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 ABSTRACT 

The self-assembling properties, stability, and dynamics of hybrid nanocarriers

(gold nanoparticles (AuNPs) functionalized with cysteine-based peptides) in 

solution are studied through a series of classical molecular dynamics simulations

based on a recently parametrized reactive force field. The results reveal, at

the atomic level, all the details regarding the peptide adsorption mechanisms, 

nanoparticle stabilization, aggregation, and sintering. The data confirm and explain

the experimental findings and disclose aspects that cannot be scrutinized

by experiments. The biomolecules are both chemisorbed and physisorbed;

self-interactions of the adsorbates and formation of stable networks of inter-

connected molecules on the AuNP surfaces limit substrate reconstructions, protect

the AuNPs from the action of the solvent, and prevent direct interactions of the

gold surfaces. The possibility of agglomeration of the functionalized nanoparticles,

compared with the sintering of the bare supports in a water solution, is

demonstrated through relatively long simulations and fast steered dynamics.

The analysis of the trajectories reveals that the AuNPs were well stabilized by 

the peptides. This prevented particle sintering and kept the particles far apart;

however, part of their chains could form interconnections (crosslinks) between

neighboring gold vehicles. The excellent agreement of these results with the 

literature confirm the reliability of the method and its potential application to

the modeling of more complex materials relevant to the biomedical sector. 

 
 

1 Introduction 

The present investigations descend from a series of 

progressive studies of cysteine on gold in solution [1–3], 

where the focus was on the possibility to realistically 

reproduce cleavage of the SH bond and chemisorption 
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of the molecule through the formation of a covalent 

S–Au connection using an ad-hoc optimized reactive 

force field (ReaxFF). The mechanism was studied on 

different types of gold supports, such as periodic slabs 

with low-index faces and multi-faceted truncated 

octahedron nanoparticles (gold nanoparticles (AuNPs)). 

In all cases, the simulations were very effective and 

capable of providing a possible explanation for the 

formation of stable cysteine adsorbates by identifying 

preferential locations for physisorption and chemisorp-

tion. The deprotonation mechanism was characterized 

in terms of the time and energy barriers by disclosing 

substrate reconstruction and gold atom capture.  

The permanence of the adsorbed monolayer on the 

surfaces was reinforced by the dense network of 

hydrogen bonds that interconnected a significant 

portion of the molecules and several adatoms (surface 

reconstructions), which emerged from the interface and 

became part of the cysteine protective layer. Water 

was confined to the outer regions; only a few units were 

entrapped in the molecular network and remained 

close to the metal supports. Subsequently, the simula-

tions were extended to the adsorption of cysteine 

dimers [3]. The results confirm the reliability of the 

method by unveiling the behavior of the dimers both 

in solution and at the gold-water interface, where they 

had the propensity to form staple motifs. 

In sum, all the computational outcomes satisfactorily 

agree with the state-of-the-art theoretical and experi-

mental findings [4–24], suggesting that the developed 

methodology could be confidently applied to investigate 

more complex and challenging scenarios. Among these, 

hybrid nanocarriers that control the release of their 

cargo by means of peptide-decorated AuNPs as end- 

capping agents [25] represent a very interesting 

extension. Indeed, peptides with several polar functional 

groups and thiol moieties are used as multi-dentate 

agents to enhance the colloidal stability of AuNPs and 

to prepare them for potential biological applications 

[26–36]. 

To improve the design of these devices for a more 

effective and concerted performance, the structural 

and dynamical properties of the various hybrid com-

ponents require in-depth characterization, possibly at 

the atomic/molecular level. Such a description can be 

obtained through representative theoretical chemistry 

frameworks. 

Such frameworks have been demonstrated recently 

in a series of investigations by T. R. Walsh and 

co-workers [21–24, 26, 27] on peptides and gold. For 

example, in one of these studies [26], the authors 

theoretically and experimentally examined specific 

peptide sequences, their mutations, and their binding 

on Au interfaces by considering both the thermo-

dynamics and kinetics. They successfully predicted 

the adsorbed structures, the anchoring points of the 

peptides on the supports, the correlation between the 

stability of the AuNPs, and the structural disorder of 

the peptide chains, using classical advanced molecular 

dynamics (MD) simulations. Even though the theoretical 

methodology was unable to explore the reactivity of 

the various species, it was efficient and well designed 

to reproduce/explain/predict the experimental data. 

The present work refines the classical view by giving 

an idea of the complex reactive scenario inside a 

solution of AuNPs that are partially decorated with 

peptides. 

2 Models and methodology 

A simplified computational model adequate for 

depicting the portion of the nanocarrier containing 

gold–biomolecule complexes was defined by con-

sidering the relatively short linear chain AGCGGCG 

(terminated with an acetyl group and an N-methyl 

moiety) as the ligand and one of the truncated 

octahedral AuNP structures (average size of approxi-

mately 35 Å) used in an earlier work [37] as the 

support. Both the peptide and the substrate were 

selected based on experimental findings. Indeed, 

peptides containing the GC motifs exhibited good 

stabilizing capping properties [32], they strongly and 

specifically bound to gold in aqueous solution through 

a multidentate connection, and could be engaged in 

multiple interactions with different AuNPs, eventually 

leading to particle aggregation by crosslinking [33, 34]. 

Small (20–40 Å) and large (100–200 Å) AuNPs could 

be proficiently decorated with the aforementioned 

sequence [34]; however, for large nanoparticles, the 

binding configurations and coverage of the deposited 

layers could hardly be analyzed because of the very 

small concentration of adsorbates in relation to the 

gold material.  
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This last experimental finding biased our choice 

toward the gold cluster mentioned above. Even though 

this was a relatively small nanoparticle, it was large 

enough to accommodate a representative number of 

peptides on its surface; thus, it could be effectively 

used to achieve our aims: 1) understanding peptide 

adsorption on nearly spherical supports and 2) 

disclosing self-aggregation of the biofunctionalized 

units.  

To reduce the computational cost, we skipped the 

simulation of the extremely long adsorption process 

of the peptides dispersed in solution and started the 

simulations with elongated peptide configurations in 

their best Au-binding arrangement (i.e., already in 

contact with the AuNPs surfaces (partial coverage)). 

We were interested in characterizing the behavior of 

the peptides on the surface of the AuNPs in solution, 

and not the approaching path of the peptides toward 

the nanoparticles.  

Thus, we preferred to start from a stable confor-

mation of the chain with the sulfur atoms positioned 

near the surface instead of sampling all possible 

arrangements of the peptides on the AuNP surface, 

which is impossible from a computational point of 

view. In principle, the chosen orientation should favor 

the release of the sulfur hydrogen and the formation 

of a covalent bond with the surface. Moreover, partial 

coverage is useful to check the perturbing effect of 

water on peptides and nanoparticle structures. 

The computational model designed for these studies 

consists of two AuNPs (1,505 atoms each), sufficient 

peptides to cover the nanoparticle surface (42 peptide 

chains made of 72 atoms each—neutral cysteines), 

and approximately 20,000 water molecules. All these 

components were inserted into a simulation box of 

approximately 74 Å × 88 Å × 98 Å in the x, y, and z 

directions, respectively (Fig. 1). The total model con-

sisted of approximately 60,000 atoms. 

Before starting the simulations, preliminary studies 

were performed to recover the peptide chain confor-

mational ensemble in water at T = 300 K using both 

the classical force field (ff12SB) [38] available in the 

AMBER12 package [39] and ReaxFF. 

Briefly, a peptide structure was optimized using 

density functional theory with the B3LYP functional 

and the 6-31G(d) basis set and inserted in a simulation 

 

Figure 1 Peptide sequence adsorbed on the AuNPs in a water 
solution. Functionalized AuNPs inserted in a box of water 
(starting configuration; water was removed for clarity). 

box filled with TIP3P water molecules. Equilibration in 

the constant-temperature, constant-pressure ensemble 

(NPT ensemble; T = 300 K, P = 1 atm) was performed 

for approximately 1 ns, whereas the subsequent 

production, or sampling stage, was extended to 

approximately 50 ns. 

The sampled geometries were analyzed and selected 

by paying attention to the secondary structure, the 

mutual arrangement of the peptide sulfur atoms (which 

are important for binding to the substrate), and the 

orientation of the side chains (see Fig. S1 in the 

Electronic Supplementary Material (ESM)). Examination 

of the Ramachandran plot, which identifies the different 

areas of secondary structure, indicated that both 

beta-sheet and helical angles were densely populated, 

suggesting that this type of peptide is very mobile 

and flexible in solution. The most probable angle 

adopted by the cysteine side chain was approximately 

60°, while the distance between the two sulfur atoms 

was within the interval of 7–15 Å with a maximum 

population at approximately 12 Å. 

The ability of ReaxFF to correctly reproduce/evaluate 

the structures of the peptide was verified using a 

sample with different conformations that was randomly 

extracted from the classical trajectory, as done in a 

previous work [40]. The results were in line with the 

original parametrization, the structures were satisfac-

torily reproduced, and the data confirmed that the 

reactive representation could be used confidently to 

describe these peptide sequences. 
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When the peptide chains are adsorbed on the 

supports, their conformations are influenced by the 

substrates, neighboring peptide, and solvent molecules. 

Consequently, they could adopt constrained arrange-

ments, which are favorable in those specific environ-

ments (i.e., well-balanced configurations in relation 

to the surrounding species). 

To test the stability and dynamics of an optimal 

adsorbed peptide monolayer, we took advantage of 

the flexibility of the peptide and prepared partially 

covered AuNPs by selecting biomolecular confor-

mations with trans sulfur atoms. 

The SH groups were oriented toward the Au layer 

to start the simulations from a presumably favorable 

binding approach. The extended chains were placed 

on top of each AuNP in such a way that they could 

occupy all the regions of the surface, covering 

approximately 64% of the total area. Such a con-

figuration enabled us to evaluate the effects of the 

water molecules located in regions not occupied   

by the peptides on the AuNPs and peptides. The  

two decorated AuNPs were initially located at an 

interparticle distance of approximately 25 Å (surface- 

to-surface) and well surrounded by water molecules. 

We would like to highlight that the AuNPs can also 

interact through periodic images with this specific 

choice of simulation box (as shown in Fig. S5 in  

the ESM). This further interaction influences the 

dimerization process and the response of the inter-

particle distance during the steering experiment. 

MD simulations, based on the reactive force field 

parametrized in our earlier work [1] were carried out 

in the NPT ensemble at T = 300 K and ambient pressure, 

applying periodic boundary conditions in all directions. 

Temperature and pressure were controlled through 

the Berendsen’s thermostat and barostat [41] with a 

relaxation constant of 0.1 ps. The time step was set at 

0.25 fs during equilibration and at 0.50 fs throughout 

the production [40]. 

To reach a proper density, the initial equilibration 

was prolonged over a 3-ns period, whereas the 

subsequent sampling was performed for approximately 

8 ns. The analysis presented in this report is focused 

on the last 800 ps of the production, and only the first 

configuration of this phase (i.e., the final structure of 

equilibration) is considered for comparison. 

The ReaxFF version incorporated into the LAMMPs 

[42] program was used for all the simulations (named 

herein ReaxFF–MDs). The computational resources 

were provided by the CINECA consortium (Grant 

ISCRA 2016 SINGOLD). 

Steered MD simulations in the NVT ensemble were 

also performed to test the behavior of functionalized 

and bare AuNPs in solution when the gold surfaces are 

at interacting distances. After pulling the two AuNPs 

at a surface–surface separation of approximately 7 Å, 

the pulling force was removed and the systems were 

simulated without constraints for approximately 400 ps. 

3 Results and discussion 

Major readjustments of all the peptide chains are 

observed during equilibration. These include changes 

in the conformations from extended to different 

degrees of bent structures, moderate migration of  

the molecules to other regions of the interface for 

improving self-interactions, and stretching portions 

of the chains toward the surrounding water molecules. 

Even though the initial arrangement should have 

favored the release of sulfur hydrogens and the 

formation of covalent bonds with the metal substrate, 

not all the peptides modify their protonation state, 

and some of them even detach from the supports. 

However, this relocation is confined to the second 

layer. There, the migrated peptides are attached to 

the molecules directly adsorbed on the surface. This 

replacement can be ascribed to the interactions 

between neighboring species, action of the surrounding 

water molecules, and surface reconstructions (adatoms) 

that are caused by the water and peptide action. 

Additionally, the peptides located on the areas of the 

AuNPs facing each other begin to self-interact and to 

induce rotation and translation of the whole particles 

to a closer distance within this time span. After 

equilibration, the final major species (in terms of 

cysteine protonation) are defined, and no relevant 

variations are observed during the subsequent 

simulation time. Both physisorbed and chemisorbed 

peptide chains are present on the interfaces. 

As in a previous study [2], the stability and 

reorganization of the gold nanoclusters during the 

last 800 ps of the production phase were checked  
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by analyzing the radius of gyration (Rgyr) and the 

Au–Au radial distribution functions (Fig. S2 in the 

ESM), whereas the relocation of one of the AuNPs in 

relation to the other is described by examining both 

the motion of their centers of mass (cm) and the trend 

of the minimum distance between the two metal 

interfaces (Fig. 2). 

The distributions of Rgyr and the radial arrangement 

of the atoms of both AuNPs, shown in Fig. S2 in the 

ESM, suggest that the initial crystallinity of the particles 

is preserved and no major changes of their bulk 

structures occur during their dynamics in solution in 

the presence of the adsorbate. Instead, a few superficial 

atoms, which are affected by the interaction with the 

surrounding species, escape from the surface and 

migrate to the outer layers of the supports. 

Examination of the reconstruction reveals that the 

diffused atoms, which account for approximately 2% 

of the atoms, remain close to the particle surfaces 

(entrapped in the peptide network or captured by 

single peptide chains). Most of these adatoms are 

located near the boundaries of the most stable low- 

index patches, namely the (111) and (100) faces, and 

only a few (0.07%) are found at longer separations 

(approximately 12 Å, at most—refer to the inset in 

Fig. S2 in the ESM) and transform into incorporated 

coordinated metal atoms but are peripheral to the 

peptides molecules. 

The motion of the biofunctionalized AuNPs in 

aqueous solution was characterized by a relatively 

fast translation and slower moderate rotations, which 

are both driven by the interactions between the 

biomolecules. The most striking displacement is 

observed just after equilibration (Fig. 2(a))—the initial 

distance of the particles (calculated in the first con-

figuration before equilibration) is markedly reduced 

by approximately 4 Å in just 3 ns. Then, in the 

subsequent production phase, this separation decreases 

further, reaching a minimum of about 12 Å (starting 

point in the minimum distance plot of Fig. 2). However, 

within the last 800 ps of the production, the minimum 

distance remains in the range of 10.5–13.5 Å, confirming 

the propensity of the biofunctionalized nanoparticles 

to agglomerate through the mediating action of the 

peptides (crosslinking). The marked oscillations of 

the minimum distance in this range are essentially due  

 

Figure 2 (a) Final configuration obtained after 3 ns of equilibra-
tion. (c) Final configuration obtained at the end of the production 
run (8 ns after equilibration). The peptide chains are shown as 
ball-and-stick models (red = O, cyan = C, blue = N, white = H, 
and yellow = S). Only the water molecules within 5 Å of    
the two AuNP/peptide complexes are displayed (blue lines). 
(b) AuNP(surface)–AuNP(surface) minimum distance and 
AuNP(cm)–AuNP(cm) distance vs. simulation time during the 
last 800 ps of the production stage. 

to the relative rotations induced by the interactions of 

the adsorbates deposited on different particles. Indeed, 

in the final configuration (Fig. 2(c)) the interparticle 

region is densely occupied by the peptide chains that 

extend toward the opposite surface. 

The final distribution of the species around the 

AuNPs is quite varied and far from the initial 

population where all the cysteine side chains are 

protonated (SH neutral forms). This is because 48% 

of the thiol groups maintain their hydrogens, whereas 
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the other 52% release them to the solvent and form a 

stable covalent interaction with gold. The variety of 

forms could be also defined based on the binding mode 

of the peptides: Only 29% are chemisorbed through 

both cysteine residues, whereas 52% use just one of 

them for binding. The rest of the molecules (19%) are 

neutral and are located farther from the interface but 

still in contact with the directly adsorbed species. 

This is apparent in Fig. 3, where the protonation state, 

connection to gold, and solvation of each sulfur atom 

are represented in terms of their minimum distances. 

The red and black lines at 1.6 and 2.6 Å, respectively, 

define the cutoff distances used to identify the S–H 

and S–Au bonds. All the S atoms are in contact with 

water (oxygen within 3.5 Å, blue triangles). 

This was confirmed by examining various atom–atom 

radial distribution functions (Fig. S3 in the ESM). The  

 

Figure 3 S–Au, S–H, and S–OW minimum distances of all the 
peptides distributed on the two AuNPs (NP1, NP2). Final con-
figuration. Some of the Au–S minimum distances involve Au 
atoms that have detached from the surface and have migrated to 
the peptide shell. 

S–X radial distribution function (RDF) plots clearly 

show that S is in contact with gold and surrounded 

by water oxygens, but it is also evident that carbonyl 

oxygen and nitrogen atoms are other possible binders. 

Indeed, in agreement with the data displayed in 

Fig. 3, the first S–Au peaks are sharp and centered at 

approximately 2.3 Å, whereas those of water (S–water 

oxygen (OW)) are broader, lower, and located at a 

longer distance (approximately 2.8 Å). The carbonyl 

oxygen–Au RDFs have distinct tall peaks at appro-

ximately 2.5 Å, whereas nitrogen with its broad 

distributions seemed less inclined to remain adsorbed. 

Even if all the sharp peaks indicate stable adsorption 

of both S and O atoms of the peptide, the presence  

of a flat zero region between the first and the second 

peaks in the S–Au RDF plots provides a distinction, 

suggesting that the S–Au coordination is stronger 

than the O–Au bond. Indeed, when S is adsorbed in 

such a way, it remains almost immobile in the same 

location for the rest of the simulation time. The lack of 

the zero region in the RDF curves of O–Au suggests, 

instead, a higher mobility of these atoms on the metal 

support. This is probably ascribable to the perturbing 

action of the neighboring groups of the chain that  

are also involved in interactions with the substrate. 

Furthermore, in line with previous findings, S is 

preferentially found on bridge and hollow sites. Several 

peptide arrangements and adsorption configurations 

are shown in Fig. 4. 

Other effective descriptors used to classify the 

structure of the peptides and their relative orientations 

are the interchain hydrogen bonds and the head-to- 

tail distances. This latter is useful for estimating the 

degree of chain folding (Fig. S4 in the ESM), whereas 

the former is practical for identifying the degree of 

association of the molecules. All the initially extended 

conformations (average length of approximately 27 Å) 

all suffer from major rearrangements that are driven 

by the tendency to balance adsorption, self-interaction, 

and solvation. During the production dynamics, they 

adopt more folded geometries with head-to-tail 

distances distributed in the range 7–24 Å and become 

closer to each other, exposing large areas of the supports 

to the action of the solvent (Fig. 4 and Fig. S5 in the 

ESM). Indeed, the coverage (which was initially 

approximately 50%) is reduced to 38% at the end of  
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Figure 4 Different regions of the AuNPs functionalized with 
peptides. Sulfur and oxygen connections are indicated by green 
lines and contours. 

the simulations. Only a few (13%) twisted structures 

appear; this behavior is typical of molecules in solution 

or adsorbed on adatoms. Instead, the propensity of 

most of the adsorbates (78%) is to maintain moderate 

elongations that fluctuate at approximately 21 Å. 

Considering that the terminal groups are protected 

and that the cysteine side chains are less prone to 

form strong intermolecular hydrogen bonds, only the 

atoms of the backbone are available, in principle, for 

interpeptide connections. These are observed just in a 

few cases because these atoms are also engaged in 

interactions with the gold layers. Interestingly, one of 

the adsorbed self-assembled complexes is an almost 

extended beta-sheet structure with persistent hydrogen 

bonds along the backbones that bring the peptides 

close together (top image in Fig. 4). Visual inspection 

of the final models suggests that the forces responsible 

for the alignment and orientation of the peptides are 

electrostatic and hydrophobic interactions, but the 

electrostatic interactions are dominant. To determine 

how the organization of the peptides is driven by 

these forces, we examined the molecular electrostatic 

potential (MEP) [43, 44] that is generated by the atomic 

partial charges on the solvent accessible surface (SAS) 

of the solute (Figs. S6 and S7 in the ESM). The fixed 

atomic partial charges derived from the ff12SB force 

field [38] in the AMBER12 package [45] and polarizable 

charges employed by the ReaxFF approach (QEq 

model [42]) were also compared (Fig. S8 in the ESM). 

As suggested in several papers by Seminario and 

co-workers, the MEP is responsible for chemical 

recognition and represents a type of signature at the 

nanoscale level [46]. The color-coded MEP surfaces of 

the final complex shown in Fig. S6 in the ESM (the 

blue and red regions identify positive and negative 

potential, whereas the white regions identify zero 

values) confirm the reliable behavior of the ReaxFF– 

MD approach and demonstrate that the peptides 

polarize the metal, transfer part of their charge to the 

support, and form strong bonds, which is in line with 

quantum chemical calculations [47]. The MEPs of the 

peptides produced by the ReaxFF charges are very 

similar to those of the frozen charge model, suggesting 

that the parameters developed for amino acids [40] 

could be compared with the state-of-the-art force fields 

for proteins. The concerted action of all the molecular 

species present in the crowded environment simulated 

here prevent the individuation of specific components 

that dominate the binding process. Instead, the data 

analysis indicates that the adsorption is generally a 

sum of coexisting processes (namely charge transfer, 

interface dipoles, molecular deformations, and surface 

relaxations) that are appropriately balanced based  

on local conditions. All these events occur under  

the perturbing action of the solvent. Indeed, all the 

described phenomena are influenced by the surroun-

ding water molecules. Peptide and nanoparticle 

solvation were examined by choosing three different 

layers (at 2.8, 3.4, and 5.0 Å) around all the biofunc-

tionalized AuNPs and counting the number of water 

molecules within them in the final sampled snapshots 

(Fig. S2 in the ESM). Most of the peptides and the 



 

 | www.editorialmanager.com/nare/default.asp 

1764 Nano Res. 2018, 11(4): 1757–1767

nanoparticles are increasingly solvated along the 

production, which is in line with the partial desorption 

of the adsorbates and the flexibility of the structures. 

In contrast, the opposite effect, i.e., a gradual de- 

solvation of the molecules, is observed in the AuNP 

contact region. There, the reinforcement of peptide– 

peptide interactions and inter-particle association 

promotes the migration of water molecules toward 

the outer regions. The initial solvation is reduced by 

approximately 75%. 

Moving to the results concerning the behavior of 

the bare AuNPs at very close distances, the induced 

sintering process continued after removing the cons-

training force, which is in line with data reported in 

the literature [48–51]. The nanoparticle coalescence  

is driven mainly by surface and grain boundary 

diffusions; it is very rapid and occurs within less  

than 100 ps. The permeation of the Au atoms of both 

nanoparticles starts form a limited number of contact 

points and then extends to larger areas. The first 

encounters and the slow gradual diffusion of the gold 

atoms in the contact regions are accompanied by 

progressive expulsion of the water molecules present 

in the gap (dehydration). The potential energy trend, 

shown in Fig. 5, is very similar to the ones reported by 

Dutta [51] and other authors [48], and can be ascribed  

 

Figure 5 Potential energy trend during the isothermal sintering 
(unrestrained dynamics) of the AuNPs in a water solution at 300 K. 
The red curve is the smoothed profile. The initial configuration was 
obtained from the last structure sampled during the production 
dynamics. Peptides were removed and the centers of mass of the 
AuNPs were pushed at a shorter separation (around 7 Å). Initial 
and final configurations are shown. The water molecules in the 
gap between the AuNPs are visualized by means of red and white 
CPK models (refer to the movie in the ESM). 

to the elastoplastic mechanism observed in Ref. [51]. 

As explained by Dutta [51], surface disappearance, 

compression, and plastic deformations of the nano-

particles determine the initial fast energy decrease, 

subsequent release of stress, and stabilization. 

A completely different scenario emerges for the 

functionalized supports. The potential energy trend 

and the evolution of the center of mass distances of 

the two AuNPs are shown in Fig. 6. 

There is a trapped stress in the systems, and the 

interaction energy is unfavorable, even though the 

particles assemble appropriately by orienting their 

bare gold patches at short inter-particle separations. 

Indeed, after releasing the constraint, the AuNPs move 

farther apart, and their reciprocal orientation changes 

in such a way that the adsorbed peptides could 

favorably interact and remain in that arrangement 

until the end of the simulation. Essentially, the AuNPs 

regain their equilibrium configuration with optimal 

peptide–peptide interactions and an average minimum 

surface–surface separation oscillation of approximately 

13 Å. 

4 Conclusions 

The results are relevant for confirming the observed 

propensity of covalent adsorption of this type of  

 

Figure 6 Potential energy trend during the isothermal sintering 
(unrestrained dynamics) of the functionalized AuNPs in a water 
solution at 300 K. The initial configuration was obtained from 
the last structure sampled during the production dynamics after 
pushing the centers of mass of the two AuNPs to shorter separations 
(approximately 7.4 Å). Initial and final configurations are shown. 
The adsorbed peptides are visualized using SASs colored according 
to the atom type. 
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peptide on the surface of AuNPs to form a layer of 

interconnected structures. The simulation time and 

abundant configurational sampling were sufficient to 

identify the main features of these systems, namely 

various adsorption modes, protonation states, inter-

molecular interactions, and the tendency of the 

complexes to form supramolecular aggregates. 

All the details regarding the connections, peptide 

conformations, and interparticle interactions at the 

atomic level were disclosed. Surface decoration pre-

vents the action of the solvent and limits surface 

reconstruction. Gold adatoms that migrated on top of 

the nanoparticle interface or to farther regions were 

entrapped among the peptide free chains and con-

tributed to create a reinforced protective shell. The 

functionalized supports could agglomerate through 

electrostatic and van der Waals intermolecular 

interactions of the partially adsorbed molecules, but 

also by means of covalent cross-links of the portions 

of the chains that extend far from the surface because 

of the favorable polarity of these neutral peptides. 

Sintering was hindered by the action of the peptide 

chains that remained sparsely adsorbed, even when 

the interface was not completely covered. 
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