
Electrical Conductivity, Selective Adhesion, and 
Biocompatibility in Bacteria-Inspired Peptide–Metal Self-
Supporting Nanocomposites

Tom Guterman,
Department of Molecular Microbiology and Biotechnology George S. Wise Faculty of Life 
Sciences Tel Aviv University Tel Aviv 6997801, Israel; The Center for Nanoscience and 
Nanotechnology Tel Aviv University Tel Aviv 6997801, Israel

Dr. Nicole L. Ing,
Department of Chemical Engineering and Materials Science University of California, Irvine Irvine, 
CA 92697, USA

Dr. Sharon Fleischer,
Department of Molecular Microbiology and Biotechnology George S. Wise Faculty of Life 
Sciences Tel Aviv University Tel Aviv 6997801, Israel; The Center for Nanoscience and 
Nanotechnology Tel Aviv University Tel Aviv 6997801, Israel

Pavel Rehak,
Department of Chemistry University of Illinois at Chicago Chicago, IL 60607, USA

Dr. Vasantha Basavalingappa,
Department of Molecular Microbiology and Biotechnology George S. Wise Faculty of Life 
Sciences Tel Aviv University Tel Aviv 6997801, Israel; The Center for Nanoscience and 
Nanotechnology Tel Aviv University Tel Aviv 6997801, Israel

Yamanappa Hunashal,
NMR Research Centre Indian Institute of Science Bangalore 560012, India

Ramachandra Dongre,
NMR Research Centre Indian Institute of Science Bangalore 560012, India

Prof. Srinivasarao Raghothama,
NMR Research Centre Indian Institute of Science Bangalore 560012, India

Prof. Petr Král,
Department of Chemistry University of Illinois at Chicago Chicago, IL 60607, USA; Department of 
Physics and Department of Biopharmaceutical Sciences University of Illinois at Chicago Chicago, 
IL 60607, USA

Prof. Tal Dvir,

ehudg@post.tau.ac.il . 

Conflict of Interest 
The authors declare no conflict of interest.

Europe PMC Funders Group
Author Manuscript
Adv Mater. Author manuscript; available in PMC 2024 December 05.

Published in final edited form as:
Adv Mater. 2019 March 01; 31(10): e1807285. doi:10.1002/adma.201807285.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Department of Molecular Microbiology and Biotechnology George S. Wise Faculty of Life 
Sciences Tel Aviv University Tel Aviv 6997801, Israel; The Center for Nanoscience and 
Nanotechnology Tel Aviv University Tel Aviv 6997801, Israel; Department of Materials Science 
and Engineering Iby and Aladar Fleischman Faculty of Engineering, and Sagol Center for 
Regenerative Biotechnology Tel Aviv University Tel Aviv 69978, Israel

Prof. Allon I. Hochbaum,
Department of Chemical Engineering and Materials Science University of California, Irvine Irvine, 
CA 92697, USA; Department of Chemistry University of California, Irvine Irvine, CA 92697, USA

Prof. Ehud Gazit*

Department of Molecular Microbiology and Biotechnology George S. Wise Faculty of Life 
Sciences Tel Aviv University Tel Aviv 6997801, Israel; The Center for Nanoscience and 
Nanotechnology Tel Aviv University Tel Aviv 6997801, Israel; Department of Materials Science 
and Engineering Iby and Aladar Fleischman Faculty of Engineering Tel Aviv University Tel Aviv 
6997801, Israel

Abstract

Bacterial type IV pili (T4P) are polymeric protein nanofibers that have diverse biological roles. 

Their unique physicochemical properties mark them as a candidate biomaterial for various 

applications, yet difficulties in producing native T4P hinder their utilization. Recent effort to 

mimic the T4P ofthe metal-reducing Geobacter sulfurreducens bacterium led to the design of 

synthetic peptide building blocks, which self-assemble into T4P-like nanofibers. Here, it is 

reported that the T4P-like peptide nanofibers efficiently bind metal oxide particles and reduce 

Au ions analogously to their native counterparts, and thus give rise to versatile and multifunctional 

peptide–metal nanocomposites. Focusing on the interaction with Au ions, a combination of 

experimental and computational methods provides mechanistic insight into the formation of 

an exceptionally dense Au nanoparticle (AuNP) decoration of the nanofibers. Characterization 

of the thusformed peptide–AuNPs nanocomposite reveals enhanced thermal stability, electrical 

conductivity from the single-fiber level up, and substrate-selective adhesion. Exploring its 

potential applications, it is demonstrated that the peptide-AuNPs nanocomposite can act as 

a reusable catalytic coating or form self-supporting immersible films of desired shapes. The 

films scaffold the assembly of cardiac cells into synchronized patches, and present static charge 

detection capabilities at the macroscale. The study presents a novel T4P-inspired biometallic 

material.
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Bacterial type IV pili (T4P) are an abundant class of supramolecular nanofibers composed 

mainly of pilin protein monomers.[1] In the metal-reducing Geobacter sulfurreducens (GS), 

T4P participate in anaerobic respiration by facilitating physical contact with and subsequent 

electron transfer to extracellular metal species, such as Fe(III)-oxide-containing minerals[2] 

and U ions.[3] The molecular under-pinnings of this interaction are unknown, as is the exact 

structure of the GS T4P,[4]yet evidence suggests that the physical contact is mediated by the 
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evolutionary variable polar C-terminal region of the GS pilin monomer.[5] This is in line 

with the fact that the C-terminal region of homologous pilins is solvent-exposed to interact 

with the molecular environment, whereas the N-terminal region is associated with pilin in 

vivo assembly and constitutes the hydrophobic core of the assembled pilus.[6]

In light of the unique biological functionality of G S T4P, we envision their biosynthetic 

peptide mimetics as a useful class of bioinspired materials.[7] Recently, we reported the 

self-assembly of designed 20-mer peptide building blocks into T4P-like nanofibers.[8] 

A reductionist study of the 20-mer peptide showed that its C-terminal segment adopts 

a native-like helical conformation and is nonessential for self-assembly, whereas its N-

terminal segment presents a divergent β-type conformation and drives the self-assembly 

process.[8] While the 20-mer T4P-like nanofibers have been studied from the structural 

aspect, their functionality has not been explored. Due to the inherent propensity of native 

GS T4P to interact with metal oxide particles and metal ions, we hypothesized that 

an analogous interaction would occur in the case of the T4P-like peptide nanofibers. 

Previously, a variety of self-assembled proteint9–11] or peptide[12,13] filaments have been 

decorated by metals or metal oxides, and in some cases the decorated filaments were 

successfully utilized for specific applications.[10,11] Yet, the previously reported interactions 

between proteinaceous filaments and metallic species were not directly inspired by a native 

biological system. Moreover, substantial decoration at the single nanofilament level was 

typically achieved in previous studies following multistep processes or by using extrinsic 

additives. Here, we show that the T4P-like peptide nanofibers efficiently bind metal and 

nonmetal oxide particles by simple coincubation. The nanofibers also reduce ionic Au in a 

single-step, additive-free process that leads to their exceptionally dense decoration by gold 

nano-particles (AuNPs). The thus-formed peptide-AuNPs nanocomposite presents electrical 

conductivity from the single-nanofiber level up and substrate-selective adhesion. Based on 

these properties, we show that nanocomposite coatings and self-supporting films can be 

easily prepared and used in chemical catalysis, static charge detection, and cardiac tissue 

scaffolding applications. The processes and applications explored in this work are illustrated 

in Scheme 1.

GS T4P natively interact with Fe(III) oxide. To test the peptide nanofibers for this 

behavior, dispersions of Fe(III) oxide nano-particles in potassium phosphate buffer (pH 

7.4, the assembly medium of the nanofibers) were incubated in the presence or absence of 

preformed nanofibers. While the dispersion of nano-particles alone retained its macroscopic 

homogeneity during a period of 3 h, a sedimented floccule was observed in the nanofiber-

supplemented (0.075 volume fraction) nanoparticle dispersion and the liquid bulk became 

transparent, similarly to an equivalent control dispersion of the nanofibers alone (Figure 

1a). UV-vis spectra of the liquid bulks showed significant optical density (OD) reduction 

in the nanofiber-supplemented condition as compared with the nanoparticles-only control, 

resulting in a similar spectrum to that acquired from the nanofibers-only control (Figure 1b). 

Complementing transmission electron microscopy (TEM) imaging of the floccule revealed 

a network of nanofibers decorated with Fe(III) oxide nanoparticles (Figure 1c; pristine 

peptide nanofibers and oxide nanoparticles are shown in Figure S1, Supporting Information). 

Altogether, these data show that the peptide nanofibers bind Fe(III) oxide nanoparticles and 

they cosediment. Similar results were obtained when the nanoparticles were substituted with 
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ZnO or TiO2 nanoparticles, or with the nonmetallic SiO2 nanoparticles and graphene oxide 

(GO) flakes (Figure 1; pristine oxides are shown in Figure S1, Supporting Information). 

Hence, the nanofibers appear to présent a more general ability to bind oxide materials. An 

electrophoretic mobility assay suggested that the binding of oxides stems from electrostatic 

attraction, since the oxides were negatively charged under the experimental conditions, in 

line with previous reports,[14] whereas the nanofibers were positively charged (Figure 1d). 

The peptide nanofibers therefore appear useful for the immobilization of oxide materials, as 

required in various applications.[15] Additionally, in relation to native GS T4P, the results 

are congruent with a previous study, which reported the enhancement of early bacterial 

attachment to Fe(III) oxide surfaces after denying a negatively charged post-translational 

tyrosine modification in the C-terminal region of GS pilin.[5]

Inspired by the ability of GS to reduce U ions via its T4P, we explored the interaction 

of the 20-mer peptide nanofibers with metal ions. Native GS T4P are associated with a 

c-type cytochrome,[16] implicated as the terminal reductase of a variety of metallic substrates 

owing to a low midpoint redox potential.[17] In the absence of cytochrome, we limited our 

investigation to the interaction with Au ions, which can be reduced by peptides,[18] do 

not precipitate or become reduced in phosphate buffer[19] that is required for the 20-mer 

self-assembly, and yield application-relevant reduced species.[20] HAuCl4 was chosen as the 

ionic Au source due to the expected attraction of the AuCl4– ion to the positively charged 

nanofibers.

Diluting preformed peptide nanofibers (1.66 x 10–3 M stock) to a volume fraction of 0.2 

using aqueous HAuCl4 and buffer (final concentrations of 1 x 10–3 and 9 x 10–3 M, 

respectively) led to sparse AuNP decoration of the nanofibers on a time scale of days 

at 25 °C (Figure S2, Supporting Information). The decoration process was significantly 

accelerated by overnight incubation of the mixture at 90 °C, a step which was adopted 

thereafter. High-resolution TEM-based methods confirmed the identity of the decorating 

particles as spherical AuNPs (Figure S3, Supporting Information). An increase in the 

degree of nanofiber decoration by AuNPs was achieved by decreasing the nanofiber volume 

fraction while maintaining the HAuCl4 concentration fixed at 1 x 10–3 M. When the volume 

fraction was lowered from 0.2 to 0.015, the nanofiber floccule appeared to decrease in 

size and gain a darker color, and coloration of the liquid bulk was observed (Figure 2a). 

We focused on comparing the degree of nanofiber decoration in floccules from volume 

fractions of 0.2, 0.075, and 0.015. TEM analysis revealed that by lowering the nanofiber 

volume fraction, coverage of the nanofibers area by AuNPs increased remarkably from 

22 ± 2% to 52 ± 3% and finally to 93 ± 1% at 0.2, 0.075, and 0.015 nanofiber volume 

fractions, respectively (Figure 2b,c). The AuNP coverage correlated well with the Au 

content as determined by thermogravimetric analysis (TGA), which showed a respective 

increase from 19% to 53% and finally to 88 wt% (Figure 2c and Figure S4, Supporting 

Information). Hence, these volume fraction conditions are denoted hereafter as sparse, 

moderate, and dense decoration, respectively. Further characterization, performed on the 

AuNPs following disintegration of the decorated nanofibers, showed that the AuNP size 

is larger and more heterogeneous at the dense decoration condition as compared with the 

other two conditions (Figure S5, Supporting Information). Taken together, these results show 

that simple coincubation of the peptide nanofibers with HAuCl4 at an elevated temperature 
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yields a biometallic nanocomposite with a controllable degree of AuNP decoration to the 

extent of near-complete metallization.

Mechanistic insights into the process of AuNP decoration, i.e., ionic Au reduction and 

binding of the formed AuNPs, were obtained by combining analytical and spectroscopic 

methods, and molecular dynamics (MD) simulations. Tyrosine residues appear to participate 

in ionic Au reduction as dityrosine, an oxidation product of tyrosine,[21] was detected 

by high-performance liquid chromatography (HPLC) and liquid chromatography-mass 

spectrometry (LC-MS) analyses of decorated, but not pristine, nanofibers (Figure S6, 

Supporting Information). We note that although tyrosine is well known for its potent redox 

activity, other amino acids in the peptide may contribute to ionic Au reduction.[18] Next, 

the binding of AuNPs to the nanofibers was studied by spectroscopic methods and MD 

simulations. Using 2D NMR spectroscopy, we determined the solution structure of the 

20-mer peptide in water (Figure 2d; for details see Section S1, Figures S7-S17, and Table 

S1, Supporting Information), which was overall consistent with its previous reductionist 

investigation.[8] This structure was utilized for constructing a simplistic nanofiber model in 

buffer, where residues N-terminal to the central proline residue (P9) are organized as a single 

supramolecular antiparallel β-sheet (Figure 2d, red), whereas the residues C-terminal to P9 

flank the sheet and present partial helicity and high conformational flexibility (Figure 2d, 

light blue; for details see Section S2 and Figures S18 and S19, Supporting Information). 

AuNP binding was then investigated by simulating a single AuNP, modeled by a polarizable 

force field, in the proximity of the nanofiber for 9 ns. As shown in Figure 2e, multiple 

C-terminal regions interact with the AuNP, where mainly amineor hydroxyl-bearing and 

aromatic residues form close contact with its surface (d ≤ 4.5 Å), in line with their strong 

affinity to Au.[13,18] Considerably fewer N-terminal residues interacted thus with the AuNP 

surface, and the β-sheet hydrogen bonding network remained intact. These observations 

were supported experimentally by Fourier transform infrared (FTIR) spectroscopy (see 

Section S3, Figure S20, and Table S2, Supporting Information). C-terminal hook-like 

stretches therefore provide multiple anchoring points for binding the AuNP strongly to the 

nanofiber, the structure of which remains essentially unchanged in this process. Congruent 

with the latter conclusion is the observation that the decoration process structurally stabilizes 

the nanofibers. Turbidometric area mapping (Figure 2f) showed that nanofiber dispersions 

subjected to the decoration procedure present increased OD at 405 nm compared to 

dispersions of pristine nanofibers. In contrast, when HAuCl4 is substituted in this procedure 

with HCl at an equivalent pH, the measured OD is lower than that of pristine nanofibers. 

These measurements suggest that pristine nanofibers may be impaired following incubation 

at 90 °C, unless supplemented by HAuCl4. TEM imaging confirmed this assertion, showing 

that following incubation at 90 °C, HAuCl4-treated nanofibers become decorated with 

AuNPs as described above, whereas HCl-treated nanofibers transform into coalescing 

spheres (Figure 2f). The interaction with HAuCl4 therefore enhances the thermal stability of 

the nanofibers and prevents phase transition of the peptide.

In order to evaluate the potential applications of the peptide-AuNPs nanocomposite, 

we investigated its electronic, electrostatic, and surface adhesion properties. First, we 

investigated the electrical properties of individual AuNP-decorated nanofibers and their 

films. Single-fiber measurements were carried out using conductive-probe atomic force 
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microscopy (CP-AFM), where current was measured along single nanofibers at varying 

distances from an evaporated top electrode. The calculated distance-normalized resistance 

was considerably lower for densely (931 ± 144 Ω μm–1) than for moderately (1.46 ± 0.82 

GΩ μm–1) decorated nanofibers, and the former were also less sensitive to distance from 

the electrode, whereas sparsely decorated nanofibers exhibited very high resistance, within 

the instrumental noise level (Figure 3a). Next, the electrochemical transport characteristics 

of films cast from suspensions of the differently decorated nanofibers were measured in 

solution and under physiologically relevant range of temperatures using a bipotentiostat 

cyclic voltammetry configuration. Similar to the single-fiber measurements, films of densely 

decorated nanofibers presented the highest thickness-normalized conductance (445-427 S 

cm–1) over a temperature range of 275-345 K, whereas sparsely decorated nanofiber films 

did not present appreciable conductance (Figure 3b). The measured increase in conductivity 

with decreasing temperature is consistent with metallic charge conduction through the AuNP 

network. Although the single fiber conductance values for moderately and densely decorated 

nanofibers differed by several orders of magnitude, bulk film conductivities differed by 

less than a factor of 2. The difference in relative conductances in the two measurement 

configurations may be attributed to the formation of a charge percolation network in the 

bulk film.[22] Taken together, these measurements indicate that the conductivity of individual 

nanofibers and nanofiber films increases with the density of Au decoration. Moreover, their 

conductivity also extends into the macroscale: AuNP-decorated nanofibers were fabricated 

into a 1.5 cm long film that enabled the activation of a serially connected light-emitting 

diode (LED, Figure 3c).

Electrostatic force microscopy (EFM) measurements were conducted on individual 

nanofibers from the three preparation conditions to explore their charge distribution and 

mobility properties. All decorated nanofibers responded to nonzero tip voltage due to 

buildup of static charge in the decorating AuNPs. We observed a parabolic phase response 

of the tip to applied voltage in the range ±5 V (Figure 3d), indicating attractive electrostatic 

force between the tip and the nanofibers, which scaled with the degree of decoration. It 

should be noted that while sparsely and moderately decorated nanofibers were measurable 

on a glass substrate, the densely decorated nanofibers strongly interacted with the tip to the 

extent that they detached from the glass surface during measurement. These nanofibers 

were measurable only when deposited on a conductive Au substrate, where the other 

nanofibers presented only negligible EFM signal due to weak coupling to the underlying 

substrate (Figure 3d; for details see Section S4 and Figure S21, Supporting Information). 

The symmetric tip response at both positive and negative tip bias indicated that all decorated 

nanofibers contain mobile charges, which attract the biased tip through image charge 

formation,[23] and are therefore highly polarizable.[24] As will be shown below, this property 

allowed for the construction of a static charge detector based on macroscopic deflection of 

the material.

We further characterized the densely decorated nanofibers due to their preferred electrical 

properties and higher Au content. We focused on their surface adhesion properties, which 

are of practical importance for utilization in applications. Dried nanofiber films were 

prepared on a range of substrate materials, which were subsequently immersed in water 

and subjected to rapid stirring. We observed that films on ceramic substrates (glass, titanium 
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nitride, mica, and silicon) delaminated as a single cohesive patch within =10 s of immersion 

(Figure 3e and Movie S1, Supporting information). In contrast, films on polymeric, metallic, 

and modified glass substrates adhered and appeared undisturbed during the experimental 

timeframe, which was limited to 10 min (Figure 3e). Surface adhesion was further tested 

under more stringent conditions, where films on identical substrates were ultrasonicated 

in water for 5 min. Image analysis of pre- and post-treatment substrates showed the near-

complete delamination of films from ceramic and two of the polymeric substrates, and their 

partial retention on the metallic and remaining polymeric substrates (Figure 3e). From this 

data, it is evident that densely decorated nanofibers can be utilized as either self-supporting 

immersible films or water-resistant coatings, owing to their substrate-selective adhesion. 

By casting the nanofiber dispersion into molds and allowing it to dry prior to immersion 

in water, we obtained cm-scale self-supporting immersed films of desired shapes (Figure 

3f and Movie S2, Supporting Information). Scanning electron microscopy-based energy-

dispersive X-ray spectroscopy (SEM-EDX) confirmed that both the AuNPs and peptide 

constituents are retained after water immersion (Figure 3f and Figure S22, Supporting 

Information) and confocal scanning laser microscopy (CSLM) revealed that such films are 

convex and reach ≈5 gm in thickness (Figure 3g).

We utilized the densely decorated nanofiber films for three applications to demonstrate 

the multifunctionality of the T4P-inspired nanocomposite. First, the catalytic activity of 

the films was tested. A common model reaction for testing metal nanostructure catalysis 

was performed, where 4-nitrophenol is reduced to 4-aminophenol by NaBH4 in the 

presence of a catalyst.[25] A circular nanofiber film coating was prepared on silicone 

rubber due to the adhesion of the nanofibers to this material, as shown in Figure 3e. 

When immersing the supported film in aqueous 4-nitrophenol with excess NaBH4, a 

gradual decrease in absorbance at 400 nm and a concomitant increase in absorbance 

at 296 nm were observed (Figure 4a), as expected for the reaction.[25] The isosbestic 

points at 280 and 313 nm indicated that no by-products had formed.[26] Importantly, the 

extracted reaction rate constant (k = 0.0082 min–1) remained nearly identical throughout 

four additional consecutive reaction cycles utilizing the same nanofiber coating (Figure 

4a). Additionally, no catalytic activity was observed by bare silicone rubber (Figure S23, 

Supporting Information). Therefore, the peptide-AuNPs nanocomposite can function as a 

reusable catalytic coating. The substrate-selective adhesion and simple application onto 

a surface could allow for facile adaptation of the nanocomposite for various catalytic 

methodologies or processes. Thus, the T4P-inspired nanocomposite expands the scope of 

catalysis by metal-bearing supramolecular proteinaceous nanofibers, as introduced by others 

in recent years.[27]

Next, a static charge detector was prepared based on image charge attraction, as observed 

by EFM. To this end, a dry self-supporting film was fixed to a conductive element serially 

connected to an LED, and positioned such that it nearly contacted a second conductive 

element. A polystyrene dish, a statically-charged object under practical conditions,[28] was 

then set to approach the film periodically. At a consistent distance of 6-7 mm, the film 

deflected toward the dish, thereby transiently bridging the gap between the conductive 

elements and consequently permitting the LED activation (Figure 4b and Movie S3, 

Supporting Information). The film acted as a physical switch in this circuit owing to 
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its attraction to static charge, conductivity, and flexibility. It should be noted that water-

recovered films are generally brittle following dehydration, yet they presented sufficient 

flexibility and durability to enable device operation for at least tens of cycles.

Finally, due to their nanofibrous structure, conductivity, and immersibility, we were 

motivated to test the ability of the densely decorated nanofiber films to support the 

growth of electrogenic cells. Previously, it has been shown that cardiac cells benefit from 

nanostructured proteinaceous[29] and hybrid conductive1301 biomaterials. Therefore, cardiac 

cells were cultured on circular nanofiber films following their isolation from neonatal 

rats. After 5 days of incubation, the cells formed cellcell interactions and assembled 

into functional cardiac films, exhibiting strong contraction forces (Figure 4c and Movie 

S4, Supporting Information). Development of these cardiac patches was then assessed 

by immunostaining for a-sarcomeric actinin, a protein associated with cell contraction, 

and connexin 43, which acts in electrical coupling between adjacent cells. As evident by 

α-actinin immunostaining (Figure 4d, purple), cardiac cells formed elongated and aligned 

cell bundles with massive striation, reminiscent of the natural cell morphology in the 

myocardium.[31] Furthermore, localization of connexin 43 between adjacent cardiomyocytes 

(Figure 4d, green) was in line with the observable contractions of the patches and suggested 

efficient electrical signal propagation between cells.[32]Indeed, calcium transient imaging 

confirmed that synchronized activation of cardiomyocytes occurred throughout the nanofiber 

films (Figure 4e and Movie S5, Supporting Information). The films therefore proved to be 

excellent biocompatible scaffolds, supporting the assembly of single cells into synchronized 

cardiac patches.

In summary, the current work presents for the first time the multifunctionality of 

the recently reported T4P-like peptide nanofibers. The bioinspired interaction of these 

designed self-assembled nanostructures with metal oxides or ions resulted in highly diverse 

nanocomposite materials. The interaction with Au ions is especially remarkable considering 

the exceptional degree of decoration by AuNPs, the simplicity of its formation, and the lack 

of need to employ external additives such as reducing agents. The preferential formation 

of isotropie AuNPs over large anisotropic Au crystals is worth noting, as the latter were 

reported to form in recent studies utilizing amyloid nanofibers for elemental Au synthesis.
[11,33] This dissimilarity may be explained by one or more crystallographic and redox 

chemistry mechanisms,[34] which are likely instigated by differences in sequence and 

localization of amino acids along the nanofiber. Such differences could facilitate binding 

of the nanofibers to a specific crystallographic face of Au nuclei and lead to their anisotropic 

growth, or alternatively enable nonspecific binding that results in isotropic growth and 

nanoparticle formation. In this context, we note that strongly reducing and binding cysteine 

residues as well as strongly complexing or reducing histidine or tryptophan residues[18] 

are absent in the T4P-like nanofibers but were present in amyloid nanofibers in the 

aforementioned studies. Moreover, the effect of amino acid identity and localization may 

be modulated by conformational flexibility of the nanofiber or regions thereof. Specifically, 

high conformational flexibility, as presented by the C-terminal stretches of the T4P-like 

nanofibers, is associated with increased binding affinity of peptides to the surface of AuNPs.
[18] Further modulation could be exerted by higher-order organization of nanofibers into, 

e.g., a liquid crystalline nematic phase[33] or specific reaction conditions.[34]
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The hybrid AuNPs-peptide material presented attractive functional properties that include 

electrical conductivity from the single-nanofiber level up and substrate-selective adhesion. 

The latter property allowed for the formation of macroscopic films that were either used 

as a coating or directly in their extremely thin free forms. The film preparation is notably 

simple, as it is based on a single-step green chemistry process followed by casting. The 

observed self-support and maintained integrity upon immersion are rarely observed in 

supramolecular peptide or protein-based materials, even after embedding inorganic materials 

or at increased film thickness. The absence of these properties typically precludes the use of 

such materials in various applications, whereas the presented hybrid AuNPs-peptide material 

was successfully utilized in several distinctly different applications. Looking forward, 

the hybrid material could be used for microelectronic circuit or sensor fabrication or be 

integrated with electroresponsive tissues for biomedical purposes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Binding of oxide particles to peptide nanofibers.
a) Photographs of nanofiber dispersions, different dispersions of oxide particles, and 

peptide nanofiber-oxide mixtures. P and O denote peptide nanofibers and oxide particles, 

respectively. Photographs were taken following 3 h incubation. A sedimenting floccule is 

seen at the bottom of the vial in nanofiber dispersions and nanofiber-oxide mixtures, but 

not in oxide dispersions. b) UV-vis spectra of liquid bulk samples corresponding to panel 

(a). c) TEM images of floccule samples from the nanofibers-oxide mixtures corresponding 

to (a). Scale bars are 500 nm except for GO, where scale bar is 2 pm. d) Electrophoretic 

mobility of peptide nanofibers and oxide particles. Under the experimental conditions, 

attraction between opposite electrostatic charges drives the binding of oxide particles to the 

sedimenting peptide nanofibers. Data represent mean ± standard error of the mean (n = 3 

samples).
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Figure 2. Formation of peptide-AuNPs nanocomposite.
a) Photograph of peptide nanofibers and HAuCl4 mixtures incubated at 90 °C. Rightmost 

vial is a similarly prepared control without peptide nanofibers. b) TEM images of AuNP-

decorated nanofibers from 0.2, 0.075, and 0.015 volume fraction conditions (from left to 

right). Scale bars, 500 nm. c) TEM image analysis of single decorated nanofibers for 

estimating their coverage by AuNPs. Data represent mean ± standard error of the mean (n = 

30 nanofibers per condition), for some data points the error bars are smaller than the symbol 

size. Au weight fraction, as determined by TGA, is shown for comparison. d) Lowest target 

function NMR structure of the 20-mer peptide, and a simplistic nanofiber model by MD 

simulation after 80 ns. NMR structure shows the peptide backbone as cartoon and sticks. 

Simulated model includes 20 peptide monomers, the backbones of which are shown as 

cartoon. P9 and the residues N-terminal to it are shown in red, residues C-terminal to P9 

are shown in light blue. U denotes a-aminoisobutyric acid. e) Binding of a AuNP (10 nm 

diameter) to the nanofiber as modeled by MD simulation after 9 ns. All backbones are 

shown as cartoon and surface. Side chains of residues that strongly interact with the AuNP 

surface (d < 4.5 Â) are shown as sticks. Color coding corresponds to the previous panel. f) 

Thermal stabilization of the peptide nanofibers by HAuCl4 as evident by turbidometric area 

mapping. Plotted values are averages of turbidometric area maps at 405 nm. Color scale of 
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the maps is defined in the top legend. Insets are corresponding TEM images from the 0.2 

volume fraction condition. Frame colors of insets correspond to line colors. Scale bars: 200 

nm for red and gray frames, 5 pm for black frame.
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Figure 3. Physical properties of peptide-AuNPs nanocomposite.
a) Left: CP-AFM measurements along single nanofibers from the sparse (black), moderate 

(red), and dense (purple) decoration conditions. Each symbol type represents measurements 

along a given nanofiber. Bare insulating surface adjacent to nanofibers (gray) was measured 

as control. Red and purple solid lines are linear fits. Dashed line represents the instrumental 

noise level. Right: Corresponding AFM image of densely decorated nanofibers. Purple 

and gray circles represent measurements along the nanofiber and on adjacent bare 

surface, respectively. Evaporated top electrode is false-colored yellow. Scale bar, 2 pm. 

b) Temperature-dependent conductivity of thickness-normalized nanofiber films from the 

sparse (black), moderate (red), and dense (purple) decoration conditions in 0.1 M phosphate-

citrate buffer, pH 7.0. Solid lines are linear fits. Data represent mean ± standard error of 

the mean (see the Experimental Section in the Supporting Information for calculation). 

Horizontal and some of the vertical error bars are smaller than the symbol size. c) 

Photograph of a 1.5 cm long film of densely decorated nanofiber permitting the activation of 

a serially connected LED. d) EFM phase shift of single nanofibers from the sparse (black), 

moderate (red), and dense (purple) decoration conditions deposited on glass (top) or Au 

(bottom) surface. Densely decorated nanofibers were measurable only on the Au surface. 
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Solid lines are quadratic fits. Data represent mean ± standard error of the mean (n = 5 

measurements per nanofiber). e) Adhesion of densely decorated nanofiber films to various 

substrate materials in water, as estimated by delamination time during stirring (top) or 

retained coverage area following ultrasonication (bottom). Data represent mean ± standard 

error of the mean (n = 5 nanofiber-deposited substrates). f) Photograph of water-immersed 

self-supporting films of densely decorated nanofibers with shape side or diameter of 1 

cm (top), and corresponding SEM-EDX image and elemental maps following transfer to 

a substrate and dehydration (bottom). Scale bar, 250 μm. g) Averaged thickness profile of 

densely decorated nanofiber films (n = 3 films), as measured by CSLM.
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Figure 4. Applications of the peptide-AuNPs nanocomposite.
a) Left: Time-dependent UV-vis spectra of the catalytic reduction of 4-nitrophenol to 4-

aminophenol in the presence of nanofiber coating on silicone rubber surface. Inset is the 

reaction scheme. Right: Normalized rate constant for five consecutive reaction cycles using 

the same coated surface, demonstrating its reusability. b) Left: Photographs of a static charge 

detector based on nanofiber film deflection. The circuit is open and the LED is inactive 

when a statically charged polystyrene dish is far from the film (top). The film deflects to 

close the circuit, activating the LED, when the dish approaches the film (bottom). White 

arrows point to the film to guide the eye. Insets are magnified views of the film. Grid 

square side is 2 mm. Right: Time-dependent distance of the dish from the film (black) 

and corresponding LED state (red). During dish approach, the LED becomes activated at a 

distance of 6-7 mm. Data were calculated from Movie S3 in the Supporting Information. 

c) Optical microscopy image series of a circular nanofiber film cultured with cardiac cells 

after 5 days of incubation. The order of images is from top- left to bottom-right and the 

interval between images is 120 ms. The circle appears to contract (left column) and expand 

(right column), as also seen in Movie S4 in the Supporting Information. Scale bar, 250 

μm. d) CSLM fluorescence image of immunostained cardiac a sarcomeric actinin (purple), 

connexin 43 (green), and nuclei (blue) in cardiac cells cultured on a circular nanofiber 

film. The image shows elongated and aligned cell bundles with massive striation. Scale bar, 

25 pm. e) Left: Fluorescence microscopy image showing the regions of interest used for 

data quantification of calcium transient imaging. Scale bar, 50 pm. Right: Quantification of 

calcium transients by normalized fluorescence intensity over time, showing synchronized 
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activity at the regions of interest. Data were calculated from Movie S5 in the Supporting 

Information.
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Scheme 1. 
Scope of the present work. Inspired by the native interaction of GS T4P with metal oxides 

and metal ions, analogous interaction between such species and T4P-like self-assembled 

peptide nanofibers was explored. Binding of metal oxides to the nanofibers, as well as the 

ability of the latter to reduce ionic Au, were both investigated. Peptide nanofiber-AuNPs 

nanocomposite was formed in a controllable manner via ionic Au reduction process by 

the nanofibers. Owing to its substrate-selective adhesion and electrical conductivity, the 

nanofiber-AuNPs nanocomposite was utilized for chemical catalysis, static charge detection, 

and cardiac tissue scaffolding applications.
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