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A strategy for fabrication of electroactive nanocomposites with

nanoscale organization, based on self-assembly, is reported. Gold

nanoparticles are assembled by a polypeptide folding-dependent

bridging. The polypeptides are further utilized to recruit and asso-

ciate with a water soluble conducting polymer. The polymer is

homogenously incorporated into the nanocomposite, forming con-

ducting pathways which make the composite material highly con-

ducting.
The development of nanoelectronics has resulted in enormous

advancements in fabrication techniques that have enabled mass-

production of CMOS circuits with feature sizes below 45 nm.1 There

is a large interest in new methods to further push the size limits, lower

the production costs and facilitate the design of more advanced three-

dimensional structures beyond today’s 2.5 dimensional architectures.

Self-assembly is probably the most important scheme in this devel-

opment and is currently applied to many different areas and classes of

nanoelectronics.2 This technique enables fabrication of structures well

below 10 nm in feature size and allows for incorporation of novel

nanomaterials, such as metallic and semiconducting nanoparticles

with many interesting optical and electrical properties.3 The

controlled self-assembly of electroactive nanocomposites is of great

interest for the development of novel functional materials for

biosensors,4,5 electrochromic/plasmonic hybrid devices,6 and poly-

mer/nanoparticle-based memories.7–9

In the field of molecular self-assembly, biomolecules are widely

employed as nanoscale building blocks because of their excellent

molecular recognition properties, programmability, and chemical

and structural versatility.10 Biomolecules are, however, poor

conductors and have consequently to be modified in order to be of

interest for electronic applications. Water soluble conjugated/con-

ducting polymers (CPs) that can associate to various biomolecules

have been developed for this purpose. CPs that interacts with DNA

have been employed to create supramolecular systems that mimic

digital logic operations,11,12 and for assembly of aligned luminescent

nanowires.13 In addition to DNA, proteins offer many interesting

structural and chemical features and previously have been used as

templates for assembly of CPs to obtain nanoelectronic functional-

ities.14 Most proteins are however very fragile and can easily and
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irreversibly lose their native conformation, which severely limits their

applicability as scaffolds for CPs. One inherently very stable protein

structural state is the amyloid fibril. Amyloid-like protein fibrils have

shown strong affinity for certain classes of ionic CPs, which has

enabled self-assembly of luminescent and conducting CP–amyloid

nanowires.15–17 The growth of amyloid fibres is however not easily

controlled and often results in fibres with broad size distributions.

Moreover, they are also not easily combined with other materials for

assembly of more complex hybrid/composite nanostructures. In this

perspective, the use of designed polypeptides with controllable

assembly and folding properties seems very attractive. Polypeptides

are generally extremely robust and are in terms of chemical and

structural properties very flexible, which facilitate their use as

molecular building blocks in nanoscale architectures.

In this communication we demonstrate a novel method for self-

assembly of a water soluble conducting polymer (PEDOT-S) into

supramolecular nanocomposites using well defined nanoscale

building blocks comprising designed synthetic polypeptides and

polypeptide-decorated gold nanoparticles as schematically outlined in

Fig. 1. The two synthetic polypeptides used here, JR2E and JR2K,

are 42-residue polypeptides that are de novo designed to fold into

a helix–loop–helix motif and heterodimerize into four-helix bundles
Fig. 1 (a) Schematic illustration showing the basic nanoscale building

blocks (from left to right): gold nanoparticles (AuNP), the designed

polypeptides JR2EC and JR2KC2, and the conducting polyelectrolyte

PEDOT-S. JR2EC is immobilized on the gold nanoparticles via a thiol

residue in the loop region. Two JR2EC monomers can heteroassociate

with JR2KC2 and fold into two disulfide-linked four-helix bundles, which

can be utilized for assembly of JR2EC-decorated gold nanoparticles. The

heterotrimeric complex is utilized as a scaffold for PEDOT-S for self-

assembly of a conducting nanocomposite as illustrated in (b).

This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 (a) CD spectra of JR2E and JR2K at pH 7 in the presence and

absence of PEDOT-S. (B) JR2E, (,) JR2E + PEDOT-S, (A) JR2K,

(C) JR2K + PEDOT-S, (:) JR2K + PEDOT-S + JR2E, (-) JR2E +

PEDOT-S + JR2K and (O) JR2E + JR2K. (b) UV-vis spectra of (black

broken line) AuNP–JR2EC, (green) AuNP–JR2EC + PEDOT-S, (blue)

AuNP–JR2EC + PEDOT-S + JR2KC2, (black) AuNP–JR2EC +

JR2KC2 + PEDOT-S, and (red broken line) AuNP–JR2EC + JR2KC2.

Inset: PEDOT-S. (c) Raman spectra of A: PEDOT-S and B: AuNP–

JR2EC + PEDOT-S + JR2KC2, cast and dried on a glass substrate. (d)

Size distributions from DLS of (solid line) AuNP–JR2EC and PEDOT-S

and (broken line) AuNP–JR2EC + PEDOT-S + JR2KC2.
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at neutral pH.18–21 At neutral pH, the glutamic acid rich polypeptide

JR2E has a net charge of �5 whereas JR2K is rich in lysine residues

and has a net charge of +11. Charge repulsion prevents homodimer

formation at pH 7 and the peptide exists as random coil monomers

when kept separate.18,19 Incorporation of a cysteine residue in the

loop region (position 22) yielded the polypeptides JR2EC and

JR2KC. The thiol group enabled specific and site directed immobi-

lization of JR2EC on planar gold surfaces19 and gold nano-

particles.22,23 The cysteine-containing peptides can also exist in an

oxidized form where two monomers are linked through a disulfide

bond. The oxidized peptides, JR2EC2 and JR2KC2, can self-

assemble into several micrometre long nanofibres as a result of het-

eroassociation and folding into disulfide-linked four-helix bundles.24

The fibre length can be controlled by capping the fibre growth using

peptides without the cysteine residue. We have recently demonstrated

that these fibres can be decorated with luminescent conjugated

polymers.25 Addition of JR2KC2 to gold nanoparticles decorated

with JR2EC results in a reversible heteroassociation and folding-

dependent bridging of the nanoparticles.26 The polypeptides were

prepared on the solid phase and purified on HPLC as described in

ESI†.

The conducting polymer poly(3,4-ethylenedioxythiophene)

(PEDOT) is among the most stable class of highly conducting CPs. In

the present study, a new generation of this polymer, alkoxysulfonate

poly(3,4-ethylenedioxythiophene) (PEDOT-S), is utilized (Fig. S1†).27

PEDOT-S is self-doped in pristine state with conductivities above 1 S

cm�1. The anionic side chains make the polymer soluble in water and

facilitate the interaction with various biomolecules. PEDOT-S has

previously been demonstrated to assemble onto preformed amyloid

fibrils forming conducting nanowire networks and transistors.28

Circular dichroism (CD) spectroscopy was employed in order to

initially analyze the interaction between PEDOT-S and the poly-

peptides and the influence of PEDOT-S on the secondary structure of

the polypeptides during self-assembly (Fig. 2a). When kept sepa-

rately, JR2E and JR2K displayed typical random coil CD spectra. In

the presence of PEDOT-S at a 1 : 1 molar ratio (50 mm), JR2K

demonstrated a small increase in helicity whereas JR2E remained as

a random coil. The interaction between PEDOT-S and the lysine rich

JR2K is presumably mainly electrostatic resulting in enough shielding

of charge repulsion between the polypeptide monomers to allow for

a certain extent of folding. Folding of JR2K in the presence of

a negatively charged CP has previously been reported.18 In the

absence of PEDOT-S, heterodimerization results in a mean residue

molar ellipticity at 222 nm ([Q]222 nm) of about �21 000 deg cm2

dmol�1. Addition of JR2K to a suspension of JR2E and PEDOT-S

did not significantly affect the helicity, demonstrating that the

peptides are able to fold properly in the presence of the polymer. If

instead allowing PEDOT JR2K to first interact with PEDOT-S

before introducing JR2E, a significantly lower helicity was obtained,

[Q]222 nm z �14 500 deg cm2 dmol�1. This indicates that PEDOT-S

can associate to the JR2K monomers and affect their ability to het-

erodimerize and fold. The concentration of the peptides was assumed

to be constant during measurements as no aggregation or precipita-

tion was observed.

Gold nanoparticles with an average diameter of �13 nm were

prepared by reduction of gold chloride with sodium citrate in

aqueous solution.29 JR2EC was immobilized on the particles via the

thiol residue in the loop region and unbound peptides were removed

by repeated centrifugations. Spherical gold nanoparticles display
This journal is ª The Royal Society of Chemistry 2010
a pronounced extinction band in the visible wavelength range due to

the localized surface plasmon resonance (LSPR). A small shift in the

LSPR peak position, from �520 nm to �524 nm, was seen after

addition of the peptide, indicative of a successful immobilization. In

the presence of PEDOT-S, these particles remained dispersed and no

further changes in the LSPR peak were seen (Fig. 2b). This further

confirms the observations from the CD spectrum of JR2E and

PEDOT-S that no interactions between the two molecules occur and

that the unspecific association of PEDOT-S to the gold nanoparticles

is negligible. This is most likely due to the strong electrostatic charge

repulsion between the two highly negatively charged species. The

UV-vis spectrum of aqueous PEDOT-S dispersion typically shows

a pale blue colour characterized by a broad bi-polaron absorption

between 600 and 1000 nm, often referred to as a ‘‘free carrier tail’’

(Fig. 2b, inset).30 No changes in the spectra of PEDOT-S were seen in

the presence of the peptides or peptide-decorated gold nanoparticles

(data not shown), and the absorption of PEDOT-S was for clarity

subtracted from the presented UV-vis spectra of the gold nano-

particles.

Aggregation of gold nanoparticles results in a substantial redshift

of the LSPR peak position as well as a peak broadening, caused by

the near-field coupling between adjacent particles. The magnitude of

the redshift is highly dependent on the particle separation and the size

of the aggregates. The smaller the distance and the larger the aggre-

gates, the larger the resulting redshift.31,32 Specific and controlled

aggregation of the JR2EC-decorated particles can be induced in

a number of ways by exploiting the folding properties of the peptides.

A rapid and extensive particle aggregation is observed in the presence
Nanoscale, 2010, 2, 2058–2061 | 2059
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of JR2KC2 due to a heteroassociation- and folding-dependent

bridging of the particles.26 The resulting optical shift (Dl > 30 nm)

was not influenced by addition of PEDOT-S after addition of

JR2KC2. Addition of PEDOT-S before addition of JR2KC2 also

resulted in extensive particle aggregation but the resulting redshift

was less pronounced (Dl z 10 nm), indicating either a larger particle

separation upon aggregation or smaller aggregates (Fig. 2b). The

particles eventually precipitated, resulting in a colourless solution and

a purple precipitate, suggesting the presence of large aggregates. UV-

vis spectra of the supernatant showed no presence of PEDOT-S

indicating that all of the PEDOT-S had associated to the peptides.

This was further confirmed by Raman spectroscopy (Fig. 2c). In the

Raman spectrum of PEDOT-S, one strong peak at 1412 cm�1 and

a few weaker bands were observed. The peaks are assigned as follows:

1530 cm�1 (asym C]C str, sym Ca]Cb(–H) str), 1412 cm�1 (sym

Ca]Cb(–O) str), 1239 cm�1 (Ca–Ca
0 (inter-ring) str) + Cb–H bend,

986 cm�1 (oxyethylene ring def).33 An almost identical spectrum, but

showing a slightly narrower band at 1412 cm�1, was obtained for the

nanocomposite, demonstrating that the polymer was present in the

composite and that its structure was not significantly affected by the

association to the polypeptides.

Dynamic light scattering experiments further confirmed that gold

nanoparticles functionalized with JR2EC did not assemble with

PEDOT-S until after addition of JR2KC2 (Fig. 2d). In aqueous

solution, PEDOT-S mainly exists as single chains or aggregates of

only a few polymer chains.27 Dispersions of PEDOT-S and the

JR2EC modified particles showed a rather narrow size distribution

with a hydrodynamic radius of approximately 10 nm, mainly

reflecting the size of the peptide functionalized particles as the

particles are significantly better scatterers than the dispersed polymer.
Fig. 3 Electron micrographs of the self-assembled nanocomposites (a)

without PEDOT-S and (b) with PEDOT-S. Scale bars: 200 nm, inset 5

nm. (c) Current–voltage characteristics of the nanocomposites: (B)

without PEDOT-S and (C) with PEDOT-S as measured on inter-digi-

tated gold electrodes. Inset: current–voltage characteristics of pure

PEDOT-S.

2060 | Nanoscale, 2010, 2, 2058–2061
The addition of JR2KC2 shifted and broadened the size distribution

to about 500 nm within 5 minutes, indicating rapid initiation of the

self-assembly process and extensive particle aggregation (Fig. 2d).

The normalized autocorrelation functions are presented in Fig. S2†.

DLS also confirmed the interaction of JR2KC2 with PEDOT-S, as

assemblies with a broad size distribution and an average hydrody-

namic radius of 150 nm were observed (Fig. S2†).

Transmission electron microscopy (TEM) was used to analyze the

structure of the nanocomposites. In the absence of PEDOT-S, large

aggregates with a small and uniform interparticle separation (4.6 �
0.2 nm) were seen (Fig. 3a). This is a consequence of the folding-

dependent bridging when JR2KC2 associates with the immobilized

JR2EC.27 Addition of JR2KC2 to a suspension of JR2EC function-

alized nanoparticles containing PEDOT-S also resulted in large

particle aggregates with a slightly larger and less uniform interparticle

separation (Fig. 3b), as was indicated by the UV-vis spectra. The

association of PEDOT-S to the peptides thus clearly affects the

assembly of the particles resulting in less organized aggregates. This is

presumably due to the association of PEDOT-S to JR2KC2 which, as

was indicated in the CD spectra, may induce a certain extent of

homoassociation of the polypeptides and consequently an increase in

particle separation. The conducting nature of PEDOT-S allows for

larger assemblies of the polymer to be visualized directly in TEM.28

No aggregates of PEDOT-S were however observed here (Fig. 3b),

further indicating that the polymer is evenly distributed in the

nanocomposite.

Conductivity measurements of the composite material were carried

out by casting the self-assembled structures from water solution onto

inter-digitized gold electrodes, followed by measurement of current–

voltage characteristics (CV). The same technique was utilized when

depositing the nanocomposites on the electrodes as on the TEM-

grids, resulting in very thin films. The gold nanoparticle–polypeptide

complex alone did not show any conductivity because of the sepa-

ration (�5 nm) between the gold nanoparticles induced by the non-

conducting four-helix bundles (Fig. 3c). Despite displaying less dense

assemblies, the PEDOT-S-containing nanocomposite was clearly

conducting. Fully ohmic conductivity behaviour was seen for up to 1

V sweeps. The ohmic behaviour suggests that PEDOT-S remained

conducting after the self-assembly process, and that the CP did not

undergo noticeable oxidation/reduction during the voltage sweeps.

As no unspecific binding of PEDOT-S to the particles was observed

(Fig. 2), this strongly indicates that the resulting electrical conduc-

tivity throughout the bulk structure is a result of the association of

PEDOT-S to the heterotrimeric polypeptide complex, which provides

conducting nanobridges between the gold nanoparticles. The overall

conduction should hence be a combined result of inter-chain, and

intra-chain hopping in the CP chains, as well as conduction through

the gold nanoparticles and electron transfer between the gold nano-

particle and CPs. The conductivity was lower in the nanocomposite

than when casting pure PEDOT-S on the electrodes (Fig. 3c, inset),

which most likely is due to the lower amount of PEDOT-S present in

the composite materials as compared to in the pure polymer solution

as well as to the resistance at the polymer–nanoparticles interface.
Conclusions

The controlled self-assembly of highly conducting conjugated poly-

mers (CPs) into a supramolecular electroactive nanocomposites using

synthetic designed polypeptides and polypeptide-decorated gold
This journal is ª The Royal Society of Chemistry 2010
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nanoparticles has been demonstrated. The polypeptide functionalized

gold nanoparticles are assembled using a second set of polypeptides

designed to heteroassociate and fold with the immobilized poly-

peptides. The CPs further associate to the polypeptides without

significantly affecting their secondary structure, resulting in forma-

tion of extensive conducting networks. The proposed strategy for

fabrication of electroactive nanocomposites enables a high level of

control over the assembly process and the spatial arrangement of the

nanoscale building blocks, as well as a large flexibility with respect to

material composition. An efficient integration of conducting poly-

mers into well defined nanocomposites will facilitate the development

of novel components for bioorganic electronics, optoelectronics and

biosensors and enable means for realizing an electronic interface at

the nanoscale.
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