peeled off to give a free-standing
transparent film.

CHARACTERIZING SELF-CLEANING OF FILMS BY GEL ELECTROPHORESIS

The removal of adsorbed protein by irradiation of the nanotube films was
confirmed by SDS-PAGE. Transparent carbon nanotube films were formed as
described above. The films were incubated with a 1 mg ml21 solution of BSA in
deionized water for 30 min. Excess unadsorbed BSA was removed by washing the
films with deionized water. The films were then irradiated with NIR or visible
light for different intervals of time. NIR irradiation was carried out by exposure
to radiation from a fibre-coupled diode laser in a quartz cuvette as previously
described. Visible light irradiation experiments were carried out using a 350 W
compact fluorescent bulb (SL85/65K, Sunlite), which had an output spectrum
designed to mimic daylight. After adsorption of BSA, the nanotube films were
incubated in water in the presence or absence of 200 mM mannitol, at a distance
of �10 cm from the light source for the prescribed amount of time. To ensure
minimal heating of the solution, the samples were incubated in an ice bath.

For SDS-PAGE analysis, the protein adsorbed on the film was extracted
using 200 ml of a 2% aqueous SDS solution. Then, 20 ml of the SDS extract was
loaded onto a pre-cast 4–12% tris-glycine polyacrylamide gel (Invitrogen), and
electrophoresis was performed. The protein was detected by silver staining.
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