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Abstract 

Peptides have become into excellent platforms for the design of peptide-nanoparticle hybrid 

superstructures, owing to their self-assembly and binding/recognition capabilities. Morover, 

peptide sequences can be encoded and modified to finely tune the structure of the hybrid systems 

and pursue functionalities that hold promise in an array of high-end applications. This feature 

article summarizes the different methodologies that have been developed to obtain self-

assembled peptide-inorganic nanoparticle hybrid architectures, and discusses how the proper 

encoding of the peptide sequences can be used for tailoring the architecture and/or functionality 

of the final systems. We also describe the applications of these hybrid superstructures in different 

fields, with a brief look at future possibilities towards the development new functional hybrid 

materials. 

 

Introduction 

In chemistry, self-assembly refers to the process by which discrete constituents, encoded with 

appropriate information, spontaneously organize into highly ordered entities.1,2 This concept was 

promptly implemented in the field of nanotechnology, with nanoparticle (NP) research expanding 

its main focus from NP synthesis, morphological control, and colloidal stability, towards 

hierarchical organization into superstructures.3–7 Such interest arose from the fact that NP 

properties not only depend on their shape, size, and composition, but also on their spatial 

distribution.8 Given the attention gained by these superstructures, several approaches have been 

proposed for programming and tuning NP self-assembly,3–5 ranging from the use of weak 

intermolecular forces,9–15 to the application of external inputs, such as electric or magnetic 

fields.16,17 Moreover, different biomolecules, including DNA, proteins, lipids, etc., have been used 

as linkers or templates for the design of a large variety of hybrid superstructures.3,4,18,19 Notably, 
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biomolecule-templated routes offer the possibility of achieving controlled periodicity of the 

assembled NPs, and even the programmed assembly of hierarchical structures, via the 

introduction and controlled arrangement of specific reactive sites for the nucleation and/or 

binding of NPs.  

In this context, peptide-driven inorganic nanoparticle superstructures, which combine the features 

of inorganic nanoscale particles with the inherent recognition properties of both naturally 

occurring and synthetic peptides, have gained a prominent role in the last two decades.20–26 

Peptides are essential structural and signalling molecules in biological systems and, thanks to their 

self-assembly and molecular recognition capabilities, have turned into excellent platforms for the 

development of many supramolecular self-assembled nanostructures.27–31 Taking in consideration 

the intrinsic biological activity and biocompatibility of peptides, as well as their synthetic and 

chemical versatility, the resulting materials have been exploited in many different applications, 

ranging from biomedicine to even electronics.29,32–34 Furthermore, the possibility of encoding 

different self-assembling peptide motifs with selective binding or reactive sites for a chosen 

inorganic material, gives access to a comprehensive toolbox of templates for spatially-controlled 

NP synthesis and assembly into tailored peptide-NP hybrid superstructures.35–38 Besides, the self-

assembling peptide sequences can be further functionalized to endow these hybrid systems with 

specific interaction/binding sites and/or stimuli responsiveness. Therefore, the combination of 

peptides’ versatility together with the unique optical and chemical properties of nanoscale 

particles, grants the possibility to devise functional hybrid superstructures, having tuned 

architectures and properties, exploitable in a wide range of high-end applications (Fig. 1). 

 

 

Fig. 1. Schematic representation of self-assembled peptide-NP superstructures design process. 

 



 
 

These types of hybrid superstructures have been reviewed in the last few years.29,39–41 However, 

these review papers are mainly focused on the description of peptide-NP hybrid systems and their 

applications in different fields, while in this feature article we summarize the different synthetic 

strategies that have been developed to obtain self-assembled peptide-NP hybrid architectures, 

and discuss how the proper encoding of the peptide sequences modulates their structure-function 

relationship, enabling innovative and/or collective properties. We also describe the applications of 

these peptide-based hybrid superstructures in different fields, foregrounding their potential role 

in advancing nanomaterials research and technologies. 

 

Synthetic strategies for obtaining self-assembled peptide-nanoparticle hybrid architectures  

In living systems many inorganic materials, such as bones, teeth, or shells, are produced under 

mild aqueous conditions. For their synthesis, organisms use peptides and proteins to interact with 

the precursor inorganic species and assemble them into ordered structures. These 

biomineralization processes have served as inspiration for chemists, who have made use of 

peptides as scaffolds for the preparation of hybrid self-assembled peptide-NP superstructures.38,42 

In this scenario, peptides can be seen as multifunctional reagents for the synthesis of inorganic 

NPs, since they can display a variety of reactive functional groups in their amino acid side chains 

that can work both as reducing and capping/stabilizing agents.43 Moreover, thanks to their 

synthetic simplicity, peptides can be further modified to include non-natural functionalities within 

their sequences and structures. Considering this chemical versatility of peptides, and the possible 

combination with external reducing agents or additional orthogonal intermolecular interactions, 

several approaches have been described for the production of custom superstructures. In this 

review, we have classified the different synthetic strategies reported in the literature according to 

the level of preorganization of the peptide and inorganic NP building blocks employed to obtain 

the hybrid architectures, namely one-pot synthesis and self-assembly, peptide nanostructure-

templated synthesis, and self-assembly of peptide nanostructures and NPs. A summary of the 

different tactics presented for each synthetic strategy is shown in Table 1. 

 

Table 1. Synthetic strategies for obtaining peptide-NP hybrid superstructures. 

Synthetic strategy Tactic Inorganic material Ref. 

One-pot synthesis and 
self-assembly 

Peptide-induced (AYSSGAPPMPPF)  Au 44, 47 and 48 

Iodide-induced Au 37 

Peptide nanostructure-
templated synthesis 

Metal ion binding and reduction Au, Ag, Cu, Ni, Pd, Pt 49 and 51-58 

Tollens’ reaction Ag 36 

Self-assembly of peptide 
nanostructures and NPs 

Hydrogen-bond formation Au 59 and 60 

Thiol-based immobilization Au 55, 61 and 62 

Electrostatic interaction Au, Pt 63-65 

 



 
 

One-pot synthesis and self-assembly 

In 2008, the group of Rosi reported a new direct approach that coupled both peptide self-

assembly and NP synthesis into a synchronous process, demonstrating that the design of specific 

peptide conjugates can produce homogeneous hybrid systems with precise arrangement of the 

NPs within the superstructure.44 The designed peptide conjugates included the AYSSGAPPMPPF 

sequence (PEPAu), which was identified by phage-display45 and was already known to produce 

homogenous gold NPs (AuNPs) in HEPES buffer.46 In addition, a C12 hydrophobic chain was 

attached to the N-terminus of the sequence (Fig. 2a). The obtained conjugates nicely self-

assembled into uniform left-handed twisted-nanoribbons in HEPES buffer, driven by the 

hydrophobic effect and the formation of parallel β-sheets between the AYSS amino acids (Fig. 2b 

and c). The self-assembly into nanoribbons was favoured over the formation of condensed 

nanofibers due to the presence of bulky amino acids over their surface (a phenylalanine and four 

proline residues). Consequently, left-handed double helices decorated with monodisperse AuNPs 

were obtained when HAuCl4 and C12-PEPAu solutions were mixed, without the need for an external 

reducing agent (Fig. 2e and f). In this case, the synthesis of the AuNPs was aided by the tyrosine 

residue (Y) on the peptide and the HEPES buffer. Interestingly, the hybrid superstructures 

appeared highly regular, and maintained the structural properties of the self-assembled peptides, 

i.e. chirality and pitch. Therefore, the peptide conjugates could control the formation of hybrid 

double helices and interact with AuNPs without impacting their self-assembly pattern, 

demonstrating the potential of this methodology in obtaining highly regular superstructures in a 

synchronous orthogonal fashion. 

 

 

Fig. 2. a) C12-PEPAu chemical structure and representation of its self-assembly into twisted-nanoribbons. b) TEM and c) 
AFM images of C12-PEPAu nanoribbons. d) Schematic representation of the AuNPs double helices. e) and f) TEM 

images, and g) electron tomography reconstruction of the peptide-AuNP superstructures. Adapted with permission 
from reference 44. Copyright 2008 American Chemical Society. 

 



 
 

Later, the same research group expanded this methodology to obtain size-controlled hollow 

spherical peptide-AuNP superstructures.47,48 First, they showed that small modifications in the 

peptide conjugates could modify the superstructure topology, leading to spherical instead of 

monodimensional superstructures. Indeed, the substitution of the C12 hydrophobic chain by a C6 

tail, together with the inclusion of two alanine residues (AA) at the N-terminus of the PEPAu 

sequence, favoured the formation of well-defined and monodisperse hollow spherical 

superstructures (diameter ≈ 52 nm), showing the versatility of the one-pot methodology and the 

possibility of programming the shape of the superstructures by encoding the peptide sequences.47 

One year later, the authors described how the substitution of the C6 tail by a biphenyl unit (BP) in 

the peptide sequence (BP-AA-PEPAu) allowed the tuning of the spherical assembly size, with the 

formation of larger hollow vesicular superstructures (diameter ≈ 60-270 nm). Moreover, upon 

incorporation of hydrophobic residues at the N-terminus of the sequence (i.e. BP-AAA-PEPAu), 

further changes were observed in the self-assembled structures, yielding homogeneous spherical 

superstructures (diameter ≈ 29 nm) and emphasising the rich structural diversity that can be 

reached using this synthetic methodology.48 

Recently, Pigliacelli et al. have developed a new one-pot methodology for the preparation of 

hybrid peptide-AuNP superstructures (Fig. 3).37 In this case, they made use of the reducing and 

self-assembly capabilities of iodophenylalanine residues (F(I)), introduced in the amyloidal peptide 

sequence DF(I)NKF, to simultaneously synthesize and self-assemble peptide-gold hybrid 

superstructures in aqueous conditions, without the need for supporting reducing agents. The 

proposed mechanism for the formation of these superstructures relies on the self-assembly of the 

peptides into spherical structures covered with Au(III) ions, after the incubation of the reagents 

mixture at 60 ℃. Then, the Au(III) ions are reduced to Au(I) by the amino groups present in the 

peptide sequences. Subsequently, Au(I) activates the C-I bond of iodophenylalanine, to produce 

iodide ions, which can further reduce more Au(III) ions to Au(I). In addition, the Au(I) ions can 

function as a source of metallic gold by disproportionation, leading to the formation of AuNPs over 

the surface of the spheres. This mechanism was corroborated by the addition of 2,2’-bipyridine, 

known to complex Au(I) in solution, which inhibited the formation of AuNPs. Furthermore, the 

research group also studied the potential of this methodology to obtain hybrid superstructures 

with other topologies, observing that the introduction of two iodophenylalanine residues in the 

KLVF(I)F(I) sequence could lead to the formation of ribbon-like superstructures decorated with 

AuNPs along their surface (Fig. 3e and f). Overall, this example further demonstrated the 

generality of the one-pot approach to obtain hybrid peptide-AuNP superstructures with different 

morphologies in aqueous media. 

These systems clearly exemplify the advantages of the one-pot strategy, which gives in situ access 

to well-defined hybrid superstructures under environmentally friendly conditions and requires 

fewer synthetic steps than other bottom-up approaches. However, until now this approach has 

been largely restricted to the preparation of Au-based architectures. 

 

 



 
 

 

Fig. 3. a) Schematic representation of the formation of spherical DF(I)NKF-Au hybrid superstructures. b) TEM image 
and c) electron tomography reconstruction of DF(I)NKF-Au superstructures. d) Representation of the gold reduction 
mechanism. e) TEM image and f) schematic representation of helical KLVF(I)F(I)-Au superstructures. Adapted with 

permission from reference 37. 

 

Peptide nanostructure-templated synthesis 

Matsui and co-workers pioneered the use of pre-assembled peptide nanostructures as templates 

for the synthesis of Au hybrid superstructures.49 Their first example relied on the use of glycine 

based bolaamphiphiles, which self-assemble into nanotubes and incorporate high-affinity binding 

sites for peptides. These extra binding sites were used to immobilize histidine-rich peptides over 

the nanotube surface. The incubation of these nanostructures with a gold salt, and the subsequent 

addition of NaBH4, resulted in the formation of hybrid superstructures decorated with AuNPs over 

their surface. In later work, the same research group showed that, by controlling the pH of the 

solutions, they could finely modulate the density of Au binding sites within the peptide 

nanostructures and, therefore, tune the number of nucleation sites and the AuNP packing 

density.50 In addition, they also showed that, by modifying the peptide sequence immobilized over 

the nanostructures, this strategy could be extended for the preparation of other hybrid 

superstructures decorated with Ag, Cu and Ni NPs.51–53  



 
 

Other examples described in the literature report on the use of different peptide-based self-

assembled nanostructures for the formation of hybrid architectures. In these cases, the peptide 

sequences include amino acids that bind different metal ions, which are then reduced, yielding Au, 

Ag, Pd or Pt hybrid superstructures.54–58  

A related strategy was followed by Pazos et al., who described the use of aldehyde-modified 

peptide amphiphiles for the development of peptide-silver NP (AgNP) hybrid nanofibres.36 In this 

case, the peptide amphiphiles were modified to include an aldehyde moiety that, upon peptide 

self-assembly, was exposed on the surface of the nanofibres. This functional group was oxidized 

into a carboxylic acid via the Tollens’ reaction, consequently reducing Ag(I) ions to Ag2 clusters, 

without the need for any external reducing agent or additives to control the nucleation (Fig. 4b). 

Different experiments suggested that the rearrangement of the peptide-amphiphile molecules 

within the supramolecular fibre aided the clustering of the Ag atoms into larger and monodisperse 

particles, which were spatially ordered along the nanofibres (Fig. 4c). The monodispersity arose 

from different interactions, such as cohesive forces and electrostatic repulsion between the 

peptide monomers, as well as interactions between the carboxylic groups of the monomers and 

the surface of the NPs. In turn, the ordered distribution of the AgNPs within the superstructures 

was due to the minimization of the electrostatic repulsion between neighbouring AgNP-peptide 

amphiphile aggregates. 

 

 

Fig. 4. a) Chemical structure of the peptide-amphiphile. b) Schematic representation of the proposed mechanism for 
the formation of peptide-AgNP hybrid nanofibres. c) TEM image of the hybrid nanofibres. Adapted with permission 

from reference 36. 



 
 

Although this strategy involves more steps than the one-pot methodology and in many cases 

requires the addition of reducing agents, it has been successfully exploited for the preparation of 

hybrid systems in aqueous media with other transition metals than Au. Moreover, this strategy 

allows to modulate the NP density over the peptide nanostructure or the nanocrystal shape by 

controlling the reaction conditions.  

 

Self-assembly of peptide nanostructures and nanoparticles 

Several types of interactions have been exploited to obtain hybrid superstructures from the 

combination of self-assembled peptide-based nanostructures and pre-synthesized metal NPs. In 

2001, the group of Matsui described the use of glycine-based bolaamphiphile nanotubules to 

which AuNPs, capped with 11-mercaptoundecanoic acid, were attached by means of hydrogen 

bonding between the carboxylic acids of the AuNPs and the free amide bonds present on the 

surface of the tubules.59 Later, Stupp and co-workers developed self-assembled peptide 

amphiphile nanofibres decorated on their surface with thymine moieties, which were introduced 

by co-assembling these peptide amphiphile monomers with non-modified counterparts. These 

thymine scaffolds were used to immobilize the AuNPs, capped with diaminopyridine, over the 

surface of the nanofibers through the formation of hydrogen bonds between both units.60  

An alternative approach involved the addition of thiol moieties (usually incorporating Cys residues 

within the peptide sequences) that were then exposed over the surfaces of the self-assembled 

peptide nanostructures. This functional group, which serves as a gold-binding ligand, allowed the 

immobilization of AuNPs over a variety of structures, such as nanotubules, coaxial nanowires or 2D 

plates to obtain the corresponding superstructures.55,61,62  

Other strategies exploited electrostatic interactions to drive the self-assembly of oppositely 

charged peptide nanostructures and metal NPs.63–65 Interestingly, Pochan and co-workers used 

this type of interactions to obtain fibril-like hybrid architectures that display characteristic arrays 

of laterally-spaced NPs.64 To achieve this, the authors designed an amphiphilic peptide able to self-

assemble into β-sheet filaments, driven by the hydrophobic collapse of the apolar valine residues 

from two β-sheets, with the positively charged lysine residues exposed at the outer faces. As a 

result, these filaments stacked to yield fibril laminates consisting of alternating layers of apolar 

and positively charged residues, in which the layers of lysine residues are laterally spaced with a 

periodicity of 2.5 nm. The addition of 2 nm negatively charged AuNPs to these fibrils resulted in 

the formation of hybrid superstructures, in which the distribution of the AuNPs followed linear 

arrays with a highly conserved spacing between them (Fig. 5).  

Clearly, this strategy represents the most tedious one in terms of the number of synthetic steps; 

however, it provides a higher level of control of the peptide-NP interaction, which is mediated by 

specific functional groups introduced for this purpose on the NPs. On the other hand, this 

approach would allow greater control over the final superstructures’ morphology, because the 

metal NPs are prepared and stabilized before their assembly in the final superstructure, making it 

possible to assemble NPs with other shapes than the classical spherical NPs. 



 
 

 

Fig. 5. a) Chemical structure of the amphiphilic peptide and schematic representation of the formation of the hybrid 
architectures. b) and c) TEM images, and d) high resolution TEM image showing the conserved spacing between 

AuNPs arrays. Adapted with permission from reference 64. 

 

Structure-function relationship 

It is well-known that the sequence of a peptide defines its self-assembly pattern, its interaction 

ability and the possible functionality arising from these properties. Thus, proper encoding of the 

amino acid sequence can lead to the formation of tailored functional peptide-based structures.66 

Many different peptide motifs associated with specific functions and/or properties have been 

identified in natural proteins, and integrated in artificial peptides or conjugated to target 

molecules/materials to endow them with desired functions.67 Similarly, peptide sequences 

employed in the design of hybrid peptide-NP systems can be encoded to confer to the 

superstructure a chosen functionality, which is strongly related to the designed architecture and 

to the NP arrangement.  

 

Chiroptical activity and chiral plasmonics 

A seminal example of peptides’ ability to endow nanoscale hybrid materials with innovative 

properties, has been shown in the work by Slocik et al., that reported how the functionalization of 



 
 

AuNPs with random coil and α-helix peptides could impart chirality to the AuNPs, changing their 

spectroscopic behaviour. Indeed, the circular dichroism (CD) profile of the chiral peptide-NP 

complex showed the activation of a signal at the AuNPs surface plasmon resonance (SPR) 

frequency, proving the formation of chiroptically-active AuNPs.68 Moreover, the arrangement of 

inorganic NPs on helical peptide scaffolds represents one of the most exploited strategies to 

develop chiral plasmonic structures. A peptide sequence can be programmed to self-assemble into 

chiral architectures and also designed to bind or associate with NP surfaces. If the spatial 

distribution of NPs along the peptide fibre is uniform, and the interparticle gap is properly tailored, 

a collective plasmonic mode can be formed along the handed peptide structure, yielding a 

bisignate CD signal in the visible area of the electromagnetic spectrum.69  

Rosi’s research group pioneered the topic, exploiting the self-assembly propensity of the peptide 

conjugate C12-PEPAu to drive the synthesis and assembly of AuNPs along the peptide 

nanoribbons.44 Notably, the left-handed helicity of these fibres arose from the chirality of the L-

amino acids within the C12-L-PEPAu conjugates. By replacing the L-amino acids with the 

corresponding D-conFig.d ones, the formation of right-handed peptide-AuNP superstructures 

could also be achieved (Fig. 6a and b). The change in handedness was reflected in the CD spectra 

of the superstructures, which showed vertically mirrored CD signals at 562 nm (Fig. 6c), proving 

the possibility of tailoring the superstructure’s CD response by properly encoding the PEPAu 

sequence.35 In further studies reported by the same research group, the oxidation of the C18-

(PEPAu)2 methionine residue to the corresponding sulfoxide (C18-(PEPAu
M‑ ox)2) led to a change in the 

AuNP shape and self-assembly profile, with the formation of rod-like AuNPs along single left-

handed helix superstructures (Fig. 6e). The growth of the rod-like AuNPs over the helical structure 

resulted in a strong bisignate CD signal, centred at approximately 600 nm, near the collective 

plasmonic extinction band for the assemblies (Fig. 6g). Notably, the unoxidized C18-(PEPAu)2 could 

only lead to the formation of double helices, highlighting the role of the methionine residue in 

both defining the superstructure morphology and controlling the particle shape and dimensions. 

Therefore, chemical modifications of a motif or an amino acid residue in the peptide sequence can 

be employed to modulate the final superstructure architecture and, consequently, its 

spectroscopic behaviour.70 Moreover, the position of the methionine residue in the peptide 

sequence, and of its oxidized counterparts, was shown to play a key role in determining the size 

and position of AuNPs, while possible changes in the motif driving the peptide self-assembly are 

envisaged to impact more on the final architecture of the superstructure.71  

 

Catalytic activity  

Besides defining optical properties, the structure characterizing peptide-NP systems has been 

shown to strongly affect their potential catalytic abilities.72 Several studies revealed the relation 

between the observed catalytic activity and peptide arrangement along the NPs surface, 

confirming the need to properly tune the peptide architecture and its binding to the inorganic 

moiety of the hybrid system.73 Mikolajczak et al. designed the peptides E3H15 and K3, based on 

the heterodimeric IAAL-E3/IAAL-K3 coiled coil system, to study the role of the peptide’s 



 
 

conformation in controlling the catalytic activity of peptide-AuNP systems. While E3H15 was 

esterolytically active, its complementary counterpart K3 was catalytically inactive. E3H15@AuNPs 

were shown to effectively accelerate ester hydrolysis, thanks to the histidine imidazole moiety 

which works as a catalytically active charge-relay site. Such functionality was proved to be 

disrupted upon heterodimerization of E3H15@AuNPs with K3 and the formation of the 

corresponding coiled coil structures, which hindered the E3H15@AuNP interaction with the 

substrate, lowering the overall catalytic activity.74 

 

 

Fig. 6. a) Chemical structure of (D,L)-C12-PEPAu peptide conjugates. b) Schematic representation of the left- and right-
handed superstructures and their corresponding TEM images. c) Experimental and d) theoretical CD spectra of the 

left- and right-handed superstructures. Adapted with permission from reference 35. Copyright 2013 American 
Chemical Society. e) Schematic representation of C18-(PEPAu)2 and C18-(PEPAu

M‑ox)2 peptide conjugates and TEM images 
of their corresponding hybrid superstructures. f) Electron tomography reconstruction of the C18-(PEPAu

M‑ox)2 single 
helical superstructures, and g) their CD spectrum. Adapted with permission from reference 70. Copyright 2016 

American Chemical Society. 

 

Structure-function relationship studies on peptide-AuNP systems were performed also by Bedford 

et al., who employed a series of Au binding peptides (PEPCANs), to investigate sequence-

dependent structural and functional changes in catalytically active peptide-AuNP systems.75 The 

conformational freedom of the peptide at the biotic/abiotic interface was identified as one of the 

main factors influencing the catalytic activity, in which peptide sequences without strongly pinned 

terminal or central loop segments showed lower activation energies. Therefore, the catalytic 

activity was found to be favoured by high dynamic exposure of reactive sites on the peptide-AuNP 

interface and limited by conformational constrains.  

Notably, peptide-AuNP hybrid superstructures have been shown to significantly enhance the 

catalytic activity in the reduction of 4-nitrophenol, when compared to template-free AuNPs.54 

Indeed, using a fragment of the amyloid-β peptide (Aβ25-35) several self-assembled peptide-AuNP 



 
 

architectures were obtained by changing the reaction conditions, i.e. reaction time and solvent. 

The obtained structures efficiently worked as catalysts for the reduction of 4-nitrophenol, showing 

activation energies strongly reduced with respect to template-free AuNPs, and higher conversions 

towards 4-aminophenol. Individually dispersed peptide-AuNPs (4.5 nm in diameter) yielded the 

highest catalytic activity thanks to their high surface area, which provided an increased number of 

interaction sites for the substrate and, consequently, a higher reaction rate. Upon self-assembly of 

the AuNPs into peptide-Au nanoribbons, the surface area was significantly lowered, so proper 

diffusion of the substrate through the peptide assembled layer was needed for the reaction to 

occur. This led to a decreased reaction rate and higher activation energy in comparison to the 

single peptide-AuNPs, but the overall catalytic activity was still significantly improved with respect 

to template free AuNPs. Finally, peptide-AuNP nanofibers with a more densely packed framework 

of small sized AuNPs, could drive the 4-nitrophenol conversion at a faster rate, providing 

comparable catalytic activity to the colloidal peptide-AuNPs.  

 

Stimuli-responsiveness 

Peptide sequences can also be programmed to respond to different stimuli, and consequently 

impart specific stimuli-responsiveness to the final peptide-AuNP hybrid material.76 Such a design 

strategy has been widely employed to develop innovative biosensing platforms, in which the NP 

optical properties and peptide recognition and responsiveness are combined in a unique 

nanostructure.77 Protease-triggered disassembly of peptide-AuNP aggregates was devised by 

Laromaine et al., who reported on a short peptide-functionalized AuNP system, whose self-

organization was controlled by the protease thermolysin.78 The formation of the aggregates was 

driven by the tripeptide Fmoc-Gly-Phe-Cys-NH2, which was encoded to have as key features: a 

thiol containing residue able to bind Au, cysteine; a protease cleavable portion, the amide bond 

between glycine and phenylalanine; and a self-assembly actuator, in this case 9-

fluorenylmethoxycarbonyl (Fmoc), known to induce self-assembly through π-stacking interactions. 

Thermolysin could catalyse the hydrolysis of the amide bond between the glycine and 

phenylalanine residues, triggering the disassembly of the system and the subsequent dispersion of 

individual peptide-AuNPs (Fig. 7). Crucially, the process causes an optical response, with a blue-

shift of the SPR signal in the UV-vis spectrum translated into a visible colour change in the 

solution, features that render the system a possible platform for optical and colorimetric sensing 

applications. 

Similarly, peptide-AuNP hybrid systems could also be employed for the colorimetric detection of 

the blood coagulation Factor XIII.79 To achieve responsiveness to its activity, AuNPs were 

functionalized with a Factor XIII reactive peptide domain, having glutamine or lysine residues. 

Upon exposure of peptide-AuNPs to the targeted enzyme, the activity of the blood coagulation 

factor resulted in the formation of covalent crosslinking between the peptide chains, via ε-(γ-

glutamyl)-lysine isopeptide bonds, leading to AuNP aggregation. As a consequence of the particles’ 

assembly, the SPR signal was strongly red-shifted, with a rapid change in the sample colour from 



 
 

purple to blue being observed, confirming the system’s potential application as a colorimetric 

sensing tool.  

Assembly and disassembly of peptide-NPs systems can also be triggered by pH changes in the 

sample medium. Indeed, electrostatic and hydrogen bond interactions contributing to the self-

organization of peptide-NP nanostructures can be finely tuned by proper pH adjustments, causing 

protonation or deprotonation of the functional groups involved in the interactions, triggering  

aggregate rearrangement.80  

 

 

Fig. 7. a) Chemical structure and schematic representation of the peptide fragments. b) Schematic representation of 
the disassembly mechanism. c) TEM images of peptide-AuNP systems before and after exposure to protease. Adapted 

with permission from reference 78. Copyright 2007 American Chemical Society. 

 

Challenges in the structure-function relationship and functionality design 

As described in the previous sections, several hybrid nanomaterials, endowed with specific 

tuneable properties, have been produced by peptide-sequence rational design. Although still 

being a challenge for materials scientists, in depth control of the designed self-assembled hybrid 

structures is pivotal for the development of tailored functional nanoscale materials. In this 

scenario, the combination of experimental and computational approaches has been shown to 



 
 

provide key information about the structure of the biotic/abiotic interface of peptide-NP systems, 

peptide assembly and template efficiency, peptide interaction with potential analytes and 

responsiveness to different stimuli.81 Still, the acquisition of structural data for peptide-enabled 

hybrid materials remains highly challenging and the elucidation of their structure at the atomic 

and molecular level is frequently limited. For instance, the structural resolution of single molecular 

components by NMR spectroscopy can be strongly hindered by their arrangement in the self-

assembled system and X-ray diffraction is not well-suited for studying peptides at interfaces.82 

Moreover, although CD spectroscopy can probe the presence of peptides’ secondary structures, it 

can be uninformative when used to study the occurrence of peptides’ conformational and 

orientational changes upon binding to NP surfaces.81 Recently, the use of 2D NMR techniques and 

of sum-frequency generation (SFG) vibrational spectroscopy has allowed significant progresses for 

the study of peptide and protein structures at the solid/liquid interface. Specifically, SFG has 

emerged as an exceptional tool to probe peptides’ folding, binding, orientation, hydration, and 

dynamics even after their self-assembly on metal surfaces.82 Although the rational design of a 

peptide sequence represents the first step towards a specific functional hybrid system, the 

acquisition of structural information on the self-assembled systems is essential to further predict 

and tune the targeted functionalities.83,84 Indeed, the elucidation of the relationship between the 

structural data and the properties of peptide-enabled hybrid materials could open new avenues 

for the design of custom functional nanostructures, advancing technologies based on self-

organized materials for plasmonics, catalysis, biosensing and nanomedicine.  

 

Applications of self-assembled peptide-inorganic nanoparticle hybrid systems 

Biomedical applications 

Antimicrobial materials. Currently, one of the most urgent issues in the biomedical field is the 

need for the development of new materials with antimicrobial properties, due to the increasing 

bacterial resistance to common antibiotics.85 In this context, and considering the well-known 

antimicrobial properties of AgNPs86–89, the application of several peptide-AgNP hybrid 

architectures as improved antibacterial materials has been proposed in the literature.36,56,90 For 

instance, Liu and co-workers described a conveniently bench-stable hybrid system made of self-

assembled peptide nanofibres decorated with 5 nm AgNPs over their surface (Table 2).56 These 

superstructures displayed antibacterial activity towards both Gram-positive (B. subtilis) and Gram-

negative bacteria (E. coli), even when they were stored for a month. Interestingly, comparing the 

bioactivity of their material versus colloidal AgNPs, the authors observed that colloidal AgNPs 

stored for five days had no noticeable antibacterial activity, while their hybrid nanofibres were 

able to completely inhibit the bacterial growth. The higher and long-term bioactivity could be 

correlated to the increased stability of the metallized nanofibres compared to colloidal AgNPs, 

which are easily oxidized or aggregated in air. 

More recently, Pazos et al. demonstrated that supramolecular peptide-amphiphile nanofibres 

decorated with AgNPs of 3 nm on their surface had a similar bacteriostatic effect against E. coli to 

AgNO3 (Table 2).36 Moreover, when tested with eukaryotic cells (C2C12, mouse myoblast cell line), 



 
 

these metallized nanofibres were more than 30 times less toxic towards eukaryotic cells than to 

bacteria and, importantly, less cytotoxic than AgNO3 alone. In addition, the study showed that the 

metallized nanofibres could form gels when pipetted into a CaCl2 solution. The obtained gels 

retained the antimicrobial properties against E. coli cultures, demonstrating that is possible to 

prepare hydrogels or surface films of hybrid peptide-AgNP superstructures with effective 

antimicrobial properties employable for medicine applications.  

Biosensing and bioimaging systems. Inorganic NPs represent a powerful platform for biosensing 

and bioimaging thanks to their physical properties.91–93 Peptide-nanoparticle conjugates have 

been widely used for those purposes, since the incorporation of peptides can be employed to 

facilitate the NP-analyte binding or to mediate an output in response to the target analyte.77,94–96 

However, the potential of hybrid peptide-nanoparticle superstructures to develop biosensors or 

bioimaging agents has not been fully explored yet.97–103 Yang and co-workers reported, for the first 

time, the use of self-assembled dipeptide (diphenylalanine) spheres that incorporate AuNPs, both 

in the inner core and in the surface of the spheres, to construct an electrochemical H2O2 biosensor 

(Table 2).98 The modification of the hybrid spheres with horseradish peroxidase, used as a model 

enzyme, and the casting of the resulting superstructures over a carbon electrode afforded the 

electrochemical biosensor, which showed high sensitivity towards H2O2 and satisfactory long-term 

stability and reproducibility, thus confirming these hybrid systems as good candidates for the 

fabrication of electrochemical biosensors thanks to their good charge-transfer capabilities. 

Similarly, Chen and co-workers developed an electrochemical biosensor for the detection of the 

cancer stem cell biomarker CD44, using the same type of diphenylalanine-AuNP hybrid spheres, 

but with a different approach for the sensing strategy (Table 2).100 Interestingly, for the 

construction of the electrode, the hybrid superstructures were immobilized taking advantage of 

the ability of cucurbit[8]uril (CB[8]) to form 1 : 2 inclusion complexes with two diphenylalanine 

peptide sequences, present both in the hybrid superstructures and in the peptides bound to the 

gold electrode. Therefore, this example demonstrates that the peptide-based hybrid structures 

can have a dual function, as a scaffold for the self-assembly of the NPs as well as recognition 

elements. The research group of Li extended the strategy developed by Yang and co-workers for 

the detection of cholesterol (Table 2).101 In this case, the surface of the superstructures is modified 

with cholesterol oxidase to obtain the sensing electrode, thus probing the versatility of hybrid 

superstructure-modified electrodes for the development of new biosensors. 

In 2014, Su and Wei, developed self-assembled peptide nanofibre-AgNP hybrid superstructures 

that were subsequently assembled electrostatically into graphene nanosheets (Table 2).97 These 

superstructure-graphene nanohybrids exhibited high sensitivity and selectivity for the sensing of 

H2O2, without the need for incorporating enzymes, providing an alternative to overcome the 

potential limitations of enzyme-based sensors (e.g. susceptibility to pH and temperature or 

inherent instability). More recently, this research group has reported a self-assembled peptide 

nanofibre-AuNP hybrid that can work both as a H2O2 electrochemical sensor, when deposited over 

a carbon electrode, and as a colorimetric sensor in aqueous media with specificity towards Hg2+ 

(Table 2).103  

 



 
 

Table 2. Summary of peptide-NP hybrid architectures with different applications. 

Peptide sequence NPs Superstructure 
morphology 

Application Ref.  

Fmoc-FFECG AgNPs Fibres Antimicrobial (B. subtilis and E. coli) 56 

Ac-E(ald)E3A3V3K(C16) -NH2 AgNPs Fibres Antimicrobial (E. coli) 36 

FF AuNPs Spheres H2O2 sensing 98 

CD44 biomarker detection 100 

Cholesterol detection 101 

PdNPs Fibres Catalysis (Suzuki and hydrogenation react.) 107 

VIAGASLWWSEKLVIA AgNPs Fibres H2O2 sensing 97 

CCYAEAKAEAKAEAKAEAKRGD AuNPs Fibres H2O2 and Hg2+ detection 103 

RGDAEAKAEAKCCYYCCAEAKA
EAKRGD 

AuNCs Fibres Temperature sensing and cell imaging 102 

PC10ARGD (full sequence in 
ref. 99) 

AuNPs Spheres Cell imaging  99 

Octreotide AgNPs Cubes Photothermal therapy 105 

C12-VVAGHH-NH2 PdNPs Fibres Catalysis (Suzuki react.) 57 

Oligo-Arg PdNPs Fibres Catalysis (C-S coupling react.) 108 

Aha-(Nce)6(N4-Clpe)6-NH2 PdNPs Fibres Catalysis (olefin hydrogenation) 109 

I3K PtNPs Fibres Catalysis (H2 and MeOH electro-oxidation) 58 

Aniline-GGAAKLVFF PtNPs Fibres Catalysis (O2 reduction) 65 

Ac-FFACD AgNPs Fibres Catalysis (4-nitrophenol reduction) 110 

GSNKGAIIGLM AuNPs Fibres Catalysis (4-nitrophenol reduction) 54 

 

Besides the sensing capabilities of peptide-inorganic nanoparticle superstructures, Shang and co-

workers have developed self-assembled peptide nanofibers with embedded gold nanoclusters 

(AuNCs) that can be applied for temperature sensing and cellular imaging.102 The designed 

peptides, in addition to being encoded with the self-assembling sequence and the reactive/binding 

site that yields the final hybrid structures, included the RGD sequence, known to have high binding 

affinity for tumour cells that overexpress integrin receptors (Table 2 and Fig. 8). The resulting 

hybrid nanofibres showed a 70-fold increase in luminescence intensity, when compared with the 

peptide-AuNCs before self-assembling into nanofibres. Interestingly, their luminescent intensity 

and lifetimes decreased with temperature, being not the case for the non-assembled peptide-

AuNCs, making these hybrid superstructures good systems for thermometry applications. 

Furthermore, the hybrid nanofibres, which are expected to target integrin-rich cancer cells and 

thus label them, are effectively internalized by HeLa cells without affecting their morphology and 

viability, proving that they are promising probes for imaging cellular processes. 

An alternative imaging strategy has been developed by Liu and co-workers, who described self-

assembled peptide nanogel-AuNP hybrid spheres that can be used for targeted photoacoustic 

imaging (Table 2).99 This imaging modality consists in acoustic signals that are generated by 

transient temperature variations caused by the absorbed light, and offers high contrast and spatial 

resolution, and deep penetration. The photoacoustic signal produced by these hybrid structures, 



 
 

which incorporate the integrin binding sequence RGD, proved their higher internalization by HeLa 

cells, which overexpress integrin receptors, than by MCF-7 cells, with lower expression of these 

receptors, converting these hybrid structures into potential contrast agents for targeted 

photoacoustic imaging of tumour cells. Furthermore, the authors demonstrated that these hybrid 

nanogels can encapsulate and release drugs, such as doxorubicin, in vitro, thus having the 

potential to work as theragnostic agents.  

 

 

Fig. 8. a) Peptide sequence. b) Schematic representation of the formation mechanism of peptide nanofibers with 
embedded AuNCs. c) Luminescence emission spectra of the hybrid structures at different temperatures. d) Confocal 

image of HeLa cells upon internalization of the peptide-AuNC hybrids (red dots) with nuclear staining (in blue). 
Adapted with permission from reference 102. 

 

Therapeutic agents. Another interesting biomedical application of hybrid superstructures is that of 

photothermal antitumor therapy. Although inorganic nanomaterials, such as nanorods, nanocubes 

or nanoplates, have been discussed as possible platforms for photothermal therapy, their 

potential cytotoxicity, arising from the chemicals employed for their preparation, has limited their 

use.104 In this scenario, the research group of Gao reported an alternative method for the 

development of silver nanocages based on peptide-mediated biomineralization.105 These silver 

nanocages are hybrid cubes made of octreotide, a natural peptide hormone, decorated with a 

shell of AgNPs (Table 2). The hierarchical organization of the hybrid structures forced the AgNPs to 

be located in close proximity, inducing a plasmonic coupling that shifted the resonant excitation to 

the near-infrared region. As a result, these superstructures had a good light-to-heat conversion 



 
 

efficiency, being able to induce cancer cell death in vitro after irradiation with near-infrared light. 

Furthermore, when injected intratumorally into mice the hybrid cubes showed good tumour killing 

efficacy and biocompatibility, suggesting their potential application for cancer therapy.  

 

Catalytically active superstructures  

Metal-catalysed reactions are commonly used by organic chemists for the preparation of many 

important compounds. Therefore, transition-metal NPs are good candidates for heterogenous 

catalysis due to their high surface area. However, the metal NPs need to be stable to avoid 

aggregation under reaction conditions. As has been previously mentioned, peptide-templates can 

control parameters such as the nanoparticle size and shape, or adjust their surface chemistry, 

ultimately improving the catalytic properties of NPs.106 

For instance, diphenylalanine fibres have been vertically self-assembled and immobilised in the 

reaction zone of a microfluidic device by Kim and co-workers, and PdNPs were subsequently 

synthesised over their surface, giving access under mild conditions to an aligned array of hybrid 

superstructures in the microchannel (Table 2).107 The catalytic performance in hydrogenation and 

Suzuki reactions of this modified microfluidic device was compared with that of a control device 

having immobilised PdNPs on the surface of the microchannels. For both reactions, the 

microfluidic device modified with the hybrid superstructures showed higher conversion yields, 

demonstrating the utility of these modified devices for heterogeneous catalysis.  

A similar approach, developed by the group of Guler, used self-assembled peptide amphiphile 

nanofibers coated with PdNPs as catalysts in Suzuki reactions (Table 2 and Fig. 9).57 They tested 

different iodo- and bromo-aryl substrates, with both electron donating and withdrawing groups. 

Interestingly, the authors observed that most of the reactions were completed in almost 2 h with 

high conversions, and also that the reactions of aryl bromides could be carried out in water at 

room temperature with high yields. Furthermore, the catalyst could be isolated and reused at 

least five times without notable loss in activity or structural integrity, proving its potential 

application in industrial catalytic processes.  

Self-assembled peptide-PdNP architectures have also been tested as catalyst in C-S coupling 

reactions for the synthesis of alkyl/aryl sulphides (Table 2).108 For example, Ghorbani-

Choghamarani et al. proved their use in reactions between aryl halides and thiourea or 2-

mercaptobenzothiazol, and demonstrated that for the synthesis of diphenyl sulphide their Pd-

hybrid catalyst provided better yields and shorter reaction times when compared with other 

nanoparticle and metal catalysts. More recently, Knecht and co-workers reported that the 

morphology of self-assembled peptoid-PdNP hybrid superstructures has an effect on their catalytic 

properties (Table 2).109 In this case, peptoids self-assembled into 1D fibres and coated with PdNPs 

displayed enhanced catalytic activity in olefin hydrogenation than 2D assemblies, corroborating 

that the morphology of the superstructures plays an important role in controlling the material 

properties.  



 
 

 

Fig. 9. a) Peptide chemical structure and schematic representation of the formation mechanism of the hybrid 
structures, which work as catalysts in Suzuki reactions. b) and c) TEM images of the resulting superstructures. Adapted 

from reference 57 with permission from the Royal Society of Chemistry. 

 

Besides PdNP-based hybrid superstructures, self-assembled peptide nanofibre-PtNP 

superstructures have also been described in the literature and tested as electrocatalysts.58,65 Lu 

and co-workers have shown that superstructures coated with a continuous layer of PtNPs had 

better efficiency in the electro-oxidation of hydrogen and methanol with respect to 

superstructures bearing more dispersed PtNPs over their surface, and even when compared with 

colloidal PtNPs (Table 2).58 In the same year, Liu et al. published another example of self-

assembled peptide nanofibres coated with PtNPs, further corroborating their better performance 

as electrocatalysts in oxygen reduction than other Pt nanomaterials (Table 2).65 Both examples 

verify the potential of Pt-based superstructures as electrocatalysts for fuel cells. 

Finally, self-assembled peptide nanofibres have also been used to prepare Au and AgNP 

superstructures with catalytic properties.54,110 Song and co-workers developed self-assembled 

peptide-AgNP hybrid superstructures that showed good catalytic activity towards 4-nitrofenol 

reduction, and that were also much more efficient than colloidal AgNPs for the degradation of 

rhodamine B (Table 2).110 More recently, the group of Liu described how the morphology of self-

assembled peptides nanostructures, i.e. ribbons or fibres, affects both the spatial distribution of 

the AuNPs synthesized over their surface, and the catalytic activity of the hybrid superstructures 

for the reduction of 4-nitrophenol,54 in agreement with the well-known fact that the properties of 

metal NPs are dependent on their spatial distribution (Table 2). 

 

Outlook and future perspectives 

Combining the unique properties of nanoscale objects and the versatility of supramolecular 

systems, peptide-inorganic NP superstructures have already become promising in several high-end 

applications, showing their potential key role in the progress of nanotechnology. Still, the 



 
 

engineering of these hybrid systems is quite recent and holds great promise in multiple fields, in 

which the application of peptide-NP hybrids is currently remote or in its beginning.  

While the use of peptides as templates to arrange NPs in chiral manners is well consolidated, their 

possible ability to impart chiral geometry to inorganic objects is still quite unexplored. In this 

direction, Lee et al. devised an elegant strategy to tune the growth of pre-synthesized AuNPs into 

helicoidal cubes, driven by cysteine or cysteine-based peptides, having chiral conformations. The 

obtained morphology was the result of the different growth rates characterizing certain gold 

facets, in the presence of the peptide or amino acid. Notably, the conformation of the peptide 

controlled the handedness of the resulting nanostructures, with opposite configurations formed 

when using L- or D- amino acids. The obtained helicoidal structures were endowed with chiral 

plasmonic optical activity, and the resulting CD response followed the handedness of the system. 

Moreover, by changing the molecules driving the seeds growth (e.g. from Cys to glutathione) or 

the initial shape of the seed particles, the nanostructure chiral morphology and optical response 

could be finely manipulated.111 The use of peptides to control the chiral growth of inorganic and 

hybrid structures opens up new possibilities towards the development of metamaterials with 

chiral selectivity, light-manipulating capabilities or polarization control. These properties are 

essential features for the exploitation of nanotools in several fields, such as chiral sensing, colour 

displays, holography and reconfigurable switching. An illustrative example of a chiral sensing 

application was reported by Ma et al., who developed DNA connected side-by-side gold nanorod 

(AuNR) assemblies with strong polarization rotation, able to detect DNA markers at attomolar 

concentration.112 The chiroptical activity of side-by-side assemblies obtained employing different 

DNA templates could be used as a probe for the detection of oligonucleotides, as the amplitude of 

the CD bisignate signal of the obtained assemblies demonstrated exceptional linear correlation 

with the amount of DNA linker acting as target. This work represents an excellent example of the 

possible use of chiroptical metamaterials in biosensing applications, proving the advantages of the 

higher sensitivity of the chiral plasmonic method in comparison to other techniques and its unique 

ability in detecting analytes larger than 2–5 nm.113  

Given the promise shown by biomolecule-NP chiral systems, it can be envisaged that peptide-NP 

hybrid structures can gain a primary role towards the development of valuable chiroptical sensing 

tools, employable for the diagnosis of different diseases, as well as for forensics and 

environmental analysis.114,115 In this context, the interaction between AuNPs and amyloid peptides 

has attracted significant research interest. We have previously discussed the ability of amyloidal 

and β-sheet forming peptides to interact with Au ions and drive the formation and self-assembly 

of AuNPs. Additionally, AuNPs have been reported for their impact on amyloidal peptides and 

protein self-assembly behaviour, with both inhibition and promotion effects described for 

different systems and conditions.116,117 Amyloids are known to self-assemble into β-sheet-rich 

fibrillar nanostructures and are associated with several neurodegenerative diseases, being, in 

particular, essential constituents of Alzheimer’s disease plaques.118–120 The interaction between 

AuNPs and amyloidal fibrils can potentially lead to the formation of fibril-AuNP hybrid systems 

that, upon chiral arrangement of the AuNPs along the fibrils, could generate chiral plasmonic 

responses. This strategy was employed by Kumar et al. to detect α-synuclein amyloid fibrils at low 



 
 

concentration, exploiting the helical alignment of plasmonic AuNRs on the amyloid fibrils. Notably, 

the AuNRs did not interact with α-synuclein monomers, proving the high selectivity of the method. 

In contrast, addition of nanomolar concentrations of assembled fibrils to AuNRs samples led to 

spectral changes in both UV-vis absorption, with a red-shift of the SPR signal in agreement with 

the AuNRs assembly, and in the CD spectrum, with the activation of a bisignate signal at the 

longitudinal surface plasmon wavelength (Fig. 10). Importantly, the technique could be 

successfully employed to identify the presence of amyloidal fibrils in brain homogenates from 

patients affected by Parkinson’s disease and infectious amyloids formed by prion proteins, 

confirming the suitability of this innovative method for in vitro detection and, particularly, the 

wide potential of the technique in neurodegenerative diseases diagnosis.121  

 

 

Fig. 10. a) TEM image of α-synuclein fibrils. b) and c) TEM images of α-synuclein fibrils in the presence of AuNRs at 2 
and 0.5 nM concentrations, respectively. d) Cryo-TEM tomography reconstruction image showing a 3D chiral 

arrangement of the AuNRs. Reproduced with permission from reference 121. 

 

Inspired by these results, it can be foreseen that the interaction and assembly of inorganic NPs 

with peptides and proteins could be used as a diagnostic and therapeutic tool in protein-

misfolding related diseases. Zhang et al. recently described the application of chiral L/D-FexCuySe 

NPs in inhibiting and reversing the formation of amyloid-β peptide 42 (Aβ42) fibrils, by interfering 

with the Aβ42 self-assembly under near-infrared irradiation, resulting in a decrease of 

neurotoxicity in vivo. Isothermal titration calorimetry studies proved an excellent binding of the 

NPs with the KLVFF peptide, the hydrophobic portion of Aβ42, suggesting a key role of the NP-



 
 

peptide interaction in the disassembly of amyloidal fibrils.122 Similarly, AuNPs were shown to 

effectively inhibit Aβ40 fibrillization, and to induce the rearrangement of mature fibrils into 

smaller AuNP-peptide fibrillar structures or amorphous aggregates.123 

Beyond the potential biomedical applications of peptide-NP hybrid structures, the use of these 

systems could also be envisioned in other research fields. For instance, since peptide-NP hybrid 

superstructures have been successfully applied as catalysts in aqueous media54,57,109,110 and 

internalized in cells,99,102,105 taking advantage of the intrinsic biocompatibility of peptides, the use 

of these hybrid catalysts could be extended to living cells, mimicking the action mode of enzymes. 

In a different context, several peptide-NP hybrid materials have shown conductive properties.124–

126 For example, the research group of Guler used amyloid-like peptides to obtain 

monodimensional superstructures decorated with AuNPs over their surface.125 These hybrid 

systems showed high conductivity, due to the presence of a substantial number of gaps between 

the gold domains, and as dry films showed tunnelling-dominated conductance and resistive 

switching. Taking into consideration these properties, peptide-NP hybrid superstructures could 

hold potential in the development of devices that require optically transparent and conductive 

coatings, such as solar cells, touch-interface devices or flexible displays.  

In summary, the organization of inorganic NPs and peptides into hybrid self-assembled systems 

offers a diversified toolbox to fabricate functional structures. The choice of the inorganic material, 

the encoding of the peptide sequence, and the fine-tuning of the self-assembly process provide 

multiple opportunities to materials scientist for tailoring the architecture and functionality of the 

final system. Given the unique combination of properties and versatility offered by peptide-NP 

hybrids, it is foreseeable that their application in high-end fields might rapidly take place. 

Nevertheless, many challenges remain unmet, including the scaling up of peptide-NP 

superstructure production, the acquisition of structural data, the fine manipulation of the self-

assembly processes and precise control over the envisioned optical properties. It is expected that 

unforeseen structures and synthetic strategies could pave the way to meet these challenges, and 

to further consolidate the role of peptide-inorganic NP superstructures in optics, sensing, 

nanomedicine and other never-imagined fields. With this review we provided an overview of the 

current state of the art of peptide-inorganic nanoparticle superstructures, with a glimpse of future 

possibilities towards innovative functional systems that could meet current and future 

technological needs. 
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