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ABSTRACT: Functionalized gold nanoparticles have critical applications
in biodetection with surface-enhanced Raman spectrum and drug delivery.
In this study, reactive force field molecular dynamics simulations were
performed to study gold nanoparticles, which are modified with different
short-chain peptides consisting of amino acid residues of cysteine and &P
glycine in different grafting densities in the aqueous environment. Our
study showed slight facet-dependent peptide adsorption on a gold
nanoparticle with the 3 nm core diameter. Peptide chains prefer to adsorb
on the Au(111) facet compared to those on other facets of Au(100) and

Au(110). In addition to the stable thiol interaction with gold nanoparticle

surfaces, polarizable oxygen and nitrogen atoms show strong interactions with the gold surface and polarize the gold
nanoparticle surfaces with an overall positive charge. Charges of gold atoms vary according to their contacts with peptide atoms
and lattice positions. However, at the outmost peptide layer, the whole functionalized Au nanoparticles exhibit overall negative
electrostatic potential due to the grafted peptides. Moreover, simulations show that thiol groups can be deprotonated and
subsequently protons can be transferred to water molecules and carboxyl groups.

B INTRODUCTION

Gold nanoparticles (AuNPs) have been extensively studied
due to their size-dependent electronic,' biocompatible,”
nontoxic,” and optical properties.” These qualities make
AuNPs an ideal candidate for optical detection agents,’
diagnostics,’ nanotherapeutics,’ and drug delivery systems.”®
The plasmonic response of AuNPs, e.g., surface-enhanced
Raman spectrum, is critical for molecular detection. The
extremely intense localized electromagnetic fields render
AuNPs to act as sensitive transducers of small changes in the
local refractive index upon organic molecular adsorption,
leading to localized surface plasmon resonance spectrum shifts
of extinction and scattering spectra. Density functional theory
(DFT) studies’ showed that the spectra shifts observed for a
ligated small-sized gold nanoparticle (i.e., a cluster of 25 gold
atoms) can be attributed to the geometric distortions in the
core lattice and ultimately to changes in the electronic
structure, with respect to a change in the ligand composition.
Raman experiments'® demonstrated that upon alkanethiol
adsorption, a linear red shift of 3.0 nm for the peak extinction
wavelength is detected for every carbon atom in the alkane
chain and a blue shift of 8.5 nm due to the Ag—S charge
transfer. AuNP surfaces can be easily functionalized with a
wide range of biofunctional molecules, which contain thiol
groups.'' In drug delivery, thiol—gold interactions provide the
opportunity to synthesize novel hybrid materials such as
peptide-grafted AuNPs. The peptides utilized in these systems
can fulfill different roles, acting as drug carriers, anticancer
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drugs, and even cellular targeting moieties.'> Luminescent
AuNPs of less than 3.0 nm, coated with zwitterionic
glutathione, which is composed of amino acid residues of
cysteine (C), glycine (G), and glutamate (E), were found to
have efficient renal clearance and antibiofouling for broad
preclinical applications in cancer diagnosis and kidney
functional imaging."*> AuNPs coated with peptides of CGCG
show the characteristic plasmon absorption bands (4., ~ 514
nm) in the UV—visible spectra.'*

Extensive studies”'**" have been conducted to examine the
nature of Au—peptide interactions and the stability of self-
assembled peptide monolayers (SAMs) formed on gold
surfaces under various conditions. Peptides are capable of
having chemisorption onto AuNP surfaces due to strong
thiolate—Au bonds.'”'® Au—S$ binding mode shifts from a
coordinate bond to a covalent bond as the environmental pH
increases.'> Recent experiments,13 which compared AuNPs
coated with cysteine and with glycine—cysteine amino acid
residues, showed that introducing an additional glycine residue
can significantly enhance the physiological stability of
zwitterionic AuNPs and improve their resistance to serum
proteins. Infrared and NMR measurements showed that for
AuNPs coated with cysteine/glycine-containing peptides in the
aqueous environment the backbone conformation and hydro-
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gen-bonding pattern of the conjugated peptides undergo
significant changes due to peptide—gold surfaces’ interac-
tions."* In addition to strong thiol—gold interactions, polar-
izable atoms in peptide molecules can bind epitaxial sites of
920" Moreover, the peptide
adsorption to Au(111) surface was found to be thermodynami-
cally favored over other facets, e.g, Au (100) in an aqueous
solution, as a result of different adsorption free energy.' ™
Computer simulations have also been performed to study
biomolecular interfacial behavior. Simulation methods, such as
conventional molecular dynamics (MD),”'~*> Monte
Carlo,**** and discrete molecular dynamicsss’36 simulations,
focus on the physical nonbonding interactions while neglecting
possible chemical reactions, e.g, ionizable groups’ protona-
tion/deprotonation equilibrium and thiol—Au interactions and
chemisorption. The development of the reactive force field
(ReaxFF),”” as a polarizable charge model based on the bond
order, has made it possible to simulate chemical reactions,
including combustion,’®*” hydrocarbon pyrolysis,*”*" thermal
decomposition of polymers,” the explosion of high-energy
materials,"”*** and the oxidation of solid surfaces*™ and NPs.*
By allowing chemical bonds to form and break freely without
fixing the rigid connectivity between atoms inside a molecule
or fixing atoms’ partial charges, ReaxFF MD overcomes the
deficiencies of conventional MD and the scale problem of
quantum mechanics.”*” A recent study employed ReaxFF MD
to study biomolecules, e.g, short peptides and small proteins in
water.” To date, the reported ReaxFF MD parameters are
available for three amino acids (cysteine, glycine, and alanine)
interacting with the gold surface.*™*” Simulations showed that
the cysteine adsorption process consists of the initial slow
physisorption of cysteine molecules onto the gold surface and
subsequent fast chemisorption, which is highly correlated with

the specific orientation and location of cysteine/cystine on the
50-52

nonoxidized metal surfaces.

substrate surfaces.

In molecular detection using SERs, the detector, which
contains an array of NPs in quantum size range (diameter < 10
nm), has a significant blue shift of the plasmon resonance due
to the smearing of electronic charge distribution over the
particle’s surface.”” In addition, in drug delivery, a particle’s
size is limited to a scale smaller than the size of a nuclear pore
of 9—12 nm.>* To this end, this work focused on small-sized
AuNPs with 3.0 nm diameter for the nanoparticle’s core to
study their interactions with short peptide chains (CGCG and
CGGG) of different surface densities in water, using ReaxFF
MD simulations. Peptides containing cysteine and glycine
amino acid residues play an important role in stabilizing gold
nanoparticles in the applications of biomedical imaging* and
targeting biomarker.'* In our work, several critical questions
are addressed regarding peptide interactions with AuNP
surfaces, possible facet-dependent adsorption, AuNP surface
polarization, the charge distribution of the whole nanoparticle,
and possible peptides’ protonation/deprotonation reactions
around AuNPs. These fundamental studies will pave the way
for the future development of SERs for biomolecule detection
and drug delivery technologies using functionalized AuNPs.
The rest of the article is organized as follows: the section of
Method provides details of the implementation of ReaxFF
simulations; the section of Results presents our simulation
results; and the article then concludes with a summary in the
section of Conclusions.
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B METHOD

ReaxFF MD simulations were performed using the software
package of large-scale atomic/molecular massively parallel
simulator (LAMMPS)” (version released on November 17,
2016) with parameters taken from the literature.”® The
structure of a bare gold nanocrystal without ligands, named
AuNP bare, is obtained by cutting a nearly spherical
nanocrystal out of a bulk face-centered cubic structure gold
lattice. The core of AuNP (i.e., AuNP bare), with a 3 nm
diameter, consists of 1464 atoms with 6 Au(100) facets, 8
Au(111) facets, and 12 Au(110) facets (Figure 1). To optimize

Figure 1. Gold nanoparticle core (red: the outer layer of Au(111)
facet, silver: the outer layer of Au(100) facet, blue: the outer layer of
Au(110), yellow: inner Au layers).

the bare AuNP structure, an NP was inserted in a water cubic
box (length = 6 nm) with periodic boundary condition (PBC).
The system was first relaxed for 100 ps in the NVT assemble
with annealing process (5—289.15 K) before modifying the NP
surfaces with peptide chains. The short chains of peptides
(CGCG and CGGG) were used to graft gold nanoparticles
through cysteine—thiol interactions with Au nanoparticle
surfaces.”® The purpose of using different types of peptides
(CGCG and CGGGQG) is to investigate the polarization and
interactions of peptides with AuNPs, as well as the thiol—
AuNP interactions. AuNPs were decorated with 47 and 72
chains of peptides, corresponding to surface densities of 1.46
peptides/nm* and 2.24 peptides/nm?, which are in the range of
previous experimental and theoretical investigations of func-
tional AuNPs*****° AuNPs grafted with CGCG and CGGG
were solvated in two cubic water boxes of lengths 8.72 nm and
8.92 nm, respectively. The three-dimensional periodic
boundary condition (PBC) was applied in all directions. All
simulation systems were first relaxed for 100 ps in the vacuum
at a low temperature of 5 K and heated gradually from
temperatures of 100 K to the target temperature of 289.15 K.
The whole system was then solvated and relaxed using the
same heating protocol. A Berendsen thermostat’” with a
damping constant of 100 fs was employed in the simulation,
and a time step of 0.1 fs was adopted. Simulations were
performed in the NVT ensemble. ReaxFF describes dynamic
charge transfer between atoms based on the charge
equilibration (QEq) method,*®*” which minimizes the electro-
static energy based on the electronegativity and the stiffness
parameters. In this work, atomic charges were updated every
10 MD steps using QEq method. The bond order and
nonbonded cutoff radii were 0.3 and 10 A, respectively.
Hydrogen bonding and near-neighbor cutoff distances were
kept at 0.75 and 0.5 nm, respectively. The atoms’ position,
bonds, and velocity were collected every 100 fs. The reaction
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mechanisms were extracted from the dynamic trajectories of
atoms and their bonds. To validate ReaxFF simulations,
coarse- gralned MD simulations with MARTINI force field

parameters””°" were also employed for the same systems.

B RESULTS

Peptide Adsorption on Gold Nanoparticle Surfaces.
We first analyzed the effect of peptide grafting density and
AuNP surface orientation on NPs’ SAMs morphology, which is
highly correlated with NPs’ functionality. Figure 2a shows the

A AuCGCG47 AuCGGG72
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Figure 2. (a) Peptides’ surface configurations for different AuNPs:
AuCGCG47, AuCGGG47, AuCGCG72, and AuCGGG72; and (b)
normalized surface coverages (@) for surface orientations.

peptide structure on the surface of four AuNPs, which are
grafted with peptide chains of CGCG and CGGG at different
surface grafting densities after simulations of 0.7—1.0 ns. The
gyration radii of functionalized AuNPs of the four systems are
TaucGegar = 2.13 nm, 7ayceoear = 2.07 nm, racgegr = 2448
nm, and ry,cgegn = 2-41 nm, respectively. The results show
that in the cases of low-density, 1.46 peptides/nm?
(AuCGCG47 and AuCGGG47), peptide chains are adsorbed
on AuNPs’ surface more tightly than chains of the high-
density, 2.24 peptides/nm* (AuCGCG72 and AuCGGG72).
Compared with NPs at a lower surface density, due to the
steric effect and interchain interactions, the peptide chains
form extended mushroom-shaped conformations on the NP
surfaces of high packing density. It should also be noted that in
the range of grafting densities of our simulations the difference
of gyration radius for NPs, which are modified with different
peptide chains (CGCG and CGGG), is negligible. As
discussed next, besides sulfur atoms, the polarizable atoms of
oxygen and nitrogen display strong binding onto AuNP
surfaces, and the crowded peptide chains adjacent to the AuNP
surfaces generate steric effect to prevent cysteine residues from
interacting with the gold surfaces, possibly leading to a long
relaxation time scale beyond our simulation length. To validate
ReaxFF simulations, we also performed coarse-grained MD
simulations. Both ReaxFF and CG MD simulations show
similar values of gyration radius for the same peptide-grafted
gold nanoparticles, which validates that the short peptide
chains (AuCGCG47) around gold nanoparticles have been
relaxed in ReaxFF simulations (Figure S4).

To examine the effect of the nanoparticle’s facet on
peptide—gold interactions, the normalized surface coverage
(a) of peptide atoms for a AuNP facet orientation was used
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— % 1009
N, (1)
where N4 is the number of peptide atoms within the distance
of 3 A from the AuNP surfaces and N, represents the total
atom number of the outermost layer of the gold surface for a
specific facet (ie., Au(111), Au(100), or Au(110)). A
comparison of the facets of different orientations shows that
nanoparticles of a low grafting density have a higher value of ,
which confirms our previous observation that at lower surface
density more peptide atoms are on the NP surface. The
analysis of the normalized surface coverage (a) also indicates
slight facet-dependent adsorption. Despite the initial even
distribution of grafted peptides on the AuNP surface (Figure
S1 in the Supporting Information), the Au(111) facet has the
largest total number of peptide atoms as compared to the
Au(100) and Au(110). Previous research similarly showed that
peptides adsorb more strongly on Au(111) surfaces than on
other facets, due to the number of the metal surface’ epitaxial
contacts per molecule, the atoms’ polarizability, and the
precision of the geometric fit.'”*"*>
Figure 3a shows the conformation of the AuCGCG47
nanoparticle after 0.74 ns simulations in water as an example to

a =

P
@ A (b)
! Q) m250 B s-AuCGCG47
\\ 4 (v £ Il S-AuCGGGA47|
- ; S [l S-AuCGCG72
) Yy < Il S-AUCGGGT2,
. || U)
UJ & 5125
= 5
9 3
? E
2 4 6 8 10 12
Oy J‘ € @ Ay
E it Bl N-AUCGCGa7
ig ‘A:ggccg;; I N-AUCGGGA4T!
0-AUCGGGT2] I N-AuCGCGT72,

Il \-AUCGGGT2

Number of O Atom
o
Number o_( N Atom
N
w

o

2 4

6 8 .10 12 14 16 2 4

r&)

10 12

Gr(A)S

Figure 3. (a) Snapshot of AuCGCG47 NP (Au atoms: yellow, S
atoms: red, H atoms: cyan, O atoms: blue, N atoms: purple, C atoms:
green); (b) histogram of sulfur atoms’ distance to AuNP surfaces; (c)
histogram of oxygen atoms’ distance to AuNP surfaces; and (d)
histogram of nitrogen atoms’ distance to AuNP surfaces.

illustrate sulfur atoms’ distribution on the AuNP surface. In our
simulation, short peptide chains were grafted onto the gold
nanoparticle surfaces through thiol—Au interactions. The
sulfur atoms of terminal cysteine groups of peptide chains
display stable thiol—Au interactions during the course of
simulations (Figure 3a). However, other sulfur atoms that
reside in the middle of the peptide chain away from the
nanoparticle surfaces show minimal-to-no interactions with the
nanoparticle surface. This can be attributed to the steric effects,
resulting from the crowed grafted peptide chains (Figure 3a).
To further quantify the distribution of peptide atoms around a
AuNP, proximal radial distribution criteria®* were used, where
the distances of sulfur atoms of peptide chains to all gold atoms
were calculated and their minimum value was chosen as its
distance to the AuNP surface. The final 100 configurations
spanning the last 100 ps were used to obtain the averaged
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Figure 4. (a) Contour of electrostatic potential (E) as a function of spherical angles (¢ and 6) at r = 1.8 nm; (b) charge distribution on the AuNP
core. The origin of the spherical coordinate is the center of a AuNP; and (c) histogram of the image charges of gold atom distribution.

surface distance. Figure 3b shows the histograms for the
distribution of all sulfur atoms for different nanoparticles
(AuCGCG47, AuCGGG47, AuCGCG72, and AuCGGG72).
It is observed that there is a layer of sulfur atoms on the AuNP
surface with an average binding distance of 2.45—2.46 A, which
is within the range of Au—S distance in chemisorption,®**
whereas other unbounded sulfur atoms are distributed in the
region away from the nanoparticle’s surfaces. The sulfur atoms
in the binding layer (Au—S) were more stable than those away
from the AuNP surfaces, as shown in the root-mean-square
displacement (RMSD) profiles (Figure S2). Similarly, previous
NMR experiments®” revealed that cysteine residues form two
layers on the AuNP surfaces, where the inner layer is
composed of cysteine molecules chemisorbed to the gold
surface and the outer layers interact with the bulk and atoms of
the inner layer. Our results demonstrated that the method of
ReaxFF simulations and the force field parameters adopted can
present the thiol—Au interactions.

Using the same protocol, the distribution of oxygen atoms’
distance to AuNP surfaces was analyzed with a histogram
(Figure 3c). The results indicate that the interaction distances
of Au and oxygen atoms can be categorized into two different
levels. At the first level, for all four NPs, oxygen atoms are
bound onto the AuNP surfaces via an average interacting
distance of 2.1 A. In consistence with this finding, previous
DFT simulations®® illustrated that in the presence of water
molecules glycine adsorbs on gold surfaces with a Au—O bond
distance of 2.317 A, which can be attributed to their strong
binding on gold surfaces. Our results show that at the second
level the oxygen atoms are located away from the surfaces. The
nitrogen atoms also exhibit a two-level distribution around the
AuNP surfaces, although their distribution is more uniform
compared to oxygen atoms (Figure 3d). On different AuNP
surfaces, the Au—N bonding distance is 2.4 A, close to the
previous DFT computational value®* of 2.35 A, which indicates
that N atoms participate in the molecule—substrate coupling. It
is also noteworthy that our results show more O—Au and N—
Au interactions in cases of lower grafting density (AuCGCG47
and AuCGGG47) than in high grafting density cases
(AuCGCG?72 and AuCGGG72). These results are consistent
with those of normalized surface coverage and gyration radius
mentioned above. The steric effect that arises from the packed
polymeric layer on AuNP surfaces hinders the contacts of
polarizable sulfur, oxygen, and nitrogen atoms, which locate
away from the terminals of peptide chains.
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Electrostatic Potential of the AuNPs. To characterize
the AuNP surfaces’ charge distribution as a result of
polarization and charge transfer upon peptide adsorption, the
electrostatic potential (E) resulting from gold atoms’ charges
of a AuNP nanoparticle core was computed using the protocol
in our previous research®’

1

77l

N
E(7) = 138935 ).
i ()

where E(7) kJ/(mol e) is the electrostatic potential at a radial
direction, 7 by summing up the electrostatic interactions over
all AuNP atoms; g; is the charge of an atom, i; and N is the
total atom number. Figure 4 shows a contour of the
electrostatic potential, E, from gold atoms’ charges, including
the image charges, as a function of angles (¢ and ) at a fixed
radius distance, r = 1.8 nm, in the spherical coordinate.

As illustrated in the previous section, for the AuNPs of the
lower grafting density (AuCGCG47 and AuCGGG47), more
polarizable atoms, i.e, sulfur, oxygen, and nitrogen, locate
adjacent to the NP surface. These neighboring atoms
introduce more pronounced electrostatic potential on the
AuNP surfaces of low surface grafting density, compared with
the NPs of high grafting density (AuCGCG72 and
AuCGGG72). Another observation is that the electrostatic
potential and charge distribution above the NP surface are
inhomogeneous (Figure 4a,b) due to the segregation of
peptide chains and slight facet-dependent adsorption (Figure
2). Similar to the previous DFT simulations’ for small gold
nanoclusters, our ReaxFF simulations show that the surface of
the larger-sized AuNP core has a positive charge distribution,
whereas atoms of the inner core display negative charges
(Figure 4b). The histogram analysis of the charge distribution
for all gold atoms (Figure 4c) shows that on the NP surface,
gold atoms thiolate-bound or adsorbed with oxygen and
nitrogen have larger positive charges (~0.09¢) than other
surface atoms (~0.05¢) (Figure 4b). The internal core atoms
have a small negative charge (~—0.02¢). This illustrates that
the gold atoms interacting directly with the peptide lose some
amount of charge. In addition, our simulations show that
individual gold atoms can separate from the gold nanoparticle’s
surfaces (Figure 4b), being polarized with larger positive
charges (Figure 4c). Interestingly, these results show a
consistent pattern similar to that of smaller-sized (diameter <
3 nm) gold nanoparticles interacting with thiol Iigeands.65’68’69
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Figure 5. (a) Charge distribution of functionalized AuNPs; (b) schematic graph of a functionalized AuNP (r,, (=1.5 nm) is the radius of the AuNP
core, d: the maximum thickness of peptides on the AuNP surface determined from peptide density profiles, r (=d + 3 A): the position to calculate
the electrostatic potential, E(¥)); (c) contour of E(¥) as a function of spherical angles (¢ and 0) at ry,cgeger = 3-33 nm, raucgoasr = 3-39 nm,
raucGegzz = 3:52 nm, racgaar = 3.55 nm. The origin of the spherical coordinate is the center of a AuNP.

Further investigation into the accuracy of the polarization,
particularly in an aqueous environment, will be reported in our
future publication using an improved polarizable QEq method,
called ReaxPQ+,”” which has recently been proposed based on
a core—shell charge and implemented in the open source code
of RXMD (ReaxFF reactive molecular dynamics). The exterior
Au atoms typically have a slightly positive charge due to the
interactions of the thiol ligands with the exterior atoms.”” The
overall charges of AuNP cores for the cases of low grafting
packing density (AuCGCG47 and AuCGGG47) are more
positive than those of high grafting density (AuCGCG72 and
AuCGGG?72). This observation is consistent with the number
of peptide atoms adsorbed on NP surfaces, as illustrated in the
previous section (see Figure 3c). Also, the nanoparticles
grafted with peptides of CGCG have slightly more positive
charges than the NPs grafted with peptides of CGGG.

Next, the electrostatic potential on the outer surface of the
whole functionalized NP was examined (Figure S). Previous
experimental investigations’'~”® showed that the charges of
the nanoparticle outer surfaces have a profound effect on the
nanoparticle’s circulation and cellular uptake. In this work,
peptides composed of amino acid residues of glycine and
cysteine were chosen to study their electrostatic potential
around a gold surface. The purpose of using ReaxFF MD
simulations is to take into account the factors of polarization,
charge transfer, and the protonation states of amino acid
residues more precisely compared with conventional MD
simulations, where atomic charges are fixed and chemical
bonds cannot be altered. Figure Sa shows the distribution of
atomistic charges of the whole functionalized AuNPs. The
grafting peptides (CGCG and CGGG) around AuNP surfaces
are with negative charges. Therefore, they induce a total
positive charge on the AuNP surface, as demonstrated above.
Figure Sc shows a contour of the electrostatic potential, E, as a
function of angles (¢ and ) at a radial distance, which is 0.3
nm more than the maximum radius, chosen based on peptide
density profiles (Figures Sb and S4 in the Supporting
Information). The results show that the electrostatic potentials
of the whole functionalized AuNPs have negative values in the
range from —0.095 to —0.170 kJ/(mol e), which is close to
experimental values."> Figure Sc shows for AuNPs of high
grafting density (AuCGCG72 and AuCGGG72) that their
surfaces exhibit more negative electric potential compared to
NPs of lower grafting density (AuCGCG47 and AuCGGGA47).

Protonation/Deprotonation of Peptides on AuNP
Surfaces. Near the surface of an NP, the local pH can be
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different from that in the bulk solution due to local interactions
in the local polymeric environment of SAMs and the
interactions with the core of nanoparticles. Subsequently,
amino acid residues of peptides can display various
protonation states at the NP interface. Our ReaxFF MD
simulations show that thiol groups from amino residues of
cysteine can alter their protonation states (Figure 6a). From
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Figure 6. (a) Protonation/deprotonation of thiol group (arrows show
each event reaction); (b) proton transfer between —SH group and
water (snapshots of bl, b2, and b3 are in time sequence); and (c)
proton transfer between —SH group and carboxyl group (snapshots of
cl, ¢2, and c3 are in time sequence). Atoms are colored: Au atoms:
yellow; S atoms: red; H atoms: cyan; O atoms: blue; N atoms: purple;
C atoms: green; water molecules: gray.

the simulation trajectories, proton transfer is detected. A thiol
group (—SH), which is located away from the terminal bound
on the NP surface, can deprotonate and transfer its proton to
an oxygen atom of a neighboring water molecule (Figure 6b)
or a carboxyl group of a peptide (Figure 6¢). In the meantime,
a deprotonated thiol group in a cysteine can also act as a
hydrogen bond acceptor (Figure 6a). Our results of the proton
transfer between thiol groups and water are consistent with the
previous DFT simulations of the thiolate process.”””> The
proton exchange between a thiol group and a carboxyl group is
also in agreement with previous experimental results and DFT
simulations.”®”” It can be expected that the deprotonated thiol
group can also serve as the initial state for subsequent possible
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thiol—Au reactions, which can occur in the larger time scale of
1s . . ) )
seconds ~ beyond the simulation scale in our current studies.

B CONCLUSIONS

In this work, using ReaxFF MD simulations, we studied the
peptide-grafted AuNPs by taking into account the complex
interactions of thiols and polarizable atoms with gold
nanoparticle surfaces, the amino acid residues’ protonation
state, and the steric effect of the SAMs. Our model system
consists of AuNPs modified with short peptide chains
composed of amino acid residues of cysteine and glycine.
We compare different surface grafting densities of peptides to
study their interactions with AuNPs. AuNPs of lower surface
density were found to have more tight surface packing
compared to the cases of higher density due to the steric
effects near NP surfaces. Peptide atoms prefer to adsorb onto
Au(111) facet rather than other facets of Au(110) and
Au(100). Due to the thiol—Au bonding and the strong binding
of polarizable oxygen and nitrogen atoms with gold surfaces,
peptide chains are tightly adsorbed on AuNP surfaces.
Moreover, the outer surfaces of the AuNP core are polarized
with positive electrostatic potentials and atoms of inner core
are negatively charged. However, at the outer layer of grafting,
peptides consisting of amino acid residues of cysteine and
glycine display negative electrostatic potentials. Furthermore,
proton transfer from thiol groups of cysteine residues to water
or carboxyl groups was detected over the course of simulation,
which is in agreement with the quantum simulations and
experiments in the previous literature. Longer simulations will
be performed with more efficient RXMD in our future work.
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