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Effect of the Ligand Binding Strength on the 

Morphology of Functionalized Gold Nanoparticles 

Chen-Hui Chan,† Floriane Poignant,‡ Michaël Beuve,‡ Elise Dumont,† and David Loffreda*,† 

† Univ Lyon, Ens de Lyon, CNRS UMR 5182, Université Claude Bernard Lyon 1, Laboratoire 

de Chimie, F-69342 Lyon, France. 

‡ Univ Lyon, Université Lyon 1, UMR CNRS5822/IN2P3, IPNL, PRISME, PHABIO, 

Villeurbanne 69322, France. 

Functionalized gold nanoparticles are investigated by density functional theory calculations in the 

context of cancer radiotherapy. Several typical experimental shapes including nanostar, 

nanosphere and nanorod are modeled by optimizing Au clusters covered by organic monolayers 

composed of hydrated short-chain polyethylene glycol (PEG) ligands. The PEGylation stabilizes 

significantly the stellation of decahedral Au54 by deforming significantly its geometry at the spikes. 

The higher stability of the PEG molecules adsorbed on this stellated nanocluster with respect to 

the more spherical icosahedral Au55 and Au79 leads to a larger energy cost to desorb them and thus 

a weaker propensity for the starred nanoparticle to exchange ligands with the cell membrane, in 

agreement with experiments. These results open interesting perspectives for advancing on the 

understanding of the cellular uptake of gold nanoparticles. 
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Controlling the size, the shape and the functionalization of gold nanoparticles (GNPs) is essential 

for nanomedicine and notably in the context of cancer treatment and radiotherapy.1 In fact, 

radiosensitization measured on GNPs coated by organic molecules is a promising approach for 

improving radiotherapy through water radiolysis enhancing the radiation dose.2 Understanding the 

mechanisms responsible for the apoptosis of the targeted cancerous cells in radiotherapy is by far 

challenging. To date different assumptions are currently examined to advance on this question. At 

the cell scale, the pathways of endocytosis (internalization of GNPs) can be either investigated 

experimentally by optical and microscopic techniques3 or modeled theoretically by coarse-grained 

molecular dynamics (CGMD) simulations.4 At the molecular scale, the interaction modes between 

naked or coated GNPs with membrane lipidic bilayers can also be described by atomistic classical 

force-fields or CGMD.5 Among the key factors influencing endocytosis, the morphology and the 

size of GNPs are of prime importance. 

The morphology of GNPs can be modulated by the chemical nature of the organic coating. 

Various ligands have already been examined to date, such as poly-ethylene glycol (PEG),6,7 
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 3 

undecane-thiols and amine derivatives,8 DNA strands3, mercaptobenzoic acid (MBA),9,10 as well 

as uncoated GNPs as references.11 Indeed PEG-based ligands have been often considered for 

applications in imaging and therapy12 because of their high stability, biocompatibility, low 

cytotoxicity, and interesting antibacterial activity.13 For instance, thiol-terminated monomethoxy 

PEG ligands have been considered for synthesizing gold nanostructures with different shapes (gold 

spherical nanoparticles GNPs, nanospikes GNSs and nanorods GNRs) around 50 nm.1 According 

to the measurements,1 the cellular uptake is increased in the order of GNPs > GNSs > GNRs, in 

agreement with previous measurements14 and dissipative particle dynamics (DPD) simulations.15 

All the PEGylated GNPs induce enhanced cancerous cell death rates upon X-ray irradiation. 

However, sensitization enhancement ratios determined by the amount of internalized gold atoms 

have been found larger for spherical GNPs than other shapes, thus showing the impact of 

nanoparticle morphology on cancer radiotherapy.1 At larger sizes (80-90 nm) or alternate shapes, 

other uptake measurements have shown different trends between PEGylated gold nanotriangles, 

nanorods and nanostars.16 CGMD simulations of water-solvated GNPs with various shapes in the 

range 2-10 nm demonstrate also alternative conclusions for the cellular uptake efficiency.17 PEG-

functionalized dithiolane ligands terminated by either methoxy or carboxy group have been used 

to synthesize GNPs in the range 2.4-89 nm.18 Up to 16 nm, these GNPs have been found to localize 

in the cell nucleus, whereas larger NPs have not entered the cell and have been located at their 

periphery. 

From a mechanistic point of view, experimental ESEM/TEM and theoretical CGMD 

approaches3 have recently shown that the cellular uptake occurs through the ligand exchange at 

the nanoparticle/membrane interface. The physisorbed ligands on the nanoparticle surface have a 
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 4 

larger ability to exchange with membrane lipidic molecules depending on their adsorption affinity 

and chain length. 

Regarding the theoretical models of coated GNPs, the coordination of alkane-thiols and PEG 

ligands has been described by classical molecular dynamics,19,20 showing that the thickness of the 

coating is only weakly dependent on the surface ligand density. Hybrid approaches combining 

force-field molecular dynamics simulations or CGMD with density-functional theory (DFT) allow 

the investigation of bicomponent self-assembled monolayers (SAM) on gold.21,22 To describe more 

accurately the SAM energetics, DFT calculations are mainly performed on extended model gold 

surfaces,21,22,23 but also on nanosized thiolated gold clusters.24,25,26 Due to the difficulty to observe 

experimentally the interaction between the nanoparticle and the cell membrane,5 a few theoretical 

studies based on DPD,15 CGMD17 and on free energy calculation continuum models27 have 

proposed a first description of these interfaces. 

Although numerous experimental studies have investigated the shape of PEGylated GNPs, their 

impact on the nanoparticle ability to internalize the targeted cells and on radiosensitization 

efficiency, few information is available today regarding the relationship between the PEG coating, 

the nanoparticle stability and reactivity. For instance, an accurate theoretical description of the 

stability depending on the size and on the morphology is missing for functionalized gold 

nanoparticles around 3 nm, although small uncoated GNPs or covered by glutathione (below 2 

nm) have shown an interesting performance for cancer radiotherapy.28,29,30 Regarding the help of 

theory, as previously exposed, DFT studies explore mainly the interaction between PEG and 

alkanethiol-based molecules with Au extended surfaces (a relevant model for really large 

nanoparticle facets). However, dry or hydrated PEGylated GNPs have not been described 

accurately from DFT calculations of nanoclusters to date, especially in the targeted range of 3 nm. 
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 5 

In this work, we explore the influence of PEGylation, the grafted ligand density and the 

simultaneous hydration on the stability of functionalized gold nanoparticles (49-79 Au atoms) 

depending on their size (in the range 3.0-3.2 nm), morphology (nanosphere, nanorod, nanostar 

shapes, relevant for experiment), on the basis of DFT calculations including dispersion (DFT-D3; 

see section 2 of the Supporting Information (SI) for the methods). An energy decomposition model 

is proposed to evaluate the binding strength between one PEG ligand and GNPs at various 

conditions of surface coverage. Our objective is the determination of the role of the PEG ligands 

on the nanoparticle stability in order to discuss the cellular uptake of the GNPs for therapeutic 

applications. 

The first step is the selection of the gold nanoclusters to build the organic monolayers of 

PEGylated systems. To discuss the internalization of the GNPs and the ligand exchange with the 

membrane,3 we have elaborated DFT models of gold nanospheres, nanospikes (nanostars) and 

nanorod,1 on the basis of a previous theoretical study investigating uncoated GNPs in the range 1-

3.5 nm.31 Due to the inherent limit of 3D models (5×5×5 nm3) and in order to keep a reasonable 

vacuum space between coated GNPs and their equivalent periodic images (1.8-3.2 nm), the size 

of the gold nanoclusters (1.1-1.3 nm) coated by water and the organic layer (modeled by two 

ethylene glycol (EG) units of length 1.6 nm, as shown in Figure 1b), is in the range 3.0-3.2 nm, 

thus within the explored experimental range18 of 2.4-89 nm (see section 3.1 of the SI for the 

justification of the choice of the PEG terminal moities). Five competitive clusters and typical 

morphologies have been selected (Figure 1a), with the following stability order in vacuum: 

irregular truncated octahedral Au79 > icosahedral Au55 > ino-decahedral Au55 > decahedral Au54 > 

Marks-decahedral Au49.31 
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 6 

 

Figure 1. (a) Top and laterals views of optimized clean Au nanoclusters: defective (concave) 

Marks-decahedral (marks) Au49, regular decahedral (deca) Au54, icosahedral (ico) Au55, ino-

decahedral (ino) Au55 and irregular truncated octahedral (ito) Au79. The facet types are marked 

with colored areas: green for (111)-type (triangle, pentagon or hexagon), red for (100)-type 

(square) and blue for (110)-type (concavity). (b) Best and optimized adsorption structures (h2µ2 

form) of one PEG molecule (2 EG units, thiol and carboxy terminal groups, trans-conformer) on 

the five Au nanoclusters. The colors of atom types are defined and will be kept in all the figures. 

Before considering the monoshells of PEG ligands surrounding the Au nanoclusters, the most 

stable isolated adsorption forms have to be investigated for each shape and size. In Figure 1b and 

Table 1, the key results of the best adsorption structures of isolated PEG on the five Au 

nanoclusters have been reported. 
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 7 

Table 1. Grafting densities (molec.nm-2) and adsorption energetics of the most stable structures 

for one PEG molecule on five Au nanoclusters (Figure 1).a 

1 PEG Au49 (marks) Au54 (deca) Au55 (ico) Au55 (ino) Au79 (ito) 

Grafting density 0.20 0.19 0.16 0.15 0.08 

∆Eads -1.589 -1.736 -1.358 -1.623 -1.519 

∆Edisp -0.802 -0.632 -0.783 -0.822 -0.948 

∆Ecov -0.787 -1.104 -0.575 -0.801 -0.571 

∆Edef AuNP 0.044 0.045 0.043 0.057 0.066 

∆Edef PEG 0.178 0.093 0.125 0.076 0.098 

∆Eint PEG-Au -1.810 -1.874 -1.526 -1.756 -1.683 

aAdsorption energy ∆Eads (eV), decomposed into dispersion ∆Edisp (eV) and pure GGA ∆Ecov 
(eV) contributions, or into deformation energy of Au, ∆Edef AuNP, of PEG, ∆Edef PEG (eV) and 
interaction energy between PEG and Au, ∆Eint PEG-Au (eV) (chemical bonding). See the SI for all 
the definitions and corresponding equations. 

In the SI, all the optimized stable and metastable forms are presented with adsorption energies and 

key distances (see eq S2 of the SI and Figures S1-S5). Due to the terminal -SH and -COOH 

moieties of PEG and the various adsorption sites on Au nanoclusters (kink, edge, facet), there exist 

many adsorption structures. Since S atom is more strongly bound to Au(111) than COOH,32 the 

adsorption of PEG on Au nanoclusters has been mainly built through -SH moiety (with a short 

distance in the range 2.39-2.46 Å, see Figure 1b). However, for isolated chemisorption, an 

additional stabilizing interaction between -COOH (via -C=O) and Au is obtained (with a longer 

distance in the range 2.47-3.16 Å). According to the best adsorption structures, SH terminal group 

is always bound on a nanoparticle kink, while COOH moiety can interact with a nanoparticle kink 

or an edge, leading to h2µ2 new adsorption forms with respect to the literature.21,22,33,34 The 

adsorption energy is the largest one on Au54 (deca) (-1.736 eV, Table 1), for which the distortion 

of the gold nanocluster is significant with an extraction of the interacting Au kink atom from its 
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 8 

epitaxial position and a beginning of stellation for the nanoparticle. The adsorption strength 

magnitude (1.358-1.736 eV) is compatible with previous theoretical works for alkanethiols on 

Au20 (-1.16 eV) and Au(111) (-1.54 eV).33,34  The adsorption of PEG on Au55 (ino) is the second 

best form (-1.623 eV) which results in a strong deformation of the nanorod shape (ino-decahedron) 

where the (100) facets transform into (111)-type orientations (icosahedron). For the three other Au 

nanoclusters, the adsorption energy is weaker and the gold shape resembles the initial symmetric 

morphology. Due to the simultaneous bonds between the two terminal functions and gold, the PEG 

ligand tends to bend over the Au nanocluster, in order to optimize the van der Waals forces. This 

can be understood by the energy decomposition of the adsorption energy into pure-GGA 

(covalence) and dispersion energetic terms which are predominant, except for Au54 (deca) (Table 

1 and eq S3 in the SI). Alternatively, the energy decomposition analysis35 (EDA) (see eq S9 of the 

SI and Table 1) splits the adsorption energy into destabilizing (positive) and minority deformation 

energies (PEG ligand and Au nanocluster) and stabilizing (negative) and predominant interaction 

energies between PEG and Au (chemical bonding). The deformation energies of Au (calculated 

from the optimal deformed Au nanoclusters related to adsorption structures) are also weak for Au54 

(deca) and Au55 (ino), although the geometric distortion is large with respect to the initial 

symmetric clusters (see section 3.6 of the SI for more details). 

Once the most stable chemisorption forms of one PEG molecule are known, an organic coating 

composed of monoshells of PEG ligands surrounding the five Au nanoclusters has been built with 

a surface density approaching saturation (Figure 2). Due to the difference of surface area and 

accessible surface Au atoms between all these clusters, the PEG surface (grafting) density varies 

from one cluster to another one. According to experiments, 36,37,38  the ligand grafting density 

decreases with the diameter of the nanoparticle and the ligand molecular weight. 
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 9 

 

Figure 2. Optimized PEGylated Au nanoclusters with monoshells of adsorbed molecules close to 

saturation : (a) Marks-decahedral Au49, (b) stellated decahedral Au54, (c) icosahedral Au55, (d) 

initially ino-decahedral Au55 (transformed into icosahedral Au55) and (e) irregular truncated 

octahedral Au79. Distorted geometries of Au clusters (without PEG) are also presented. For each 

system the numbers of PEG ligands in the organic coating, of chemisorbed (Nc) and physisorbed 

(Np) molecules, the surface coverage qchem related to chemisorbates (ML = monolayer) are 

mentioned. The stellation (Au54) results in a more organized coating (“brushed-type”), whereas 

non symmetric deformation (Au49, Au55 and Au79) induces disordered monoshells (“bushy-type”). 
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 10 

For small GNPs37 (< 5 nm), grafting densities exceed 1.6 chains.nm-2. Moreover, for short chain 

ligand (< 1000 g.mol-1), the densities become larger than 2.5 chains.nm-2 (3.2-3.9 chains.nm-2 for 

specific PEG ligands36,38). The molecular weights and number of ligands on the GNPs have also a 

significant influence on their orientations around gold,38 giving rise to a transition from 

disorganized “mushroom” orientations to more rigid “brush” configurations. In our case, 

depending on the Au nanocluster, the explored range is 2.7-5.1 molec.nm-2 (Table 2), in fair 

agreement with the literature.21,36,38 Although the molecule surface density changes significantly, 

the surface coverage normalized to the number of surface Au atoms, is equivalent for all the GNPs, 

in the range 0.40-0.45 ML (< 0.5 monolayer). 

Table 2. Grafting densities (molec.nm-2) and adsorption energetics of the five non hydrated 

PEGylated Au nanoclusters (Figure 2).a 

PEGsat Au49 (marks)  Au54 (deca) Au55 (ico) Au55 (ino) Au79 (ito) 

Grafting density 5.09 4.87 3.44 3.24 2.66 

∆Ecoads (/PEGchem) -1.933 -1.719 -1.565 -1.569 -1.471 

∆Edisp (/PEGtot) -0.754 -0.780 -0.815 -0.791 -0.783 

∆Ecov (/PEGtot) -1.180 -0.938 -0.750 -0.778 -0.689 

∆Eint PEG-Au (/PEGchem) -1.269 -1.200 -1.092 -1.224 -1.053 

∆Edef AuNP (non normalized) 1.851 2.362 0.884 2.205 2.479 

∆Edef+int PEG-PEG (/PEGtot) -0.506 -0.470 -0.449 -0.382 -0.430 

aCoadsorption energy ∆Ecoads (eV per chemisorbed PEG), decomposed into dispersion ∆Edisp (eV 
per PEG ligand) and pure GGA ∆Ecov (eV per PEG ligand) contributions, or into deformation 
energy of Au, ∆Edef AuNP (non normalized), of PEG summed with the PEG-PEG intermolecular 
interaction energy, ∆Edef+int PEG-PEG (eV per PEG ligand) and into interaction energy between PEG 
and Au, ∆Eint PEG-Au (eV per chemisorbed PEG). See the SI for definitions and equations. 
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In order to reach the organic monolayer on GNPs, the clusters have been decorated by 

maximizing the best adsorption forms found previously for isolated PEG, and by completing the 

organic coating with metastable structures. The optimal PEG monoshells on GNPs have been 

addressed in Figure 2 and corresponding energetics in Table 2. From a geometrical point of view, 

the PEGylated GNPs exhibit different ligand organization from one cluster to another one. In the 

case of the decahedral shapes (Au49 (marks) and Au54 (deca)), the ligand arrangements are more 

symmetric “brushed-type” (Figure 2a,b), whereas the icosahedral and octahedral clusters (Au55 

(ico) and Au79 (ito)) are decorated by a more disordered “bushy-type” coating (Figure 2c,d,e). 

Moreover, the deformation of the metallic nanoclusters has significantly increased with respect 

to the isolated adsorption. In the case of Au55 (ino), the nanorod initial morphology of ino-

decahedron is entirely lost in favor of an icosahedron (Figure 2d). In addition, the stellation 

induced by the PEG coating on Au54 (deca) is remarkably strong (Figure 2b). The PEG ligands 

separate during the geometry optimizations in two different adsorption families: majority 

chemisorbed molecules bound through -SH groups to gold and minority physisorbed ligands inside 

the organic coating bound with other ligands via hydrogen bonds and van der Waals interactions 

(Figure 2b). The hydrogen bonds can also stabilize cochemisorbed PEG molecules and help the 

brushed configuration for Au54 (deca). From an energetic standpoint (Table 2), the coadsorption 

energy per PEG molecule of the PEGylated GNPs is globally similar to the previous adsorption 

energy values for isolated chemisorption. However, it can be either larger (Au49 (marks) and Au55 

(ico)) or smaller (Au54 (deca), Au55 (ino) and Au79 (ito)) due to the lateral interactions between 

ligands (lateral effect) and the competition for interacting with the electronic density of gold 

nanoclusters (coverage effect). For the case of Au55 (ino) and (ico), the coadsorption energy per 

PEG is identical since the ino-decahedron is transformed into icosahedron as explained before. 
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 12 

Close to ligand saturation, the dispersion energy is slightly more stabilizing than the pure GGA 

contribution, except, once again, for the systems having the largest coadsorption energy (Au49 

(marks) and Au54 (deca)). According to the EDA, the interaction energy between PEG and Au 

nanoclusters per PEG ligand (eq S19 of the SI and Figure S10) is globally weakened in the 

monoshells by comparison with the isolated adsorption (coverage effect). Surprisingly, the 

deformation energy of the Au clusters is very large and maximal for Au54 (deca) (2.362 eV) and 

Au79 (ito) (2.479 eV), in relation with a significant displacement of all the gold atoms with respect 

to their initial symmetric positions (Figure 2). Hence the distorted geometry of Au in the optimal 

structures including the PEG ligands is not stable anymore, at the opposite of the isolated 

chemisorption. In the case of Au54 (deca), a stellated cluster is obtained by forming spikes with the 

five corners of the pentagonal structure. The global energetic loss coming from the concomitant 

weakened PEG-Au interaction energy and increased Au deformation energy is balanced by the 

stabilizing intermolecular interaction energy between the PEG ligands (from -0.382 to -0.506 eV 

per molecule). This energetic term (eq S24 of the SI and Figure S11) is the resulting contribution 

of weak destabilizing PEG deformation energy and significantly stabilizing dispersion forces and 

hydrogen bonds between molecules. Hence the apparently unstable stellation (in vacuum) and 

other deformations of gold structure are promoted by the monoshells of PEG ligands, especially 

by the lateral molecular interactions. A similar study and analysis are proposed for hydrated 

PEGylated gold nanoparticles (see sections 3.4 and 3.7.3 of the SI for all the details and results). 

Once the structural and energetic properties of PEGylated GNPs have been described, the next 

steps are the understanding of the role of the PEG ligand on the stability and the morphology of 

Au nanoclusters and the determination of the relationship between the coated GNP stability and 

their use in radiotherapy. 
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 13 

According to the energetic analysis of PEGylated GNPs, PEG ligands promote the stellation of 

regular decahedral shape (Au54 (deca)). In order to quantify this result, the absolute stability of the 

coated GNPs is evaluated by the formation surface energy Gform obtained by generating the Au 

nanocluster from isolated Au atoms and by coadsorbing PEG molecules and water, and normalized 

by the relaxed surface area of the Au cluster. In Figure 3, Gform is plotted against the molecule 

surface density calculated by dividing the number of adsorbed PEG ligands by the nanoparticle 

area. Clearly, the stellated decahedral-based Au54 cluster is by far the most stable one in all the 

considered cases (isolated PEG adsorption, Figure 3a, non hydrated and hydrated PEG 

coadsorption, Figure 3b). The intrinsic stability of the cluster increases almost linearly with the 

molecule surface density, and inversely with respect to the nanoparticle size, by following the 

order: Au54 (deca) > Au55 (ico) > Au79 (ito). This counter-intuitive trend is just the opposite of the 

one calculated in vacuum. The case of Au49 (marks) is an exception with respect to this trend in 

term of size. This is explained by the decrease of the nanocluster area related to the presence of 

concavities (defects in the Marks-decahedral shape) by comparison with Au54 (deca), thus inducing 

an increase of the molecule surface density (Table 2). 

A relationship between the ligand binding strength in GNPs and their ability to internalize in the 

cell (endocytosis) for radiotherapeutic applications can be established since the cellular uptake has 

been recently correlated with the physisorbed ligand exchange at the nanoparticle/membrane 

interface3 (the cellular uptake increasing in the order of nanospheres > nanospikes > nanorods1). 

For spherical and starred GNPs, the energy cost to desorb one ligand can be evaluated by the 

opposite of the coadsorption energy per PEG ligand (non-activated process). This is a good 

approximation of the ligand exchange with the lipidic membrane since the final state (ligand 

grafted on the membrane) does not really depend on the nature of the GNP. In addition, a previous 

Page 13 of 26

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 14 

theoretical study of protonated thiol-thiol exchange over aromatic thiolate protected GNPs25 has 

demonstrated that the overall activation barrier for the exchange with methane thiol is moderate 

(23 kcal.mol-1) and corresponds mainly to the desorption step of the H2S product (18 kcal.mol-1), 

thus justifying our approximation.  

 

Figure 3. Formation energy Gform expressed in surface energy per particle unit area (meV.Å-2) of 

GNPs plotted against the PEG molecule surface density (MSD) (molec.nm-2). (a) Isolated 

adsorption of a PEG on five typical Au nanoclusters. (b) (top) PEGylated GNPs (SAM) for the 

five Au clusters and (bottom) hydrated PEGylated GNPs for the three competitive shapes. The 

chemical equations are indicated for the corresponding definitions of Gform. 

According to the coadsorption energies for non-hydrated GNPs (Table 2), the energy cost to 

desorb one PEG ligand is maximal for the starred Au54 (deca) GNP, thus meaning that the ligand 
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exchange will be easier for the more spherical Au55 (ico) and Au79 (ito) GNPs (due to a weaker 

interaction energy between one PEG ligand and Au). Hence the cellular uptake is expected to be 

larger for more spherical morphologies such as icosahedral (Au55) and octahedral (Au79) shapes 

than for the stellated decahedral one (Au54). Our result agrees with measurements1 and brings a 

first element of explanation. The trend is identical for hydrated PEGylated GNPs (see section 3.8 

of the SI). 

The PEGylation of several sizes and morphologies of gold nanoparticles has been explored on 

the basis of density functional theory calculations in the range 3.0-3.2 nm. The stellation of the 

decahedral nanocluster Au54 has been demonstrated and explained by the particular stability of the 

PEG ligands through stabilizing interactions energies between PEG and Au and between PEG 

chains (hydrogen bonds). A relation could have been established between the stability of the coated 

gold clusters and their uptake inside the cell. Due to the larger stability of the PEG chains in the 

case of the stellated PEGylated Au54 cluster, the energy cost to exchange a PEG ligand with the 

membrane is expected to be higher than the one predicted for more spherical icosahedral Au55 and 

truncated octahedral Au79 clusters. This counterintuitive result is in fair agreement with 

measurements provided for much larger gold aggregates. In summary our atomistic results pave 

the way to the parametrization of multiscale approaches including coarse-grained molecular 

dynamics and Monte Carlo simulations aiming to investigate the interaction of GNPs with the cell 

membrane as a function of their morphology, in the context of the cancerous cell apoptosis. 
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ASSOCIATED CONTENT 

Supporting Information. After addressing methods and model hypotheses, we expose all the 

optimized adsorption structures of one PEG on different top sites of various GNPs (Figures S1-

S5); the optimized structures of hydrated PEGylated GNPs (Figure S6); the optimized structures 

of several uncoated GNPs (Figure S7); the stability diagram of optimal GNPs against the chemical 

environment (Figure S8); the analysis of roundness degree variation of GNPs (Figure S9). All the 

definitions of the normalized interaction energy between GNPs, PEG ligands and H2O molecules 

are reported (Figures S10-S23). The families of water molecules hydrating the PEG organic layers 

in GNPs are defined in Figure S24. The optimal dimerization structures between one PEG and one 

water molecule are presented (Figure S25). The formula to evaluate the nanoparticle areas are 

given in Table S1; the energetics of hydrated PEGylated GNPs in Table S2; the ligand extraction 

energy analysis for the hydrated PEGylated GNPs in Table S3; the energy decomposition analysis 

of the hydrated PEGylated Au nanoclusters in Table S4. The definitions of cohesion energy, 

adsorption energy, covalence and dispersion energies, roundness degree are addressed in eqs S1-

S7. The energy decomposition analyses for an isolated adsorbed PEG molecule, monoshells of 

PEGylated GNPs, monoshells of hydrated PEGylated GNPs are defined in eqs S8-S64. The 

definition of the number of hydrogen bonds for hydrated PEGylated GNPs is given in eq S65. 
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