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CONS P EC TU S

I ntegrating carbon nanotubes (CNTs) with biological systems to form
hybrid functional assemblies is an innovative research area with great

promise for medical, nanotechnology, and materials science applications.
The specifics of molecular recognition and catalytic activity of proteins
combined with the mechanical and electronic properties of CNTs provides
opportunities for physicists, chemists, biologists, and materials scientists
to understand and develop new nanomachines, sensors, or any of a
number of other molecular assemblies. Researchers know relatively little
about the structure, function, and spatial orientation of proteins non-
covalently adsorbed on CNTs, yet because the interaction of CNTs with
proteins depends strongly on the tridimensional structure of the proteins,
many of these questions can be answered in simple terms.

In this Account, we describe recent research investigating the proper-
ties of CNT/protein hybrids. Proteins act to solvate CNTs and may sort
them according to diameter or chirality. In turn, CNTs can support and immobilize enzymes, creating functional materials.
Additional applications include proteins that assemble ordered hierarchical objects containing CNTs, and CNTs that act as
protein carriers for vaccines, for example. Protein/CNT hybrids can form bioscaffolds and can serve as therapeutic and
imaging materials.

Proteins can detect CNTs or coat them to make them biocompatible. One of the more challenging applications for protein/CNT
hybrids is to make CNT substrates for cell growth and neural interfacing applications. The challenge arises from the structures'
interactions with living cells, which poses questions surrounding the (nano)toxicology of CNTs and whether and how CNTs can
detect biological processes or sense them as they occur.

The surface chemistry of CNTs and proteins, including interactions such as π�π stacking interactions, hydrophobic
interactions, surfactant-like interactions, and charge�π interactions, governs the wealth of structures, processes, and functions
that appear when such different types of molecules interact. Each residue stars in one of two main roles, and understanding which
residues are best suited for which type of interaction can lead to the design of new hybrids. Nonlocally, the peptide or protein
primary, secondary, and tertiary structures govern the binding of proteins by CNTs.

The conjugation of proteins with CNTs presents some serious difficulties both experimentally and culturally (such as bridging
the “jargon barrier” across disciplines). The intersection of these fields lies between communities characterized by distinctly
different approaches and methodologies. However, the examples of this Account illustrate that when this barrier is overcome, the
exploitation of hybrid CNT�protein systems offers great potential.

Introduction
The conjugation of proteins with carbon nanotubes, CNTs,

poses some serious difficulties both of experimental and of

cultural nature. The two fields are often characterized by

approaches and methodologies that are so distinctly differ-

ent to make them akin to the devil, on the one side, and

holy water, on the other side. It is not for authors to tell

which iswhich. One can only draw the attention to the great

potential for applications of merging proteins and CNTs.

This Account illustrates some opportunities for the exploita-

tion of these hybrid CNT�protein systems in nanotechnol-

ogy, biology, medicine, and bioelectronics.
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How Proteins and CNTs Interact
“Similis similia solvuntur” is an old Latin saying that means

“similar dissolves similar”. Proteins and CNTs are hardly

similar. CNTs are geometrically simple objects made only

of carbon atoms arranged in rigid cylinders. Proteins are

truly “soft materials” that display an incredible variety of

shapes and sizes. The driving forces for protein adsorption

onto CNTs' surface are van der Waals (vdW) and hydropho-

bic interactions.1�7 It is, in principle, possible to devise a

strategy to develop anoptimal peptide sequence to bind to a

CNT. An interesting approachwas based on randompeptide

libraries, such as phage display libraries.1�3 The sequences

that were identified suggested specific roles for individual

amino acids in the direct peptide or protein interaction with

CNTs.1�3

Surface Chemistry of CNTs and Proteins
Control Their Binding
Four types of interactions control the binding of proteins to

CNTs: (i) The vdW interaction, for a pair of atoms, is weak.

However, the large number of protein�CNT contacts makes

the total vdW force dominant. To assess the size of the

interaction of residues with CNTs, it is possible to use the

refractive index of the individual amino acids8 (Figure 1a).

Refraction is a function of polarizability, which is related to

the vdW interaction. Unsurprisingly, aromatic residues show

the highest values. Formation of π�π stacks between these

residues and the surface of the CNT play themost important

role in the protein/CNT binding.1,4�7,9 Experimentally, pro-

tein adsorption onto CNTs improves with the increase of the

content of aromatic residues in the protein sequence.1,7,9

Among the aromatic amino acids, tryptophan possesses the

highest affinity for CNTs, followed by tyrosine, phenylala-

nine, and histidine.10 Remarkably, there is a direct correla-

tion between the polarizability and the binding strength of

these amino acids. (ii) Hydrophobic interactions are another

important contribution to protein�CNT interaction. Hydro-

phobicity originates from excluding the ordered water mo-

lecules from a nonpolar surface. Hydrophobic interactions

tend to minimize the area of the nonpolar surface by

clustering hydrophobic groups to avoid exposure to hydro-

philic media. Amino acids with a hydrophobic side chain

tend to bind to the hydrophobic surface of the CNT reducing

the interfacial energy with the water interface (hydrophobic

effect). It is possible to measure the hydrophobicity of

individual amino acids and the tendency to bind to the

CNT surface using the Wimley�White whole residue hy-

drophobicity scale (Figure 1b).11 Other than the aromatic

amino acids, aliphatic residues such as leucine, isoleucine,

methionine, and valine play a major role in hydrophobic

interactions.4�6 (iii) Amphiphilicity can also come into play.

Experimentally some peptides whose residues are mostly

hydrophilic can also strongly bind onto the CNTs.2 MD

simulations revealed that polar residues such as gluta-

mine, asparagine, aspartic acid, glutamic acid, arginine,

and lysine may provide significant contributions to the

binding of proteins onto CNTs.4�6 Inspection of their

binding mode shows that the hydrophobic aliphatic

chains of these residues interact with the tube, whereas

the hydrophilic groups point out towardwater, (in analogy

to the hydrophilic head of a surfactant)4�6 generat-

ing what were defined as surfactant-like interactions.6,12

Amphiphilic residues behave similarly to surfactants in the

binding to CNTs.4,6,12 (iv) Electrostatic interactions are

quantitatively smaller than the previous ones but can

alter significantly the electronic properties of CNTs.13,14

Positively charged residues (arginine and lysine, in

particular) can interact with the CNT via the classic

cation�π interactions.13�16 When a net charge is not

present in the residue, a charge-transfer mechanism

may still occur, for example, during physisorption of

FIGURE 1. (A) Refractive indices8 and (B) Wimley�White octanol
hydrophobic scale11 as a measure of the tendency of amino acids to
interact with CNTs.
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aminic and amidic residues.13 Although the amount of

interaction is relatively small and can be reduced by the

presence of counterions, the effect clearly appears when

considering either the enrichment of metallic tubes in

solution15 or the gating effect by protein binding on

semiconducting CNTs.16

Protein Binding by CNTs Is Governed by the
Primary, Secondary, and Tertiary Structures
of the Peptide or Protein
The presence of amino acids with a strong tendency to bind

CNTs does not suffice to guarantee binding of peptides or

proteins to CNTs. Proteins with similar contents of residues

bind CNTs differently.1�3,17 The presence of amphiphilicity

in peptides or proteins is a prerequisite to disperse CNTs

efficiently.18 Screening of peptides demonstrated that only

amphiphilic peptides with hydrophobic residues at the cen-

ter or at one end of the sequence form stable dispersions of

peptide/CNT conjugates.19 The effect leverages the surfac-

tant-like properties of the peptide. Proteins with similar

percentages of hydrophobic, aromatic, and polar residues

show different binding behaviors.7,20 The reason is their

different three-dimensional arrangement. The higher the

content of interacting residues on the surface of the protein

(and their clustering), the higher is the strength of protein

binding to CNTs.7,20 Recently, we highlighted the role of

shape complementarity as the discriminating factor to con-

trol binding between nano-objects and proteins.6,22 By

measurement of shape complementarity22 or the variation

of the solvent accessible surface area4,7 during the binding

process, it is possible to estimate the total interaction energy

between a protein and a CNT.

CNT�Protein Interaction in Nanotechnology
Dispersion of CNTs by Proteins. Formation of stable

dispersions of debundled nanotubes is one of the most

important prerequisites for the technological exploitation

of CNTs.23 Different techniques were employed to obtain

debundled nanotubes: mechanical approaches, chemical

functionalization of the CNT surface, and noncovalent

approaches.23 The noncovalent approaches are attractive

because they preserves the most sought after properties of

CNTs, while improving their dispersibility.23 Amphiphilic

molecules, surfactants, synthetic polymers, biopolymers,

DNA, and short peptides were used to disperse CNTs.23 In

recent years, also proteins have become widely used as

CNT-dispersing agents.15,17,24,25 Proteins are naturally am-

phiphilic. Taking advantage of this feature may avoid

complicated synthetic procedures or the use of organic

solvents. Most proteins are also pH-responsive, which is an

advantage for system manipulation.25 Steric hindrance and

electrostastic repulsion are two of the major mechanisms

active in the dispersion of CNTs in protein solutions. The

attractive van der Waals interactions between individual

CNTs are short ranged and, within 5 nm of intertube dis-

tance, become less than 1kBT. If the radius of a protein

adsorbed on the surface of a CNT is greater than 2.5 nm

(as, for example, in the case of bovine serum albumin), the

steric interaction suffices to provide a barrier to prevent CNT

aggregation.15 Alternatively, if the radius of a protein is

smaller than 2.5 nm, it does not provide sufficient steric

repulsion between adjacent CNTs to impart stabilization. A

different mechanism can be invoked. Lysozyme, for in-

stance, has a radius of gyration of 1.43 nm but efficiently

disperses CNTs.25 At pH values different from the isoelectric

point (IEP), the charge distribution on the atoms of lysozyme

makes the protein-stabilized CNTs repel each other.25

Around the IEP, lysozyme becomes nearly neutral, which

results in an attraction between the adducts and subsequent

flocculation of the system.25 Considering the enormous

variety of existing proteins and the further possibility to

design them, there is plenty of room for finding new ways

of dispersing nanotubes under every possible condition.

Sorting CNTs. Protocols were developed to sort CNTs

according to electronic properties, diameter, or chirality.26

Thesemethodologies are effective but have some important

shortcomings, such as complex separation processes, spe-

cial equipment requirements, and difficulties for achieving

mass production.7

The preference of proteins for binding to metallic CNTs

was demonstrated and explained by the tendency of

charged residues to adsorb more strongly on metals.13,15

Cyclic peptides with controllable pore diameters were

synthesized to recognize different-diameter CNTs.27,28

Lysozyme was shown to bind preferentially and to disperse

CNTs with larger diameters, which, in turn, realized an

efficient large-scale fractionalization and enrichment of

large diameter CNTs, Figure 2.29 It also allowed removal of

SWNTs impurities fromDWCNT�SWCNTmixtures.29 A chir-

ality-preferential dispersion of CNTs by phage-displayed

peptides was obtained with enrichment of specific (n, m)

tubes.3

CNTs as Support for Enzyme Immobilization. The high

surface area of CNTs makes them ideal candidates to sup-

port enzymes.30,31 These protein�CNT conjugates possess

properties of soluble and immobilized enzymes, which
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confer them useful attributes such as low mass transfer

resistance, high activity and stability, and reusability.30,31

In these systems, control of protein spatial orientation is

achievable. The active site of the protein should be located

away from the interaction area of the protein with the CNT

as in lysozyme�CNT adducts where the protein remains

active.6 In contrast, adsorbed R-chymotrypsin retains only

1% of its native activity, because CNTs bind to the catalytic

site, Figure 3.30 Remarkably, conjugation of proteins with

CNTs can increase both protein stability and activity,31 even

in strongly denaturing environments (high temperatures or

organic solvents) to an extent greater than conventional flat

supports.31

CNT�Enzyme Hybrids as Functional Materials. Highly

active and stable polymer�nanotube�enzyme composites

were prepared. Coatings with antimicrobial properties,32

decontaminating microbicidal and sporicidal surfaces,33

and self-cleaning and active antifouling films or paints34

were realized. In these composites, enzymes both disperse

CNTs in the matrix and perform their natural catalytic

activity, while CNTs both support the enzyme in the poly-

meric matrices and improve the mechanical properties of

the material.32�34

Proteins Assemble Ordered Hierarchical Objects. Pro-

teins can integrate nanoscale objects in an ordered and

hierarchical manner. Amphiphilic R-helical peptides were

designed to control assembly of peptide-coated nanotubes

into supramolecular structures.18 Size and morphology of

fibers was controlled bymanipulating the solutions to affect

peptide�peptide interactions.18 Hierarchically controlled

functionalization of the nanotube sidewalls with different

nanoparticles (NPs) was also obtained by using proteins.21,35

Hydrophobins, small and amphiphilic adhesion proteins

found in filamentous fungi, were used for controlled func-

tionalization of CNTs.35 Self-assembly of CNTs and gold NPs,

mediated by proteins, formed hybrid structures, where the

one-dimensional regular array had a spacing of 2.6 nm,

which implied a regular protein organization on the CNT

sidewalls.35 Peptide sequences were designed that organize

themselves into a tubular structure surrounding the CNTs.21

The geometrically defined, virus-like coating created by

these peptides converts the smooth surfaces of CNTs into

richly textured, multilayered surfaces with long-range order,

FIGURE 2. (a, b) Diameter-selective dispersion of CNTs by cyclic peptides. Adapted with permission from ref 28. Copyright 2010 American Chemical
Society. (c, d) Chiral recognition of (7,6) CNTs by peptide HSNWRVPSPWQL. Adapted with permission from ref 3. Copyright 2012 The Royal
Society of Chemistry. (e) Molecular tweezer recognition by lysozyme of a (10,10) CNT.

FIGURE 3. Interaction between (10,10) CNT and lysozyme (a, b) or
R-chymotrypsin (c, d). In red are the catalytic residues of the proteins.



2458 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2454–2463 ’ 2013 ’ Vol. 46, No. 11

The Devil and Holy Water: Protein and CNT Hybrids Calvaresi and Zerbetto

capable of directing the assembly of gold nanoparticles into

helical arrays along the CNT axis, Figure 4.21

CNT�Protein Interaction in Biology and
Medicine

Targeted Carriers for Therapeutic and Imaging Mate-

rials. CNTs' ability to pass cellular membranes can allow

them to shuttle cargoes from the extracellular matrix

into the cells36,37 with great potential for drug delivery

applications.38�40 Among the pharmaceutically relevant

entities that can be loaded inside CNTs are anticancer agents

and antibiotics, genes encoding sequences for gene ther-

apy (plasmid DNA, DNA, RNA), and small interfering RNA

(siRNA) for RNA interference (RNAi) therapy.38�40 CNTs

can transport into cells also proteins,41 adsorbed on the

sidewalls or in their interior, and become agents of im-

proved delivery efficiency or increased protein stability

against proteases.

CNTs themselves are usable in cancer therapies including

photothermal therapy, photoacoustic therapy, and radio-

frequency ablation.38�40 CNTs also show promise against a

variety of pathogens for their strong antimicrobial activity.42

Nonspecific cell targeting of CNTs remains a barrier to

delivery applications. The CNT surface can be decorated

with proteins or antibodies.15,24,25 Besides enhancing CNT

dispersibility in aqueous solutions, biomolecules provide

appropriate selectivity either toward a loaded material or

for the CNTs toward a therapeutic target.38�40,43

Tumor-cell targeting CNT constructs were synthesized by

coating CNTs withmonoclonal antibodies, with the intent of

delivering CNTs selectively to specific cellular sites.43 Anti-

body-coated nanotubes attached themselves to the surface

of the lymphoma cells. Upon exposure to near-infrared light,

the tubes heated up and killed the cells, Figure 5. In a control

group, with nanotubes coated by a different antibody, bind-

ing did not occur, and tumor cells were unharmed.43

CNTs can load in their hollow interior a variety of cargoes,

including materials of medical interest for diagnostic such

as Fe2O3 nanoparticles or Gd3þ ions for magnetic reso-

nance imaging (MRI), I2 molecules for X-ray computed

tomography (CT) imaging, and radionuclides (86Y, 211At,

and 225Ac) for emission tomography (PET and SPECT) or

FIGURE 4. (a) Crystal structure of de novo designed helical assembly protein HexCoil-Ala (PDB 3S0R). (b) Model structure of HexCoil-Gly with a (3,8)
CNT. (c) Crystal structure of the native inner ring of helices of a domain-swapped helical protein called DSD (PDB 1G6U). (d) Model of DSD-Ala with a
(3,8) SWNT. (e) Computationalmodel of gold nanoparticles grownon cysteine-modifiedDSD-Gly hexamerswrapped around individual CNT complex.
Adapted with permission from ref 21. Copyright 2011 American Association for the Advancement of Science.

FIGURE 5. Tumor-cell targeting CNT constructs carrying drugs or
imaging materials synthesized by coating CNTs with monoclonal
antibodies.
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R-radioimmunotherapy.38,39,44 The optical properties of

CNTs may enable the development of new cell-specific

diagnostic techniques based on near-infrared fluorescence,

photoacoustics, and Raman imaging.38,39,44 These hybrid

constructs can provide the basis for theranostics, offering a

platform for the development of candidates for simulta-

neous diagnosis and targeted delivery to specific sites in

the body.

Immunization with Biofunctionalized CNT. CNTs are

good multipresentation systems. They are able to present

peptides attached to their surface with the correct confor-

mation for recognition without perturbing the secondary

structure of the peptide.45,46 Peptide antigens are poorly

immunogenic, and conjugation to protein carriers is usually

necessary to improve antibody production. Protein carriers

are intrinsically immunogenic, and the antibodies gener-

ated by them present low specificity. Decoration of CNTs

with B and T cell peptide epitopes generated a multivalent

system that induced strong immune responses.45,46

The resulting antibodies neutralized viruses, demonstrat-

ing the potential of CNTs as components for synthetic

vaccines.45,46

Protein/CNT Hybrid Bioscaffold. CNTs can be incorpo-

rated in proteic bioscaffolds, providing structural reinforce-

ment aswell as imparting novel properties, such as electrical

conductivity,38,47 in tissue engineering. Using CNTs for op-

tical, magnetic resonance, and radiotracer contrast agents

could provide better means for evaluating tissue formation.

In addition, monitoring and altering intra- and intercellular

processes with CNTs would be useful for designing im-

proved engineered tissues.38,47,48

CNT as Substrates for Cell Growth and Neural Interfa-

cing Applications. CNTs functionalized with cell adhesion

peptides or proteins are promising candidates for next

generation cell-growth substrates since they support

cell adhesion, growth, and differentiation.38,47,49 Func-

tionalization of CNTs with extracellular matrix (ECM)

proteins,38,47,49,50 such as fibronectin or collagen,38,47,49,50

produce effective platforms to control cell adhesion.38,47,49,50

The adhesion sites of fibronectin�CNT hybrids induce selec-

tive cell growth. Fibronectinmaintains its native structure and

high activity on CNTs.50 ECM proteins have a crucial role in

cell�CNT interactions and provide an efficient strategy to

control their growth.38,47,49,50 Chemical and electrical proper-

ties of CNTs can guide and sense cell growth.38,47,50

In neuroscience, laminin-coated CNTs are substrates

compatible with neurons and favor neuronal adhesion

and neuron survival and growth. They also support neurite

elongation.51 These hybrids can serve as an extracellular

scaffold to guide directed axonal growth.51 They also have

potential as nerve conduits in nerve tissue engineering and

neuronal implants, Figure 6.52,53

Proteins That Detect CNTs. Erlanger and co-workers

generated IgG antibodies in mice that bind specifically to

C60.
54 The samemonoclonal antibody recognizes and binds

specifically to CNTs.55 X-ray crystallography of its Fab frag-

ment showed that the binding cavity is a cluster of hy-

drophobic residues.54 An induced fit mechanism binds full-

erenes and explains how CNTs are recognized, Figure 7.55

CNTs have a curved, hydrophobic, π-electron-rich surface

analogous to that of C60; the hydrophobic binding site of the

antibody is sufficiently flexible to recognize both.54 C60
antibodies on CNTs were directly imaged immunologically

and by AFM.55 Standard immunological techniques can be

used in conjunction with these monoclonal antibodies to

FIGURE 6. (a) Fibronectin�carbon nanotube (CNT) hybrid
nanostructures to control the adhesion and growth of cells. Adapted
with permission from ref 50. Copyright 2011 Wiley. (b) Scanning
electron micrograph of a neuron (pseudocolored in blue) growing on a
carbon nanotube layer. Adaptedwith permission from ref 53. Copyright
2009 Nature Publishing Group.

FIGURE 7. Dockingmodels of the Fab fragment of the C60 antifullerene
antibody (PDB 1EMT) interacting with (a) C60 and (b) (10,10) CNT.
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detect, monitor, and quantify CNTs. Specific antibodies able

to recognize specific nanotubes can be developed.

CNT Alteration of Protein Functioning. A toxicological

profile of CNTs has emerged during the last years.4,5 One of

the main aspects involves CNT interaction with proteins.

CNTs may interfere directly with protein functions.4,5 Park

et al. reported that CNTs block ion channel proteins.56 They

speculated that nanotubes fit into the pore and either hinder

ion movement or prevent conformational changes. Islam

et al.57 demonstrated the ability of CNTs to reorganize actin

structures in cells and ex vivo. Cell proliferation was greatly

reduced in CNT-treated cells with an increase in actin-related

division defects.

Protein Biocompatible CNTCoating. CNT toxicity can be

completely alleviatedby chemical functionalization;58 in the

same way, encapsulation by protein may control and de-

crease the overall CNT cytotoxicity.4,5,7Well-dispersed CNTs

are less toxic than their agglomerates.7 Protein binding also

alters the cellular interaction pathways of CNTs.7 Binding of

blood proteins, in particular albumins, to the CNT surface

results in reduced cytotoxicity of these protein-coated

CNTs.7 The coating of CNTs with proteins can confer

on them a new biological “identity”, defining their rec-

ognition by cells of the innate immune system, which may

affect CNT cellular uptake and recovery (Figure 8),59,60

biodistribution,61 and toxicity.4,5,7

CNT�Protein Interaction for Sensors
Electrochemical Sensors. Hybrid systems obtained by

conjugating redox proteins with CNTs have potential in

bioelectronics and biosensing and for biofuel cells.62�65

Redox proteins produce processable signals in response to

biological events, environment modifications, or optical

absorption. CNTs can act as efficient transducers of tiny

signals.62 Protein�nanotube conjugates can provide appro-

priate molecular orientation, flexibility, and efficient, repro-

ducible electrical conduction. CNTs can increase protein

loading and assist electron transfer to the electrode. The

possibility of direct electron transfer between a CNT and

glucose oxidase allowed the construction of amperometric

glucose biosensors.65,66 Several proteins, in particular heme

proteins, were electrochemically contacted with the use of

CNTs to produce biosensors, Figure 9.65

Carbon Nanotube Field-Effect Transistors (CNTFET).

Semiconducting CNTs can be used for field-effect transistors

(FETs).67 The conductivity of a CNT is sensitive to its envi-

ronment and varies in the presence of nearby charges and

with the adsorption of molecules.13 CNTFET sensors are

small, their response is fast, and the active detection area

is scalable to the size of individual proteins. These sensors

are extremely sensitive since all the current passes through

the detection point.67

FIGURE 8. (A) Raman maps of NIH-3T3 murine fibroblasts exposed to CNT�protein show different levels of heterogeneous CNT delivery and
subcellular localization. (B) Similar imaging for the macrophage-like cell line J774A.1 that shows more homogeneous uptake of CNT�γG and
highlights the aggregation of CNT�LSZ. Reprinted with permission from ref 59. Copyright 2012 The Royal Society of Chemistry.
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Detection of Proteins and Biorecognition Events. Pro-

teins carry charged groups that, upon adsorption, can elec-

trostatically gate a semiconducting CNT.13 The gating was

exploited for protein detection in solution with direct elec-

tronic readout.13,68 In a streptavidin sensor, a gradual shift in

threshold voltage was observed as a result of the slow

accumulation of a monolayer of adsorbed proteins.13 The

conductivity changeswere assigned to charge injection from

the amine groups of the protein.13 Cytochrome c adsorption

onto an individual CNTFET was detected by monitoring the

decrease of transport in the CNTFET device.69 The negative

shift in conductivity allowed estimating the number of

adsorbed proteins.69

CNTFETs detected biotin�streptavidin binding.70 The

source�drain current dependence on gate voltage of the

CNTFET showed a significant change upon streptavidin bind-

ing to the biotin-functionalized carbonnanotube, Figure 10.70

The use of functionalized CNTFETs can be extended also to

antigen�antibody68 or virus recognition.71

These devices can detect, with high specificity, clinically

important biomolecules associated with human diseases.67

The same approach can be used in the synthesis and

fabrication of CNT microarrays for proteomics applications

aimed at detecting large numbers of different proteins.

These arrays are attractive because no labeling is required

and all aspects of the assay can be carried out in

solution.67,68

CNT/Protein Hybrid To Sense Biological Processes.

Catalytic activity of enzymes can be monitored.72 Choi et al.72

attached a single T4 lysozymemolecule to a CNTFET device.

In their single-molecule enzymatic reaction assay, lysozyme

dynamics was monitored revealing the conformational

motions of the enzyme active site during enzymatic reaction

turnover, Figure 11.72 Molecular motions created changes

in electrostatic potentials that were converted into dynam-

ically changing electron fluxes, identifying the hydrolytic

events.72

CNT/Protein Hybrid To Sense Molecules. Biorecogni-

tion activity of a protein attached to a CNT transistor can be

used to sense molecules.73 These devices eavesdrop on

what proteins do, converting the information of the binding

into electrical signals.73 Johnson and co-workers coupled

olfactory receptor proteins (ORs) with CNT transistors,

Figure 12, making it possible to transduce signals associated

with odorants binding to the ORs.73

Conclusion
CNTs and proteins differ greatly. CNTs are simple objects

made of carbon atoms arranged cylindrically, characterized

by outstanding mechanical and electrical properties.

FIGURE 9. Wiring-up proteins to electrodes by CNT. Reprinted with
permission from ref 63. Copyright 2007 American Chemical Society.

FIGURE 10. Biotin�streptavidin binding is detected by changes in
device characteristics. The polymer layer avoids nonspecific protein
binding. Reprinted with permission from ref 70. Copyright 2003
American Chemical Society.

FIGURE 11. Tethering a single lysozyme molecule to a CNTFET
produces a stable, high-bandwidth transducer for protein motion.
Adapted with permission from ref 72. Copyright 2012 American
Association for the Advancement of Science.
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Proteins are “soft materials”, with a huge assortment of

chemical�physical features and offering an incredible vari-

ety of shapes and sizes. They are “nanomachines” able to

“sense” the presence of molecules or to assemble or disas-

semble molecular size components with incredible effi-

ciency or to be structural or “active mechanical” com-

ponents of an organism. The development of hybrid

CNT�protein systemspotentially combines CNTandprotein

properties and may drive fundamental technological ad-

vancements in different fields such as nanotechnology,

medicine, materials science, and biology.
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