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Abstract 

 

Nanotechnology has quickly emerged as a promising research field with potential effects in 

disease treatments. For example, gold nanoparticles (AuNPs) have been extensively used in 

diagnostics and therapeutics. When administrated into human tissues, AuNPs first encounter 

extracellular matrix (ECM) molecules. Amongst all the ECM components, collagen is the 

main tension-resisting constituent, whose biofunctional and mechanical properties are 

strongly dependent on its hierarchical structure. Therefore, an in-depth understanding of the 

structural response of collagen to the presence of gold nanosurfaces (AuNS) and AuNPs is 

crucial in terms of clinical applications of AuNPs. However, detailed understanding of the 

molecular-level and atomic-level interaction between AuNS/AuNPs and collagen in the ECM 

is elusive. In this study, comprehensive molecular dynamics (MD) simulations have been 

performed to investigate the molecular behaviour of a collagen molecule segment (CMS) in 

the presence of AuNS/AuNPs in explicit water, aiming to explore the interaction of 

AuNS/AuNPs with collagen triple helices at the molecular and atomic levels. The results 

show that the CMS form a rapid association with AuNS/AuNPs and undergoes a severe 

unfolding upon adsorption on AuNS/AuNPs, indicating an unfolding propensity of gold 

surfaces. We conclude that collagen triple helices unfold readily on AuNS and bare AuNPs, 

due to the interaction of gold surfaces with the protein backbone. The revealed clear 

unfolding nature and the unravelled atomic-level unfolding mechanism of collagen triple 

helices onto AuNPs contribute to the development of AuNPs for biomedical and therapeutic 

applications, and the design of gold-binding proteins. 

Keywords: Collagen; Gold nanoparticles; Gold nanosurfaces; Protein adsorption; Unfolding; 

Molecular dynamics simulation; Collagen molecules   
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1 Instruction 

Protein-inorganic surface interactions have been extensively used in nanobiotechnology for 

diagnostic and therapeutic applications (1). In this framework, protein-gold interactions have 

been widely investigated for biomedical applications (2), due to its ease of synthesis, 

functionalization and shape control (3), biocompatibility (4) and tunable optical properties. 

The potential clinical applications include antibiotics (5), wounds treatment (6), drug-delivery 

(7, 8), biomedicine (9), and various other advanced clinical diagnostic and therapeutic 

nanotechnologies (10). This sparks the urgent need for a thorough understanding of how gold 

nanoclusters adjust their properties in biological media (plasma, cell membranes and various 

intracellular environments), as well as how the biological milieu constituents (water, proteins, 

proteoglycans, lipids and DNA) respond to the presence of gold nanoclusters. 

Despite the great significance of protein-gold interactions, understanding of the underlying 

physio-chemical principles remains in its infancy. To date, detailed structural and dynamical 

characterization of biomolecular interactions with surfaces via experimental studies is not 

feasible due to technical limitations (11). Alternatively, computational methods such as 

density functional theory (DFT) calculations, coarse-grained Monte Carlo simulations, and 

MD simulations have been widely employed to elucidate the atomistic foundations of 

protein-AuNS interactions (2). Amongst these computational approaches, atomistic MD 

simulations, with the best compromise between accuracy and computational feasibility, 

represent the dominant tool for describing the interaction between AuNS and amino acids 

(12-15), peptides (16-29) and proteins (30-34). Specifically, the preferred orientations of all 

twenty amino acids on the Au (1 1 1) surface were investigated by Hoefling et al. (13). This 

study demonstrated that all amino acids prefer to interact with the Au (1 1 1) surface at least 

partially via their backbone, indicating an unfolding propensity of the gold surface. In 

addition, the presence of AuNS was found to be able to induce conformational changes of 

peptides (16, 19-21, 23, 27). 

In contrast to the extensive investigations on the interaction of planar AuNS with amino acids 

and peptides, very few studies have been conducted to explore the interaction of AuNPs with 

amino acids and peptides, i.e., considering the AuNS with a radius of curvature. Particularly, 

MD simulations were performed to study the shape effect of gold surfaces on the adsorption 

of small peptides (23). The peptides presented weaker adsorption onto the surface of a AuNP 

with a diameter of 2 nm than onto the extended Au(1 1 1) surface, and the adsorption energy 
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increases (become less below zero) as the diameter of the AuNP becomes smaller (23). In 

addition, well-tempered metadynamics simulations were used to investigate the binding 

preferences of all standard amino acids except Pro to AuNPs with different diameters, and 

whether these binding preferences are governed by the backbone, the side chain or both (35). 

This study demonstrated that the binding strength of an amino acid is strongly dependent on 

its physical and chemical nature and the radius of curvature of the gold surface. Interestingly, 

amino acids with relatively complex side chain structure showed multiple binding 

configurations onto AuNPs (35). 

Despite such great effort put forth on characterizing the interplay of AuNS/AuNPs with 

amino acids and peptides, very limited studies have been undertaken to explore the 

interaction of AuNS/AuNPs with proteins. More specifically, Hoefling et al. studied the 

interaction occurring between AuNS and two domains with high β-sheet content of the 

extracellular matrix (ECM) protein fibronectin (32). This study found that the domain-

domain orientation altered but the protein did not unfold on AuNS within the simulation time, 

despite the strong interaction with AuNS. Moreover, to elucidate the physio-chemical basis of 

ubiquitin-AuNPs interactions, Brancolini and co-workers performed computational 

simulations on ubiquitin-AuNS complex at multiple levels (30). This work reported a minor 

unfolding of the 310 helix of ubiquitin arising from the interaction with AuNS. Similarly, 

partial unfolding of the α-helix bundle was observed for fibrinogen, due to the interaction 

with AuNPs (36). In addition, Cohavi et al. investigated interactions of AuNPs with BLIP 

and BLIP fused with various natural amino acid homo-tripeptides via surface plasmon 

resonance (37). This work suggested an unfolding tendency of proteins on bare AuNPs, 

which may result in the corresponding loss of biological activities of proteins. Above all, the 

presence of AuNS/AuNPs can induce the conformational changes (such as unfolding and 

induced-fit) of peptides and proteins. Moreover, the binding strength of amino acids and 

biomolecules are strongly dependent on the curvature of gold surfaces, i.e., the diameter of 

AuNPs (23, 35, 36). Finally, amino acids (13), peptides (20, 28), and proteins (32, 33) 

preferably showed flat configuration on the gold surface. 

In particular, understanding the interaction occurring between AuNS/AuNPs and ECM 

constituents is important for nanotechnological and clinical applications. On one hand, 

AuNPs have been extensively employed in biomedical and therapeutic applications. On the 

other hand, ECM proteins are the first biomolecules encountered by AuNPs when entering 
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into human tissues (38, 39). Amongst all the ECM components, collagen is the most common 

protein that has been extensively studied for tissue engineering (40-43) and cancer treatment 

(44). Collagen is a hierarchical structure, with the bottom level being a collagen molecule 

triple helix. Amongst all the types of collagens, type I collagen represents the most common 

one and attracts most interests among researchers. Type I collagen molecule consists of three 

polypeptides (two α1 chains and one α2 chain), where glycine occupying every third position 

of the amino acid sequence is a prerequisite for the formation of the triple-helical structure. 

Despite the great importance of collagen-AuNS/AuNPs interactions, rare literatures focused 

on the interaction of collagen with AuNS/AuNPs at the molecular and atomic levels. 

Particularly, MD simulations were conducted to investigate the adsorption of collagen-like 

peptides onto AuNS, where slight partial unfolding was observed for the collagen molecule 

segments of natural type I and type III collagen molecules (31). However, the underlying 

structural and mechanistic details regarding the interaction of collagen with AuNS and bare 

AuNPs at the molecular and atomic levels remain unknown. Motivated by this knowledge 

gap, this study investigates the molecular behaviour of a collagen molecule segment (CMS) 

under the presence of AuNS or bare AuNPs with different diameters, aiming to explore the 

interaction of collagen molecule triple helices with AuNS and bare AuNPs at the molecular 

and atomic levels. The large size of the intact collagen molecule (~ 300 nm) together with the 

limit of computer power render simulating adsorption of an intact collagen molecule onto 

AuNS and AuNPs unachievable. Therefore, this study investigates the interaction of a human 

type I CMS with AuNS and AuNPs in explicit water using MD simulations. Our results 

demonstrate that the CMS forms a rapid association and strong interactions with AuNS and 

AuNPs, resulting in a severe unfolding of its triple-helical structure. The atomic-level 

unfolding mechanisms of collagen triple helices on gold surfaces are unveiled. 

2 Computational models and methodology 

2.1 Model building 

The CMS was generated using the Triple Helical collagen Building Script (THeBuScr) (45) 

by inputting the following sequences (numbers correspond to residue numbers of the first and 

last amino acids in the sequences): 2,66GARGLPGTAGLPGMKGHRGFSGLDGAKGDA31,95 

(for chain A and chain C, respectively), and 

34GARGFPGTPGLPGFKGIRGHNGLDGLKGQP63 (for chain B). These sequences are parts 
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of the whole sequences of human type I collagen (PubMed entry number NP_000079 for α1 

chains, and NP_000080 for α2 chain). To avoid artefacts from charged ends, we capped the 

N-termini and C-termini of each chain with Ace and Nme residues, respectively. Hence, each 

collagen polypeptide consists of ten Gly-X-Y triplets and two terminal residues (chain A, B, 

and C contain residues 1-32, 33-64, and 65-96, respectively), resulting in a CMS with a 

length of approximately 92 Å. Adsorption of collagen-like peptides with comparable length 

have been investigated in previous MD simulation studies (31, 46, 47). The sixteenth residues 

(denoted in bold in the sequences) along each chain were modified from Lys to 

hydroxylysine (Hyl), which is essential for the fibril formation (48).  

The face-centred cubic [1 1 1] gold surface structure with a dimension of 137 Å × 139 Å × 12 

Å (six-atoms thick) was used, enabling the full range of interactions with adsorbed atoms of 

the biomolecule. This structure was built using gmx nbox command in GROMACS 5.0.4 (49) 

based on the Au (1 1 1) unit cell available in INTERFACE_FF_1_5 

(https://bionanostructures.com/interface-md/). The atomistic bare gold spherical nanoparticles 

with a diameter of 3 nm and 8 nm were generated using the Nanoparticle Builder Module of 

OpenMD (50). The positions of the gold atoms are determined based on the diameter of the 

AuNP using the gold lattice constant of 0.408 nm. The surface of the built AuNPs are not 

uniform and contains Au(1 1 1), Au(1 1 0) and Au(1 0 0) facets and edges. The area of the 

facets and edges is related to the shape and diameter of the AuNP. 

2.2 Molecular dynamics simulation protocol 

To investigate the molecular behaviour of the CMS in the presence of AuNS, MD 

simulations regarding the CMS adsorption onto AuNS (denoted as Sys. 1) were carried out. 

For comparison, the CMS in the absence of AuNS and AuNPs (denoted as Sys. 2) was 

equilibrated in explicit water without any restraint on the protein via MD simulations. To 

explore the interaction between the CMS and AuNPs with different diameters, MD 

simulations were performed on the adsorption of the CMS onto two bare AuNPs with a 

diameter of 3 nm (denoted as Sys. 3) and 8 nm (denoted as Sys. 4), respectively. Detailed 

information of the four systems regarding the water box type and dimension, number of 

counter ions, gold atoms and water molecules are provided in Table 1. In each system, the 

solutes (i.e., the CMS and AuNS/AuNP) were fully solvated with explicit TIP3P water 

molecules (51), making sure that there exists at least a 10 Å water boundary on all sides. 

Seven Cl− were added as counter ions to neutralize the systems using tleap in AmberTools 16 

https://bionanostructures.com/interface-md/
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(52). In Sys. 1, the initial minimum distance between the CMS and AuNS is 12.5 Å, 

rendering the protein outside the cutoff range (within 10 Å) of the protein-AuNS dispersion 

interaction. In Sys. 3 and Sys. 4, the initial minimum distance between the protein and AuNP 

is 6 Å, as the system is computationally expensive and we are more interested in the 

interaction of the CMS with AuNPs after adsorbing onto AuNPs. To explore the interaction 

between the CMS and AuNS, totally 8 MD simulations were carried out for Sys. 1, where 

each simulation started from an identical CMS-AuNS complex conformation, without setting 

initial atomic velocities for the system. To probe the interaction of the CMS with AuNPs, we 

performed 8 simulations for Sys. 3 and 16 simulations for Sys. 4. The simulations for Sys. 3 

started from the same CMS-AuNP complex conformation, whereas the simulations for Sys. 4 

started from two different CMS-AuNP complex conformations (eight simulations for each 

complex conformation). All MD simulations in this study were performed using the CUDA 

version of AMBER 16 biomolecular simulation package (53, 54) and the protein.ff14SB 

force field parameter sets (55). The parameters for Hyl were taken from the work of Varma et 

al. (56). The interactions between AuNS/AuNPs and the solution phase were modelled using 

the INTERFACE force field developed by Heinz et al. (57). In this force field, the Lennard-

Jones potential parameters for gold atoms are: the equilibrium nonbonded distance r0 = 2.951 

Å and the equilibrium nonbonded energy ε0 = 5.29 kcal/mol (58). To eliminate bad contacts 

within the models, each system underwent two rounds of energy minimizations. In the first 

round, the solutes were restrained with a harmonic potential of 50 kcal/mol·Å, whereas the 

solvent was free to relax for 2000 steps, consisting of 1500 steepest decent steps before 

switching to the conjugate gradient method. In the second round, the complete systems were 

minimized with the same number of steepest decent and conjugate gradient steps, where both 

the protein and solvent were free to relax. Then, the minimized systems were heated for 125 

ps from 0 K to 310K, where the CMS were held fixed with a positional restraint of 50 

kcal/mol·Å. Further, the heated systems were equilibrated in an NPT ensemble for 500 ps at a 

constant pressure of one atmosphere with the Berendsen barostat (59), where no restraint was 

imposed on the protein. Finally, a production run was performed, where the temperature was 

fixed at 310 K using the Langevin thermostat with gamma_ln set to 2 (60) and the pressure 

was kept at one atmosphere with the Berendsen barostat (59) and a pressure coupling 

constant of 1 ps. In this study, AuNS and AuNPs were assumed rigid, hence were held fixed 

throughout the entire simulations for Sys. 1, Sys. 3 and Sys. 4. Bond lengths involving 

hydrogen atoms were restrained via SHAKE algorithm (61), thus allowing an integration 
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time step of 2 fs for solving the equations of motion. Long-range electrostatic interactions 

were computed via the particle mesh Ewald (PME) summation method, whereas non-bonded 

interactions were calculated with a cutoff distance of 1.0 nm. Periodic boundary conditions 

were employed in all dimensions. Coordinates of atoms were saved for every 2 ps for further 

analysis. To probe the interaction of AuNS with the CMS at the molecular and atomic levels, 

the production runs of the eight simulations for Sys. 1 were performed for 220 ns. For 

comparison, the production run of Sys. 2 with the CMS in the absence of AuNS and AuNPs 

was carried out for 220 ns as well. The simulations for Sys. 3 and Sys. 4 were carried out 

until the CMS unfolded severely on the AuNP. 

Post data processing and analysis were performed using MATLAB 2016a (62), GROMACS 

5.0.4 (49) and cpptraj in AmberTools 16 (52). UCSF Chimera 1.11.2 

(http://www.cgl.ucsf.edu/chimera) (63) was used for visualization and GNUPLOT 4.6 

(http://www.gnuplot.info) for plotting. 

3 Results 

This study probes the molecular behaviour of a human type I CMS in the presence of AuNS 

or AuNPs with different diameters, by performing comprehensive MD simulations on the 

CMS-AuNS/AuNP complex. This aims to explore the detailed interaction of AuNS/AuNPs 

with collagen triple helices at the molecular and atomic levels. 

3.1 Interaction of the CMS with AuNS 

3.1.1 Adsorption and unfolding configurations of the CMS on AuNS 

Interestingly, the CMS in all eight simulations for Sys. 1 formed a rapid association with 

AuNS and underwent severe unfolding on the surface, indicating an unfolding propensity of 

AuNS. The consistent rapid association of the peptide with AuNS comes from the charged 

layers above the AuNS, which is induced by the orientational ordering of the water molecules 

therein (29). Fig. 1(A) displays the final snapshot of an exemplar trajectory, wherein the 

CMS unfolded severely on AuNS, and the adsorbed peptides showed a flat conformation on 

the gold surface. The unfolding behaviour and the flat conformation is due to the fact that all 

types of amino acids prefer to interact with AuNS at least partially via their backbone, thus 

maximizing the contact area (13). Since the adsorption pattern onto AuNS of an amino acid 

in biomolecules is intimately related to its chemical environment (such as neighbouring 

http://www.cgl.ucsf.edu/chimera
http://www.gnuplot.info/
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residues), here we did not compare the adsorbed conformations of all types of amino acids 

with those in publications. Given that Gly occupies every third position of the amino acid 

sequence along the three collagen molecule polypeptides, it is important to understand its 

adsorbed conformation on AuNS. Fig. 1(B) shows the front view of the chain C region 

(coloured in green in Fig. 1(A)) containing residues with a residue number ranging from 84 to 

96, where the backbone is displayed with ribbon style and all atoms are hidden except those 

of Gly residues. As demonstrated in Fig. 1(B), the conformation of Gly residues on AuNS is 

consistent with that reported in (13): i) the backbone prefers a flat conformation; ii) the NH-

moiety is marginally pointing upwards the gold surface, whereas the carbonyl oxygen is 

pointing towards. We note that the nearly flat configuration of the backbone of the entire 

chain region displayed in Fig. 1(B) might arise from the high content of Gly. 

3.1.2 Radial distribution functions for interactions between the CMS and AuNS 

A closer look at configurations of the CMS-AuNS complex in all of the simulations for Sys. 

1 suggests that AuNS form direct interactions with the CMS backbone adsorbed on AuNS 

rather than through water shells. To explore the atomic-level interaction of the CMS with 

AuNS, we examined radial distribution functions (RDFs) for the main chain atoms (i.e., H, O, 

N, C, CA) of the CMS to AuNS, which describe distributions of the main chain atoms around 

the AuNS. Fig. 2 displays the RDFs for the main chain atoms of the CMS ((A)) and all of the 

Gly residues ((B)) around the AuNS. As can be seen from Fig. 2(A), there is a clear peak for 

the RDF of each main chain atom, suggesting their interactions with the gold surface. The 

first peak of RDFs for all of the main chain atoms (Fig. 2(A)) at a distance of less than 3.5 Å 

indicates that the CMS main chain atoms interact directly with AuNS rather than through 

water shells. This agrees with the results reported in the literature that AuNS prefers to 

interact with amino acids directly (28). Further, as illustrated in Fig. 2(B), the first peaks of 

RDFs for the main chain atoms of Gly residues occur at a distance with a relationship of r(O) 

< r(C) < r(CA) < r(N) < r(H), which further confirms the adsorbed conformation of Gly 

residues on AuNS displayed in Fig. 1(B). In addition, the peaks of RDFs for the carbonyl 

oxygen in Fig. 2(A) and Fig. 2(B) are sharper and higher than those of other main chain 

atoms. This reveals that AuNS forms stronger interaction with the carbonyl oxygen of the 

adsorbed protein than other main chain atoms. In sum, AuNS directly interact with the CMS 

main chain atoms, which confines them forming inter-chain hydrogen bonds with 

neighbouring chains, thus resulting in a significant unfolding of the triple-helical structure of 



10 

 

the CMS. In contrast to unfolding in the presence of AuNS, visualization of the trajectory 

from the simulation of Sys. 2 shows that the CMS preserved its secondary structure in the 

absence of AuNS throughout the simulation time. 

3.2 Interaction of the CMS with AuNPs 

AuNPs have been extensively used for diagnostics and therapeutics, such as biosensing, 

cancer treatment and drug delivery. Upon entering into human tissues, AuNPs first come 

across ECM biomolecules (38, 39). Among all the components of ECM, collagen is the most 

common protein. The biofunctional and mechanical properties of collagen are determined by 

its structure at different levels of hierarchies. Therefore, an in-depth understanding of the 

structural response of collagen (with a persistence length of ~14 nm) to the presence of gold 

clusters is of great importance. 

In the previous section, the interaction of collagen triple helices with AuNS was investigated. 

However, peptides interact less strongly with the Au(1 0 0) surface than with the Au(1 1 1) 

surface (14, 16). In addition, surfaces with a radius of curvature smaller than the persistence 

length of the chain biomolecule are less attractive than planar surfaces (23). Therefore, it is 

crucial to investigate the structural response of collagen to the presence of AuNPs, as AuNPs 

comprise Au(1 1 1), Au(1 1 0), and Au(1 0 0) facets and edges. This section presents detailed 

interactions between the CMS and bare AuNPs with two different diameters, namely 3 nm 

and 8 nm, at the molecular and atomic levels. 

3.2.1 Adsorption and unfolding configurations of the CMS on AuNPs 

In all of the simulations on the CMS interacting with AuNPs (Sys. 3 and Sys. 4), the CMS 

rapidly formed a CMS-AuNP complex with the AuNP, but the initiation time and the 

configurations of the complex are different among different simulations starting from an 

identical complex conformation for the same system. The difference in the configurations of 

the complex demonstrates that the CMS was initially in the diffusion sate, as the initial 

distance between the CMS and the AuNPs is over 6 Å. The random contact patterns together 

with the rapid formation of the CMS-AuNP complex indicate the rather unspecific binding of 

the CMS to AuNPs. Fig. 3 displays the front view ((A)) and top view ((B)) of a representative 

snapshot of the CMS-AuNP complex extracted from one of the simulations for Sys. 3, where 

the CMS is unfolded on the AuNP with a diameter of 3 nm. Fig. 4 shows the top view ((A)) 

and front view ((B)) of a representative snapshot of the CMS-AuNP complex extracted from 
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one of the simulations for Sys. 4, where the CMS is unfolded on the AuNP with a diameter of 

8 nm. Interestingly, the CMS in all of the 16 simulations for Sys. 4 fully adsorbed on the 

AuNP with a diameter of 8 nm, whereas the CMS in all the simulations for Sys. 3 only 

partially adsorbed on the AuNP with a diameter of 3 nm. This is because when the radius of 

curvature is smaller than the persistence length of the molecule, surfaces with a larger radius 

of curvature are more attractive to the molecule than surfaces with a smaller radius of 

curvature (23). However, the CMS or the portion of the CMS adsorbed on the AuNPs 

unfolded severely on different facets and ages of the AuNPs with both diameters, indicating 

the unfolding propensity of AuNPs. As illustrated in Fig. 3 and Fig. 4, the CMS prefers an 

extended configuration upon adsorption onto different facets of AuNPs with different 

diameters. Similar extended conformations were previously reported for different small 

peptides on a gold surface with a radius of curvature of 2 nm (23). However, as illustrated in 

Fig. 1, Fig. 3 and Fig. 4, the unfolding patterns of the protein on AuNS and AuNPs differ 

from each other, due to the difference in their radius of curvature and that AuNPs consist of 

multiple facets. 

3.2.2 Radial distribution functions for interactions between the CMS and AuNPs 

A closer look at configurations of the CMS-AuNP complex in all of the simulations for Sys. 

3 and Sys.4 suggests that AuNPs interact directly with the CMS or the CMS portion adsorbed 

on the AuNP rather than via a solvation shell. To further explore detailed interactions of the 

CMS with AuNPs, we examined the RDFs for the main chain atoms of the CMS to AuNPs. 

Fig. 5 displays the RDFs for the main chain atoms around the AuNP with a diameter of 3 nm 

(Fig. 5(A)) and 8 nm (Fig. 5(B)). AuNPs directly interacting with the adsorbed CMS or CMS 

portion is reflected by the fact that the first peaks of RDFs in Fig. 5(A) and Fig. 5(B) for all 

of the main chain atoms occur at a distance of less than 3.5 Å. This is consistent with the 

results reported in the literature that standard amino acids interact with AuNPs with different 

diameters via their backbone rather than though a solvation shell (35). Moreover, the peaks of 

RDFs for the amide nitrogen (N), carbonyl oxygen (O) and amide hydrogen (H) in both Fig. 

5(A) and Fig. 5(B) reflect their interactions with the AuNPs. This is justified by the fact that 

the anchoring bonding interactions of N-Au and O-Au, as well as the nonconventional N-

H···Au hydrogen bonding interactions modulate the interaction between amino acids and 

gold surfaces (64). In addition, among the five main chain atoms, AuNPs preferably interact 

with the carbonyl oxygen, which is demonstrated by the sharper and higher peaks of the 
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RDFs for the carbonyl oxygen in both Fig. 5(A) and Fig. 5(B) than those for other main chain 

atoms. 

3.3 Unfolding mechanism of the CMS on AuNS and AuNPs 

It is important to explore the unfolding mechanism of the CMS on AuNS and AuNPs with 

different diameters. Interestingly, we found that Gly residues in chain regions with a 

relatively flat backbone configuration on the Au(1 1 1) facet of AuNPs adopt similar 

configurations as those on the planar Au(1 1 1) surface as displayed in Fig. 1(B). For 

instance, the backbone of Gly_17 adopts a nearly flat conformation on the Au(1 1 1) facet of 

the AuNP with a diameter of 8 nm, where the carbonyl oxygen is pointing towards the gold 

surface, whereas the NH-moiety is slightly pointing upwards (Fig. 4(C)). The slightly 

inclined backbone conformation of Gly_17 comes from the incompletely flat backbone 

conformation of the chain region, due to the curvature of the gold surface. In contrast, this 

uniform conformation was not always observed for Gly residues on other facets and edges of 

AuNPs with both diameters, due to different potentials around different facets coming from 

the difference in the structure. 

The triple-helical structure of the CMS is stabilized by the conventional inter-chain hydrogen 

bonds formed between the amide hydrogen atom of a glycine in one peptide (chain id: i) and 

the carbonyl oxygen atom of a residue occupying the X position of the Gly_X_Y triplet in 

another peptide (chain id: i+1 or i-2). The presence of these inter-chain hydrogen bonds is 

under the condition that both the amide hydrogen of Gly in chain i and the carbonyl oxygen 

of the X residue in chain i+1 or i-2 point towards each other, i.e., point to the axis of the triple 

helix. For example, the amide hydrogen of Gly_20 in chain A forms a hydrogen bond with 

the carbonyl oxygen of Ile_50 in chain B (green dashed line in Fig. 4(C)). However, Gly 

residues adopt the configurations on the Au(1 1 1) facets that the NH-moieties only slightly 

point upwards the gold surfaces (e.g., Gly_17 displayed in Fig. 4(C) and the Gly residues 

showed in Fig. 1(B)), rendering them not capable of forming inter-chain hydrogen bonds with 

the X residues in neighbouring chains. In addition, AuNS and AuNPs favour the interactions 

with the carbonyl oxygen atoms of the protein backbone (as reflected by the carbonyl oxygen 

atoms in Fig. 4(C) and the RDFs in Fig. 2 and Fig. 5). This forces the carbonyl oxgens of the 

X residues pointing towards the gold surfaes, and hence prevents them from forming inter-

chain hydrogen bonding interactions with the amide hydrogen of Gly in a neighbouring 

chain. These two factors together confine the formaion of the inter-chain hydrogen bonds in 
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collagen triple helices, thus leading to the severe unfolding of the collagen triple helices on 

AuNS and AuNPs. 

4 Discussion 

As already illustrated in Introduction, experimental approaches have significant limitations 

(11), rendering it infeasible to quantitatively validate the results demonstrated here. This 

study shows that collagen triple helices readily unfold on bare gold surfaces. Notably, slight 

partial unfolding was previously reported for collagen molecule segments on AuNS in the 

literature (31). However, the unfolding of collagen triple helices was attributed to the 

interaction of AuNS with protein side chains (e.g., OH and NH3
+), which differs from the 

unfolding mechanism unveiled in the present study, where unfolding was demonstrated to 

originate from the interaction of AuNS/AuNPs with the backbone of collagen triple helices. 

Moving beyond the very limited studies specifically concerned with collagen interacting with 

gold surfaces, there is strong support for the structure of the protein on gold surfaces 

presented here. Specifically, the observed unfolding behaviour of the CMS reflects the 

unfolding propensity reported for AuNS and bare AuNPs in previous studies (13, 30, 37). 

Furthermore, the obtained flat conformation of the CMS on AuNS is in good agreement with 

literatures, where amino acids (13), peptides (20, 28), and proteins (32, 33) presented to adopt 

flat configurations on gold surfaces. In addition, the extended configuration of the CMS on 

AuNPs and the direct interaction between AuNPs and the protein backbone are consistent 

with the results reported in the literature (23, 35). 

It is important to address the potential force field used for the characterization of AuNS and 

AuNPs. Here, we used the INTERFACE force field (57), which was reported to yield the 

water layering structure adjacent to the metal surface consistent with experimental 

observations, and to reproduce the noncovalent adsorption of biomolecules obtained from 

experiments (16, 65). This force field has been extensively employed for the characterization 

of the interactions of AuNS/AuNPs with amino acids and biomolecules (15-17, 23, 29, 35, 66, 

67). Unlike the GoIP force field (14, 68), the INTERFACE force field does not characterize 

the polarization of the gold surfaces (69), which is believed to occur in the presence of 

charges. However, the unfolding phenomenon of the collagen triple-helical structure is 

unlikely to be affected by the lack of consideration of the gold surface polarization. 

Specifically, amino acids and residues of biomolecules prefer to interact with gold surfaces 
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with polarization at least partially via their backbone (13), thus leading to flat configurations 

on gold surfaces of amino acids (13), peptides (20, 28), and proteins (32, 33). On the other 

hand, glycine, which occupies every third position of the sequence along each collagen 

peptide and provides the biomolecule with flexibility (16, 17), is a nonpolar uncharged 

residue, rendering its interaction with gold surfaces independent of the surface polarization. 

This is justified by the fact that the equilibrium conformation of Gly on AuNS (Fig. 1(B)) and 

Gly_17 on AuNP (Fig. 4(C)) obtained here are identical to that of Gly on the gold surface 

with polarization reported in the literature (13). When the protein backbone adsorbs onto 

AuNS/AuNPs, the NH-moiety of Gly residues only slightly points upwards the surface, and 

the carbonyl oxygen of residues occupying the X positions of the Gly_X_Y triplets is forced 

to point towards AuNS/AuNPs. This renders them no longer capable of hydrogen bonding to 

each other, thus inducing significant unfolding of the triple-helical structure. To date, this 

atomic-level unfolding mechanism has not been reported in the literature. 

Even if the final adsorbed configuration and the unfolding extent may vary among different 

collagen triple-helical segments on AuNS/AuNPs, the observed unfolding phenomenon and 

the unraveled atomic-level unfolding mechanism occur to any types of collagen molecules, 

and the collagen-like domains of other proteins such as c1q and adiponectin. In addition, 

other glycine-rich proteins may also easily adsorb and unfold on AuNS and bare AuNPs, as 

glycine renders the proteins very flexible thus favouring their adsorption and unfolding onto 

the gold surfaces (27). Given that collagen molecules assemble into fibril rapidly in the ECM, 

local unfolding of the collagen and collagen-like proteins may occur under the presence of 

bare AuNPs. 

It is crucial to understand the fate of bare AuNPs when entering into human tissues. Firstly, it 

is inevitable, at least under the conditions considered here, for proteins to adsorb onto bare 

AuNPs (29, 32). Notably, in the ECM, charged residues of proteins are surrounded by 

counter ions, which may result in the screening of the charged residues. However, it is still 

possible for collagen to form the collagen-AuNPs complex, and partially unfold on bare 

AuNPs. Firstly, hydrophobic residues with long side chains (e.g., Leu) can function as 

anchors of collagen to AuNPs during the initiation of the collagen-AuNPs complex (29). 

Further, type I collagen molecule contains only ~14% charged residues, thus allowing the 

partial contact of collagen with AuNPs with small radius of curvatures. In addition, glycine 

occupies every third position of the collagen molecule polypeptides, and collagen molecules 
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adsorbed on bare AuNPs can readily undergo partial unfolding as demonstrated in this study. 

Due to the unfolding propensity and instability of bare AuNPs, AuNPs used for biomedical 

applications are normally coated. However, relatively less is known about the fate of those 

AuNPs after they fulfill the desired missions. The present study emphasizes the potential 

health risk induced by the presence of bare AuNPs in the human body. 

It is also important to know the structural response of collagen triple helices to the presence 

of other solid surfaces such as titanium and stainless steel. According to this work, collagen 

triple-helical structure may unfold on solid surfaces that prefer to interact at least partially 

with the protein backbone, thus destroying the inter-chain hydrogen bonds of the triple 

helices. Indeed, unfolding of collagen-like peptides was also previously reported on a 

titanium surface (46). 

This study provides significant insights into the development of AuNPs for disease treatments, 

and the design of gold-binding proteins. It is demonstrated that collagen molecules and 

collagen-like peptides unfold easily on bare AuNPs. This suggests the potential health risks 

associated with AuNPs, thus emphasising the significance of testing the health risks of 

AuNPs for biomedical and therapeutic applications. In addition, based on the unfolding 

propensity of collagen molecules obtained here, it is essential, in order to extend collagen 

permanence onto gold-based surfaces, to link the collagen molecules covalently to the gold 

interfaces, thus enhancing the biocompatibility. 

The present study has several limitations. On the one hand, all of the simulations for Sys. 1 

and Sys. 3 were performed starting from an identical initial conformation of the CMS-AuNS 

complex, due to the large size of the model investigated, the limit of computer power, and the 

large number of simulations required for each starting conformation of the complex. Ideally, 

various complex conformations with different relative positions of the CMS to AuNS could 

be considered. For instance, three different relative positions could be explored, where each 

case corresponds to one of the three collagen peptides being closest to AuNS in terms of the 

N-terminal regions of the triple helix. However, the unfolding phenomenon reported here are 

not likely to be influenced by the identical initial conformation of the complex. On the other 

hand, the INTERFACE force field (57) used to describe the interactions of the biomolecule 

with AuNS and AuNPs does not consider the polarization effect of the surface, which is 

demonstrated to exist in the presence of charges (14, 68). Thus, the final configuration of the 

adsorbed CMS onto AuNS and AuNPs might be different with those obtained with the 
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potential of gold atoms being described by the GoIP force field (14, 68). However, the 

unfolding phenomenon is justified to not be influenced by the lack of characterization of the 

surface polarization and the exact final adsorbed configuration of the CMS-AuNS/AuNPs 

complex is not the focus of this study. 

5 Conclusions 

By interrogating the results of comprehensive MD simulations on the CMS-AuNS/AuNPs 

complex, we find that collagen molecule triple helices are able to form a rapid association 

with AuNS/AuNPs, indicating that no bare AuNPs exist in the ECM. In addition, collagen 

triple helices unfold readily on both planar AuNS and AuNPs with different diameters, due to 

the interaction between gold atoms and the protein backbone. The revealed unfolding nature 

and the unravelled atomic-level unfolding mechanism contributes to the development of 

AuNPs for biomedical and therapeutic applications, and the design of gold-binding proteins. 

In addition, the presented results provide insights into the development of collagen-AuNP 

composites, which might be used for biomedical, clinical and tissue engineering applications. 
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9  List of figures and tables 

 

Fig. 1  An exemplar trajectory of the MD simulations on the CMS-AuNS complex: (A)  final 

snapshot of the complex in this simulation; (B)  zoomed in view of the conformation of a 

region in chain C (colored in green in (A)).  

 

 

Fig. 2  RDFs for the interactions of main chain atoms (i.e., H, O, N, C, CA) of (A) the CMS, 

and (B) all of the Gly residues in the CMS with AuNS. The first peaks of RDFs in (A) for all 

of the main chain atoms at a distance of less than 3.5 Å demonstrate that AuNS directly 

interacts with the protein backbone. The first peaks of RDFs in (B) for all of the main chain 

atoms at a distance with a relationship of r(O) < r(C) < r(CA) < r(N) < r(H) further confirms 

the conformation of Gly residues on AuNS displayed in Fig. 1(B). The peaks of the RDFs for 

the carbonyl oxygen in both (A) and (B) are sharper and higher compared to those for other 

main chain atoms. 
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Fig. 3  (A) front view and (B) top view of a representative snapshot of the CMS-AuNP 

complex, where the CMS is unfolded on the AuNP with a diameter of 3 nm. The CMS only 

partially interacts with the AuNP with a diameter of 3 nm, but the portion of the CMS 

adsorbed on the AuNP unfolded severely. 

 

 

 

Fig. 4  (A) top view and (B) front view of a representative snapshot of the CMS-AuNP 

complex, where the CMS is unfolded on the AuNP with a diameter of 8 nm. The CMS fully 

adsorbed on the AuNP with a diameter of 8 nm, and the intact molecule unfolded 

significantly. (C)  is a zoomed in view of the complex within the red dashed rectangular in 

(B), where the CMS interacts with the Au(1 1 1) facet of the AuNP. For clarity, only the main 

chain atoms are showed for Gly_17, Hie_18, Arg_19, Gly_20 and Gly_49 residues. Only 

when an amide hydrogen in one chain and a carbonyl oxygen in a neighboring chain face 

towards each other (the axis of the triple helix), they may form inter-chain hydrogen bonds as 

indicated by the dashed lines in (C). 
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Fig. 5  RDFs for the interactions between the CMS and the AuNP with a diameter of (A) 3nm 

and (B) 8 nm. The first peaks of RDFs in (A) and (B) for all of the main chain atoms occur at 

a distance of less than 3.5 Å. The peaks of the RDFs for the carbonyl oxygen in both (A) and 

(B) are sharper and higher than those for other main chain atoms. 

 

Table 1. Model information of systems of the CMS in the presence and absence of AuNS and 

AuNPs. 

Model information Sys. 1 Sys. 2 Sys. 3 Sys.4 

Water box type Triclinic Octahedron Octahedron Octahedron 

Water box dimension 157 Å × 159 Å × 90 Å 113 Å × 113 Å × 113 Å 105 Å × 105 Å × 105 Å 117 Å × 117 Å × 117 Å 

Counter ions (number) Cl− (7) Cl− (7) Cl− (7) Cl− (7) 

Number of gold atoms 8064 Nil 887 15707 

Number of water molecules 68651 33538 26217 26787 
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