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ABSTRACT

Despite the widespread application of engineered multilayered polyelectrolyte-coated gold
nanoparticles (AuNPs), their interparticle interaction is not fully understood in part because of a
lack of molecular scale observation of the layer-by-layer assembly of the polyelectrolyte coating.
While top-down coarse-grained models of polyelectrolyte-coated AuNPs have focused on
polyelectrolytes of short length—from ten to a hundred monomers represented as one charged
bead per monomer—here we use molecular dynamics and bottom-up coarse-grained approaches
to access more typical polymer lengths on the order of two hundred monomers. Specifically, we
simulate the adsorption dynamics and structure of one or two such long polycations on
negatively charged 4-nm citrate-coated AuNPs within implicit or explicit solvents. The first
polycation coats approximately half of the AuNP surface regardless of solvent model, and leaves
a significant part of the anionic citrate layer exposed to absorption by a second polycation. We
find that the most prevalent structural features across solvent conditions consist of 1-2 monomer

loops, or kinks. They extend radially from the nanoparticle surface and assemble into a double-
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layered coating of the AuNP. We compile a set of structural features of adsorbed polycations that
would be ripe for coarse-graining and outline a bottom-up coarse-graining scheme for
simulations of polyelectrolyte-coated AuNPs with amphiphilic biomolecules that incorporates
the hemispheric polycation coverage with exposed citrate layer, surface-bound bilayer-like

segments, and long amphiphilic loops and tails.

I. Introduction

Gold nanoparticles (AuNPs) have promising biomedical applications due to their tunable shape,
size, and surface chemistry.' In particular, layer-by-layer assembly of oppositely charged
polyelectrolytes onto the AuNP surface with molecular probes or small drug molecules
embedded between layers allows for AuNPs to act as sensing,” imaging,” and drug-delivering
agents.”” Controlled grafting of other ligand types, such as alkanethiols, organic linkers, and
reactive polymers into Janus or multi-striped patterns on the nanoparticle surface can also
promote the self-assembly of these engineered nanoparticles into unique architectures with self-
healing properties.®® In addition to exhibiting a desired function or property, such particles
increasingly must satisfy an additional figure of merit: they and their transformations in the
environment must have zero or minimal impact on biological systems.”'® As an example, AuNPs
grafted with charged, long-chained alkanethiols have been seen in simulations to insert into and
disrupt lipid membranes,''"> AuNPs coated with the cationic polyelectrolyte poly(allylamine
hydrochloride) (PAH) are more prone to aggregation compared to alkanethiol-coated AuNPs
despite having a higher surface charge density.'® PAH-coated AuNPs (PAH-AuNPs) have also

been shown to bind irreversibly to supported lipid bilayers'” and exhibit greater toxicity to
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bacteria'® and simple multicellular organisms.'®'® A better understanding of the polyelectrolyte-
nanoparticle interface is therefore required to control the interactions of nanoparticles in the
environment and, thereby, nanoparticle functionality and possible toxicity.

Computer simulations can potentially link atomistic-scale interactions between
nanoparticles and biomolecules to the onset of toxicity in cells but require accurate bottom-up
coarse-graining to tackle this inherently multiscale problem.”**' A common bottom-up coarse-
graining strategy for complex multi-component systems, such as nanoparticles in suspension
media or in biological environments, starts with the atomistic structure of each component at the
lowest scale, and then groups neighboring atoms with similar chemical properties into larger
beads at the higher scale. The MARTINI coarse-grained lipid model follows a similar approach
and has been parameterized by Marrink and co-workers to obtain a force field* that can
reproduce the partitioning of polar and apolar phases across a broad class of amphiphilic
molecules. The MARTINI force field has also been used to study the aggregation®* of AuNPs
coated with alkanethiols of different length and terminal groups and the interaction between lipid
bilayers and alkanethiol-coated nanoparticles that were first constructed using atomistic
molecular dynamics simulations and subsequently coarse-grained.”> Polymers, such as
polystyrene of up to 100 monomers, have also been rigorously parameterized bottom-up”® with
the MARTINI force field. For polyelectrolyte-coated nanoparticles, many computational studies
have focused largely on top-down models of polyelectrolytes of relatively short length, ranging
from tens of monomers to a hundred, in which monomers are represented as single charged
beads. Molecular dynamics simulations of top-down polyelectrolyte models have been used to
characterize polyelectrolyte adsorption onto flat*” and spherical surfaces.”** These simulations

have shown that highly charged polyelectrolytes localize charge by distributing into multiple
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layers through the formation of loops and tails. Loops consist of free, solvent-exposed segments
of polymers flanked by surface-bound segments referred to as trains. Tails form if the ends of the
polymer are free instead of surface-bound. Nuclear magnetic resonance (NMR) spectroscopy of
the polyelectrolyte PAH covalently grafted onto 5-nm nanodiamond similarly reveal both
motion-restricted regions of PAH bound to the surface and highly mobile ones, suggesting the
presence of loops and tails that extend into solution.”° The heterogeneous spatial distribution of
dynamic charged groups in polyelectrolyte-coated AuNPs could be a factor in why
polyelectrolyte-coated AuNPs induce larger biological responses than alkanethiol-coated AuNPs.
Here, we perform atomistic molecular dynamics simulations of polyelectrolyte adsorption
onto AuNPs to reveal other chemical properties at the atomistic level in addition to charge
distribution that need to be represented in coarse-grained models. A combination of implicit- and
explicit-solvent simulations is used to study the adsorption dynamics, surface coverage, and
structure of PAH on AuNPs. Specifically, we deposit PAH such that the end-to-end vector of the
polyelectrolyte is normal to the AuNP surface. We observe the relaxation and equilibrium
behavior of a finite number of trajectories of this system, both in implicit and explicit solvents.
While the set is not enough to have complete representation of the ensemble, this finite poll
exhibits a range of behaviors providing a view of the end-to-end adsorption and resulting
structure of longer-length polyelectrolytes on AuNPs. Geiger and co-workers determined that the
average number of ammonium groups per PAH adsorbed onto 4-nm citrate-coated AuNPs is
200.%" We therefore deposit PAH of 200 monomers (PAH,0) on a 4-nm citrate-coated AuNP in
simulations. Although both experiment and simulation have shown preferential binding of
ligands —specifically citrate and poly(vinylpyrrolidone) (PVP)— on different facets of gold**

and silver nanoparticles,”* respectively, here we study the simpler case of a homogeneously
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covered citrate-coated AuNP along with fully protonated PAH, (Fig. 1). Both experimental and
computational studies®>>® have also shown that protonation levels of PAH can vary from 0.14 in
neutral pH solution to 0.70 at charged lipid-membrane interfaces due to local pH effects. The use
of a fully protonated PAH, in our all-atom model allows for direct comparison to top-down,
coarse-grained models of fully charged polyelectrolytes and serves as a benchmark for future
coarse-grained simulations investigating how variation in protonation states and sites along
longer-length polyelectrolytes affects polyelectrolyte conformation and surface coverage on
AuNPs. Further, the results are useful in identifying reduced-dimensional variables and
observables that would be relevant for a new bottom-up coarse-grained approach for
polyelectrolyte-coated AuNPs of possible use in simulating both the polyelectrolyte-AuNP
interface and the nano-bio interface.

In this paper, we report the development of our all-atom 4-nm PAH-AuNP model from
the construction of a 4-nm AuNP, and the adsorption of the negatively-charged citrate layer to
the adsorption of the polycation layer in Section II. Despite different adsorption dynamics shown
in Sec. III A, longer-length polycation PAH;oy conformations cover approximately half of the 4-
nm AuNP surface, leaving the citrate layer exposed (Sec. III B). The hydrophilic charged groups
of PAH, segregate radially relative to the AuNP center into multiple layers due to the
competition between electrostatic attraction to the AuNP surface and repulsion between
monomers (Sec. III C). We reproduce the formation of solvent-exposed loops and tails and
surface-bound trains observed in top-down models.””? At the atomistic scale, we find that short
1-2 monomer trains and loops are the dominant structural features of the adsorbed PAH,y,
forming bilayer-like segments on the AuNP surface (Sec. III D). We conclude with a possible

coarse-graining scheme described in Sec. Il E, incorporating the hemispheric coverage of the
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polycation with exposed citrate layer, surface-bound bilayer-like segments, and dynamic
amphiphilic loops and tails unique to PAH-AuNPs. For coarse-grained simulations of the nano-
bio interface, we find that it would be essential and appropriate to implement this minimum level
of detail for interactions of these polyelectrolyte-coated nanoparticles with amphiphilic
biomolecules, such as lipids and proteins.

I1. Materials and Methods

A. Citrate-coated AuNP, PAH,y, and Solvent Models

AuNPs were created by placing gold atoms two atomic radii apart, arranged in a face-centered
cubic lattice contained within a sphere, and equilibrating at 300 K in vacuum, using Lennard-
Jones parameters developed by Heinz and co-workers®’ to create a nearly spherical, 4-nm-
diameter multifaceted core. In simulations for the adsorption of citrate and PAH, onto gold, a
shallower potential-well depth is used for the Lennard-Jones parameter, &, for gold,38’39 and
positions of gold atoms are kept fixed throughout the simulations. The OPLS-UA force field*’
was used for the carbon backbones of citrate and PAH,q and the -AA force field*! for charged
terminal groups, sodium and chloride counterions, and TIP3P solvent. The list of force-field
parameters is presented in Table S1 (Supporting Information).

Citrate-coated AuNPs were constructed in implicit solvent. Implicit solvent for all
simulations was modeled using a Langevin thermostat at 300 K, a damping constant of 10 ps™,
relative permittivity of 80.1, and the particle-particle particle-mesh (PPPM) method to compute
electrostatic interactions in the presence of explicit counterions. Following the surface citrate
density predicted by experiment’” and used in simulations,*” we randomly distributed 90 citrate®~
molecules in a simulation box with the AuNP at the center. A steering force was applied to guide

the central carboxylate groups of citrate molecules to the AuNP surface. We focus on the
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citrate’ charge state, although the presence of Hacitrate” on the AuNP surface has also been
reported.*” The effect of citrate charge state on polycation adsorption will be discussed in a
future article. Due to the known unphysical electrostatic interactions between the hydroxyl
hydrogen and central-carboxylate oxygen in citrate that occur with existing force fields,* the
citrate backbone that contains the central carboxylate and hydroxyl groups was kept rigid and
fixed on the AuNP surface for subsequent simulations. At charged interfaces, it is possible that
small charged molecules reorient or detach from the interface, as observed at the lipid-water
interface upon adsorption of polycations.** In studies of protein adsorption onto citrate-coated
AuNPs, the use of AuNP models with citrate fixed on the surface in simulations has been seen to
lead to final protein orientation on the AuNP surface in agreement with experiment.***

PAH;y was initially fully extended and energy minimized. The atoms were given
random initial velocities and heated to 300 K in implicit solvent, until the PAH,yy reached a
random-coil state that fit in a 200 X 100 X 100 A water box. PAH,o, was equilibrated for 50 ns
in TIP3P water with chloride ions. All explicit-solvent simulations were run at constant NPT at
1.0 atm and 300 K with a 1.0-fs timestep, using the PPPM method for electrostatic calculations.
Five different PAH,(, conformations were generated using this setup, which reproduced loosely
clustered regions along the extended polymeric backbone as previously observed in simulations
of polyelectrolytes in explicitly modeled poor solvent (eg. water).*® Each conformation was
paired with a different citrate-coated AuNP in simulations (Figure S1, Supporting Information).
B. Methods: All-Atom Simulations
The adsorption of PAH,(, onto citrate-coated AuNPs was simulated using both implicit- and
explicit-solvent conditions. Periodic boundary conditions are used with at least 15 A from the

PAH;0p and AuNP to the edges of the simulation box along x, y, and z dimensions. Box sizes
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were chosen such that the salt concentration fell within the range 0.1-0.2 M with varying number
of PAH;y added and the changing box size during the NPT equilibration. Box volumes were
approximately 5 X 10° A* and included ~500,000 atoms in explicit-solvent simulations. Initial
configurations for all simulations were generated using Packmol,*” and all simulations were
performed using LAMMPS™ at 1.0 fs per timestep with 10-A cutoff for pairwise interactions. On
the XSEDE HPC resource Bridges, this required ~480 CPU hours to integrate for 120 ns on 448
processors, and this limited the number of trajectories that were obtained. Additional simulation
details on system size and simulation times are in Table S2 in the Supporting Information.

For implicit-solvent simulations, PAH;(( was initially equilibrated in explicit solvent
along with its coordinating chloride ions and then placed near a nanoparticle with one of the
polycation’s ends 8 A away from its surface (Fig. 1). Sodium and chloride ions were allowed to
equilibrate for 2.5 ns, while keeping the atoms in the gold core and PAH; fixed. The constraints
on PAH,, were removed, and the distances between each nitrogen atom per monomer of PAH;yo
and the nanoparticle’s center of mass (NP-COM) were tracked at each timestep to check the
progress of PAH,( adsorption. Once all nitrogen atoms were within 4 nm of the NP-COM,
simulations were run for an additional 5 ns with data collected every picosecond during the last
nanosecond. Five simulations were run in total-—one for each PAH,(, conformation. An
additional simulation was run for each condition so as to observe the deposition of a second
PAH, onto the opposite pole from which the first was added.

For explicit-solvent simulations, the PAH,(y was placed near the AuNP with one of the
polycation’s ends at 4 A away from its surface. The gold core and PAH,, were first fixed, and
water and counterions were allowed to equilibrate for 0.5 ns. To track adsorption of PAH,( once

released, each PAH;o) was evenly divided into five segments, and the distances between the
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COM of the first, middle, and last 40-monomer segments—Iabelled 1, 3, and 5, respectively—
and their NP-COMs were plotted over time (Figure 2). These distances relaxed to a small
constant value after 110 ns of simulations, signifying adsorption. Simulations were then run for
an additional 10 ns with data collected every 10 ps.

Due to the system size, three simulations were run in explicit solvent. We compare the
adsorption of the three starting configurations for PAH,( used in both implicit- and explicit-
solvent simulations. Results for the remaining two PAH,(, conformations used in implicit-
solvent simulations are presented in the Supporting Information. From this finite number of
trajectories, we find common structural features that emerge upon adsorption of long-length
polyelectrolytes onto the AuNP surface independent of solvent condition.

C. Methods: Coarse-Graining Schemes

From the final frame of each simulation run in explicit solvent, we group the three-carbon
chain into one hydrophobic bead and the ammonium group into one charged bead for each
monomer with bead positions set by their centers of mass. We provide a preliminary coarse-
graining scheme to emphasize atomistic properties that will be implemented in future coarse-
grained simulations of PAH-AuNPs at the interface of biomembranes. The coarse-grained
structures are therefore a product of the all-atom simulations of this work, and are available for
use in coarse-grained simulations in future work.

ITI. Results and Discussion

A. Adsorption dynamics of PAH;.

The effect of implicit and explicit solvent on dynamical processes, such as the mechanical
pulling of polypeptides,* the formation of polyelectrolyte complexes,’® and the adsorption of

polyelectrolytes onto surfaces,’'> has been well addressed. For the dynamical behavior of the

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Page 10 of 32

system, we, therefore, focus our attention on the differences in adsorption dynamics in explicit
solvent between different starting PAH,(o conformations. For each simulation, PAH;yy was
initially aligned such that the end-to-end vector was normal to the nanoparticle surface. Figure 2a
shows that the first and last 40-monomer segments of PAH»go (segments 1 and 5, respectively)
adsorb to the surface within 20 ns of each other, leaving the middle 40-monomer segment 3 as a
loop in solution. For a different PAH;(y conformation, segment 3 adsorbs onto the nanoparticle
surface first, followed by segment 1 and, then, segment 5 (Figure 2b). Figure 2c shows
sequential wrapping of the nanoparticle from segments 1 to 5 by PAH;y. Even though the same
orientation is used for the initial deposition of PAH;yy on the nanoparticle surface, different
adsorption dynamics are sampled as a result of the different starting conformations of PAH;.

B. Surface coverage of PAH;,.

Despite the different adsorption mechanisms per PAH,( configuration, PAH;yy adsorption leads
to a half-coated AuNP in all cases (Figure 3). To depict the surface coverage of PAH( on
AuNPs, each PAH-AuUNP is, first, rotated so that the vector connecting the nanoparticle’s center
of mass (NP-COM) to the center of mass of PAH,(p maps onto the positive z-axis. We create a
two-dimensional histogram with a bin size of ©/20 radians and track the projection of nitrogen
atoms in PAH;yy onto the AuNP surface as a function of spherical azimuthal- and polar-angle
coordinates. The density profile of the nitrogen atoms in PAHoo shows that PAH; is more
evenly distributed on a hemisphere of the nanoparticle in implicit solvent, whereas more voids
are present in the density profiles in explicit solvent, signifying incomplete hemispheric coverage
of PAH» (Figure 3). The voids in the surface coverage of PAH;go in explicit solvent suggest
that there is a greater distribution of monomers along the radial direction relative to the NP-COM

arranged in loops exposed to solution.
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Incomplete hemispheric coverage of PAH,( suggests that a second PAH;yy could
potentially adsorb onto the bottom hemisphere. Due to the system size and computational cost,
we limit simulations of a second PAH;(y adsorption to implicit solvent. These simulations
suggest that, in implicit solvent, adsorption of a second PAH,( is possible with similar structure
to the first adsorbed PAH,(. Without the uniform dielectric screening used for our implicit-
solvent model, it is possible that the second PAH,( incompletely adsorbs enabling the bridging
between two AuNPs and promoting the aggregation of 4-nm PAH-AuNPs observed in
experiment.'®!

C. Radial distribution of PAH,.

The radial distribution function, g(r), between nitrogen atoms of PAH»( and the NP-COM is
calculated through a histogram —with bin size of 0.1 A— averaged over 1000 frames per
trajectory for five trajectories in implicit solvent and three in explicit solvent, and normalized by
the annular volume (Figure 4). The g(7)’s for individual trajectories are provided in the
Supporting Information. Two major peaks or sets of peaks—one close to the nanoparticle surface
(2 nm away from the NP-COM) and another in solution—are present in the g(7) from implicit-
and explicit-solvent simulations, respectively (Figure 4). After the addition of a second PAH;¢y,
the major peaks in the g(r) sharpen, but peak positions remain the same. The g(r) from explicit-
solvent simulations reaches zero by 6-nm from the NP-COM, confirming that PAH;y has a
broader radial distribution in explicit solvent extending far into solution. The distance between
major peaks in the g(r) from implicit-solvent simulations is 0.6 nm, which is slightly less than
the length of the five-carbon backbone between NH3" groups in adjacent monomers, assuming a
carbon-carbon single-bond distance to be 1.54 A. In addition, the peak heights have the same

magnitude, signifying that there is a 1:1 distribution of monomers between the surface-bound
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and solvent-exposed layers. These results suggest that the most significant structural features in
the addition of PAH,( to the NP is the presence of short 1-2—-monomer loops and trains— that
resemble kinks— extending radially from the NP surface.

D. Structural motifs in PAH,.

To determine the specific structural motifs in PAH,gy adsorbed onto the NP surface, we perform
a histogram count of the number of monomers in solvent-exposed loops, free tails, and surface-
bound trains divided by total number of sampled frames. A normalized value greater than 1.0
signifies at least one instance in every frame (Fig. 5). A monomer is considered to be bound to
the surface and part of a train if the nitrogen atom is within 3.48 A from an oxygen atom on
citrate; the cutoff distance was chosen to be 2"°c after applying the geometric mixing rule on the
nonbonded distance parameter, o, from the OPLS-AA force field.*! The solvent-exposed
segments within PAH, are considered as loops and free segments at the ends of PAH; as tails.
Representative snapshots of loop, tail, and train structures are shown in Figure S2 in the
Supporting Information. As suggested from the radial distribution functions, 1-2—monomer, as
well as 3—monomer, trains and loops appear most frequently on the nanoparticle surface (Fig. 5).
Adsorption of PAH,g in implicit solvent leads to a similar distribution of short trains and loops
with up to 10-monomers per loop, whereas adsorption in explicit solvent leads to a more varied
distribution in loop and tail length.

E. Bottom-up coarse-graining scheme for PAH;¢-AuNPs.

Despite the heterogeneity in the structure of PAH,op on AulNPs, it is important to identify which
atomistic properties need to be represented in coarse-grained models of polyelectrolyte-coated
AuNPs. From the atomistic PAH,¢o-AuNP structures obtained from explicit-solvent simulations,

we construct initial coarse-grained structures for PAH,qo by grouping the atoms in the carbon
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backbone of each monomer and NH; " group into beads positioned at their respective centers of
mass. These coarse-grained PAH; structures are shown with the atomistic AuNP core in Fig. 6.
Figure 6 highlights the radial extension of charged NH;" groups via small solvent-exposed loops
formed between surface-bound trains. The separation of charged groups connected by the carbon
backbone within adjacent monomers reveals a bilayer-like motif on the nanoparticle surface.
Several groups''™"> have used simulations of charged alkanethiol-coated AuNPs with lipid
bilayers to demonstrate that exposed hydrophobic groups in the alkanethiols are required at the
nanoparticle-ligand interface for nanoparticles to associate with and disrupt lipid bilayers. This
molecular scale structure on larger scale behavior is important because it is absent in existing
top-down polyelectrolyte models.”*** A coarse-graining scheme for PAH,, coating on the AuNP
would have to incorporate elements that can give rise to the bilayer-like segments of PAH,
observed on the AuNP surface, and dynamic segments in the form of longer loops and tails with
amphiphilicity shown in Fig. 6. How the surface-bound segments and heterogeneous spatial
charge and hydrophobic backbone distribution in PAH,( adsorbed onto AuNPs induce greater
membrane disruption'’ and stress responses in organisms'™'? compared to charged alkanethiol-
coated AuNPs still needs to be addressed.

IV. Conclusion

Using atomistic molecular dynamics simulations, we characterize the adsorption and structure of
polycations on a citrate-coated gold nanoparticle, and thereby provide a benchmark for structures
of polyelectrolyte-coated gold nanoparticles to be used for coarse-grained simulation techniques,

such as the MARTINI force field® and dissipative particle dynamics.”*>*

The average length of a
PAH polycation was determined by experiment’" to be 200 monomers. Through simulations, we

find that adsorption of a single PAH, leads to incomplete hemispheric coverage of the
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polyelectrolyte on a 4-nm AuNP. Incomplete hemispheric coverage of positively-charged PAH
and the exposed negatively-charged citrate layer on AuNPs could promote the aggregation of 4-
nm PAH-AuNPs observed in experiments'®*' via bridging nanoparticles by oppositely charged
patches or by free PAH in solution.” The surface coverage of polyelectrolytes with an average
length of 200 monomers as a function of nanoparticle size, therefore, needs to be further
considered in the design of nanoparticles as a means of controlling nanoparticle aggregation in
suspension.

A detailed structural analysis from our simulations confirms the presence of surface-
bound and dynamic polyelectrolyte segments on the nanoparticle surface, as previously reported
in top-down coarse-grained simulations of polyelectrolyte adsorption®’*’ and NMR
experiments.”® It further shows the atomistic distribution of the hydrophobic carbon backbone
and NH;" charged groups into bilayer-like segments bound to the surface and amphiphilic,
dynamic segments, from which we construct a new coarse-grained representation for
polyelectrolyte-coated AuNPs. Nanoparticle transformations in suspension with free PAH and in
biological environments are thus strongly affected by incomplete nanoparticle coverage by a
positively-charged polycation, exposed negatively-charged citrate patches, the distribution of
polyelectrolyte segments with different dynamics on the surface, and the amphiphilicity of these
segments.
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42 Figure 1. Representative structures for (a) the initial configuration for PAH;oy deposition on
citrate-coated AuNPs with gold (yellow), carbon (gray), oxygen (red), hydrogen (white), and
47 nitrogen (blue) atoms (and counterions not shown for clarity); (b) a PAH monomer and (¢)

49 citrate®”.
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Figure 2. Adsorption of the center of mass of the 1st (Segment 1), 3rd (Segment 3), and 5th

(Segment 5) 40-monomer segment of PAH;oy over time in explicit solvent relative to the

nanoparticle center of mass (NP-COM) for different PAH;g (a-c).
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Figure 3. Surface coverage of nitrogen atoms of different PAH»( (a-c) in implicit and explicit

solvent. The azimuthal angle ranges from 0 to 27 radians along the equator of the nanoparticle.

The polar angle ranges from 0 radians at the north pole to & radians at the south pole. The bin

size of the two-dimensional histogram is 7/20 radians. The color scale shows the density of the

nitrogen atoms.
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Figure 4. Radial distribution function, g(r), between the nitrogen atoms of PAH;yy deposited on
the upper hemisphere of a nanoparticle and the nanoparticle center of mass (NP-COM). The
asterisk (*) denotes the number of PAH,(y added to the nanoparticle. For **, a second PAH

was deposited on the bottom hemisphere of the AuNP.
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Figure 5. Histogram of the frequency of solvent-exposed loops, free tails, and surface-bound
o trains with » number of monomers within different PAH, (a-c) in implicit and explicit solvent.
43 The distributions are divided by the total number of frames sampled such that 1.0 indicates one

45 instance in every frame.
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Figure 6. PAH,o, models coarse-grained per monomer by the center of mass of the carbon atoms

(gray) and of the NH3" group (blue) on an atomistic 4-nm gold core.
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