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ABSTRACT: Functionalization of nanoparticles with specific ligands is Thiol
helpful to control specific diagnostic and therapeutic responses such as
protein adsorption, cell targeting, and circulation. Precision delivery
critically depends on a fundamental understanding of the interplay between
surface chemistry, ligand dynamics, and interaction with the biochemical
environment. Due to limited atomic-scale insights into the structure and
dynamics of nanoparticle-bound ligands from experiments, relationships of
grafting density and ligand chemistry to observable properties such as
hydrophilicity and protein interactions remain largely unknown. In this
work, we uncover how self-assembled monolayers (SAMs) composed of
multisegment ligands such as thioalkyl-PEG-(N-alkyl)amides on gold
nanoparticles can mimic mixed hydrophobic and hydrophilic ligand
coatings, including control of patterns, hydrophilicity, and specific
recognition properties. Our results are derived from molecular dynamics simulations with the INTERFACE-CHARMM36
force field at picometer resolution and comparisons to experiments. Small changes in ligand hydrophobicity, via adjusting the
length of the N-terminal alkyl groups, tune water penetration by multiples and control superficial ordering of alkyl chains from
0 to 70% regularity. Further parameters include the grafting density of the ligands, curvature of the nanoparticle surfaces, type
of solvent, and overall ligand length, which were examined in detail. We explain the thermodynamic origin of the formation of
heterogeneous patterns of multisegment ligand SAMs and illustrate how different degrees of ligand order on the nanoparticle
surface affect interactions with bovine serum albumin. The resulting design principles can be applied to a variety of ligand
chemistries to customize the behavior of functionalized nanoparticles in biological media and enhance therapeutic efficiency.
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nanoparticle solubility, protein recognition

anoparticles (NPs) are used to diagnose and treat a

| \ | broad range of medical conditions and have great
promise to overcome limitations of conventional
delivery." The surface chemistry hereby plays a critical role to
control interactions in biological environments.”” The affinity
of the nanoparticle and surface-grafted ligands to ions,
proteins, polysaccharides, and other molecules in physiological
surroundings typically leads to the formation of a corona that is
composed of diverse species. The corona can greatly affect the
biodistribution of the nanoparticles and modify barriers to
cargo delivery, translocation across cell membranes, side
reactions, and other stimuli-driven interactions in biological
environments."~® Customization of the nanoparticle surface is
therefore important to tailor functional properties, including
colloidal stability and circulation time. In this contribution, we
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examined how a multiblock structure of the ligands as well as
changes in hydrophobicity and grafting density affect the
assembly, order, and dynamics at the molecular scale. We
quantify changes in hydration energies and interaction with
proteins. The results reveal design parameters that control the

structure of ligand—solution interfaces and may be helpful to
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Figure 1. Differences in organization and dynamics of HS-ethyl-PEG,q,, HS-alkyl-PEG-(N-glucosyl)acetamide (APG), and HS-alkyl-PEG-
(N-butyl)acetamide (APB) coatings on a sliver of a 20 nm diameter Au nanoparticle. The chosen grafting densities represent common
saturation values observed in experiments. (a) Side and top views of HS-ethyl-PEG,,, (MW 2000 g/mol) at 1.5 chains per nm> (refs 58 and
59). (b) HS-alkyl-PEG-(N-glucosyl)acetamide at 4.2 chains per nm? (refs 56 and 57) and (c) HS-alkyl-PEG-(N-butyl)acetamide at 4.2 chains
per nm? (refs 56 and 57). (d) Average position of the terminal methyl group (C atom) of PEG,, (e) amide nitrogen atom in APG, and (f)
terminal methyl group in APB. Density profiles of surface-bound sulfur atoms, PEG chains, and water molecules as a function of radial
distance for (g) PEG,q, (h) APG, and (i) APB ligands. Blue arrows in (h,i) highlight differences in PEG density and orientation. The PEG
density decreases continuously as a function of distance for N-glucosyl termination, including many different orientations, and remains

steady for N-butyl termination.

engineer nanoparticle—protein aggregates and their destiny in Previous studies have shown that surface functionalization of

biological systems. the nanoparticles through ligands correlates with the extent of
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intracellular aggregation of the nanoparticles, as well as the
protein corona composition, and offers a promising route to
improve therapeutic functions.”'® While customized ligands
offer a path to control the properties of the ligand corona and
thus the fate of nanoparticles in vivo, a strong correlation with
chemical composition, grafting density, length, and, partic-
ularly, ligand heterogeneity on the NP surface is known.'' ="
Several studies demonstrate that small changes in ligand
structure and dynamics can have significant impact on
nanoparticle interaction with biomolecules."*™!” However, it
remains difficult to identify and control the variables which
alter ligand properties, the associated dynamics, and organ-
ization. A major challenge is that current experimental
techniques cannot monitor soft matter—solution interfaces at
atomic resolution over the involved time scales. In addition,
the number of variables that impact nanoparticle fate in
biological environments is quite large, so that a combination of
experimental and in silico techniques is helpful. Experimental
data on nanoparticle composition and tracking, tests of
therapeutic efficacy and toxicity, as well as mechanistic
hypotheses in complex in vitro and in vivo experiments can
then be combined with high-resolution modeling of ligand
structures, dynamics, and theoretical models to faster elucidate
how ligand chemistry and structure affect nanoparticle fate and
performance.

Molecular dynamics simulation, in particular, has been
instrumental to collect information on the structure and
dynamics of self-assembled monolayers (SAMs) of ligands at
nanoparticle interfaces.'*”** SAMs comprising alkanethiol or
poly(ethylene glycol) (PEG)-based ligands are also of interest
for applications in catalysis, electrochemistry, and antifouling
coatings.z‘j’_30 However, simulations to date have not examined
the dynamics of SAMs comprising a singular type of
multisegment ligands such as alkanethiols terminated with
PEG and additional functional groups,”’ which have shown
promise in experiments to control protein interactions with
surfaces.””>*

Instead, attention has been given to SAMs of mixed ligands
in experimental and computational studies due to the
spontaneous formation of phase-separated nanoscale domains
on nanoparticle surfaces.”*® Mixtures of hydrophilic and
hydrophobic ligands thus have the potential to undergo phase
separation into hydrophilic and hydrophobic regions.”
Alternating regions of mixed SAMs with such properties on
nanoparticles are believed to have a large impact on protein
adsorption and NP—membrane interactions.**™** For example,
changing the hydrophilic/hydrophobic domain size and
structure would modify hydrophilicity and recognition proper-
ties, allowing some control over the affinity toward proteins,
including binding modes, NP fate, and toxicity.sg’%’44
However, the existence of such nanopatterned ligand
structures has been challenged in experiments.”>~*" Monte
Carlo and coarse-grained MD simulations have also suggested
the instability of ligand mixtures.***’ For example, the stripe-
like features observed for mixed SAMs may only be a transition
state before forming Janus-like nanoparticles or homogeneous
mixed coatings on the NP surface. Whether the structures
formed by SAMs of mixed ligands are stable or not, a robust
method to functionalize nanoparticle surfaces with tunable
ratios of distinct functional groups displayed at the ligand—
liquid interface has great promise to precision engineer
nanoparticle interactions in biological environments.
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In this contribution, we demonstrate the spontaneous
formation of ordered hydrophobic and disordered hydrophilic
phases of SAMs of amphiphilic multisegment ligands on Au
nanoparticles and flat Au surfaces using molecular dynamics
(MD) simulation with thoroughly validated models, namely,
the INTERFACE force field (IFF) in combination with
CHARMM36 parameters.”’’”>> The multisegment ligands
incorporate the desired chemical specificities into single
ligands, which reduces or eliminates the odds of instability
and disassembly of SAMs comprising mixed ligands. Using
block-type HS-alkyl-PEG-(N-alkyl)acetamide ligands with 62—
100% of the typical surface coverage,ss_60 we found that the
presence of N-terminal alkyl end groups of a specific length
enables phase segregation into ordered and disordered regions
at nanoparticle—solution interfaces. The SAMs with multiseg-
ment ligands can thus expose either hydrophobic or hydro-
philic domains, similar to observations for immiscible dual-
component SAMs.*® We describe precise tuning of the amount
of ordered and disordered phases of HS-alkyl-PEG-(N-
alkyl)acetamide ligands at a given grafting density by altering
the length of the terminal alkyl chain. We explain the
organization of such PEG-based ligands on gold surfaces as a
function of differences in grafting density, chemistry of
terminal functional groups, and ligand hydrophobicity, as
well as solvent polarity at picometer resolution, including a
conceptual thermodynamic model that rationalizes the
formation of two phases. We also tested the effects of
structural changes in the ligand-modified NP surface on
interactions with proteins in solution using the example of
bovine serum albumin (BSA). The findings from MD
simulations and comparisons to available experimental data
indicate that tuning the hydrophilicity of multisegment ligands
is a promising strategy to customize protein—nanoparticle
interactions and nanoparticle fate in biological media.

Structure and Dynamics of Single-Segment and
Multisegment Thiol-PEG-Based Ligand Monolayers on
Au. We characterized three distinct ligand coatings on a part of
the surface of a spherical Au nanoparticle of 20 nm diameter,
including ethylthiol-PEG,q, alkylthiol-PEG-(N-glucosyl)-
acetamide (APG), and alkylthiol-PEG-(N-butyl)acetamide
(APB) (Figure 1). HS-ethyl-PEG,q with a molecular weight
of ~2000 g/mol is a commonly used hydrophilic stealth
coating for Au nanoparticles. The HS-alkyl-PEG-(N-
functionalized)acetamide ligands contain an alkyl spacer
connected to the thiol groups that ensures better packing of
the following PEG segments on the metal surface, and the PEG
segments reduce unspecific interactions. In APG, the PEG
segments are terminated with a glucose end group bonded via
acetamide, which adds cell-targeting properties. In APB, the
PEG segments in the otherwise same ligand are terminated
with an n-butyl end group bonded via acetamide, displaying a
more hydrophobic terminal group for comparison. The
relatively small yet significant change in the end group from
APG to APB exemplifies the impact of changes in ligand
chemistry. We constructed models with the maximum grafting
densities of these ligands to gold nanoparticles of approx-
imately 20 nm size consistent with previous experiments.
These common grafting densities are 1.5 chains per nm” for
HS-ethyl-PEG,y, due to the steric demand and hydration of
PEG”**” and 4.2 chains per nm? for APB and APG.”>*°
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Figure 2. Ligand ordering on 20 nm diameter gold nanoparticles as a function of the length of terminal N-alkyl groups in Au-thioalkyl-PEG-
(N-alkyl)acetamides at 298 K. The grafting density corresponds to the maximum coverage of 4.2 ligands per nm* according to experimental
data (refs 56 and 57). (a) Composition of a series of ligands of the same length (same overall number of carbon atoms) with N-termination
from C2 to C6. The number of carbon atoms in the thioalkyl spacer was adjusted relative to the terminal group. (b) Composition of a series
of ligands with the same thioalkyl spacer and variable N-termination from C2 to Cé6. (c) Positions of terminal methyl groups in C6 ligands
relative to the gold nanoparticle surface show hexagonal packing of alkyl chains. The inset highlights average equilibrium positions of carbon
atoms in the terminal CH; group over 3 ns of simulation time. (d) Fraction of ligands on the nanoparticle surface that assumes an ordered
conformation is shown as a function of the length of the terminal alkyl groups. Increasing length increases the degree of order. The images in
the chart area show the average equilibrium position of terminal carbon atoms over 3 ns of simulation time. (e) Average total energy of
multiple replicas of each model system (C2, C3, C4, C6) relative to the most unfavorable value (=considered equal to zero) as a function of
the fraction of ligands in an ordered state. The energies indicate the degree of stabilization and are normalized per ligand for ease of
comparison. The fraction of ligands in the ordered state represents the transition from disorder (0.0) toward order (e.g., 0.7). Black circles
highlight replicas that started with significantly higher order and decreased in order toward equilibrium. (f—i) Space-filling view of the ligand
surfaces on a sliver of gold nanoparticles for N-ethyl-, N-propyl-, N-butyl-, and N-hexyl-terminated ligands, respectively.

Differences were noticed in the structure of the ligands, high root-mean-square fluctuations of 6 A (Figure 1d and
particularly in the amount of surface order and surface Figure S1 in the Supporting Information). Loose packing of
roughness (Figure la—f). HS-ethyl-PEG,y,, displays a the PEG chains and continuous motion with large amplitude
disordered surface structure with ligands in liquid-like allows water molecules to penetrate the ligand layer deeply and
conformations throughout the length of the simulation time evenly up to direct contact with the Au nanoparticle surface
(Figure 1a). The disordered structure is consistent with (Figure 1g).
previous experimental and computational observations of HS-alkyl-PEG-(N-glucosyl)acetamide and HS-alkyl-PEG-
disordered PEG coatings at low packing density.'*®" Irregular (N-butyl)acetamide, in contrast, have rather different dynamics
conformations of PEG are related to the stereoelectronic from HS-ethyl-PEG,yy and display large barriers to water
preference of the main chain for gauche conformations (O— penetration (Figure 1b,c,e,fh,i). APG creates a diffuse ligand—
C—C—0 dihedral angles).”” The terminal methyl groups of the water interface whereby many OH groups in the terminal N-
PEG chains exhibit significant mobility and disorder in average glucosyl segment interact with the solution phase and are
positions during the final 3 ns of the simulations, measured by available for interaction with biological media (Figure 1b). The
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Figure 3. Order versus disorder of thiolalkyl-PEG-acetamide-N-alkyl ligands on flat Au(111) surfaces as a function of the grafting density
and length of terminal alkyl groups. The grafting density was between 2.0 and 3.2 ligands per nm? which corresponds to between 62 and
100% of the maximum grafting density in experiments.®’ (a) Fraction of ligands on the surface in an ordered state. (b) Mobility of the
terminal CHj; groups of different ligands as a function of grafting density, measured by the root-mean-square fluctuation of the equilibrium
coordinates. Error bars indicate uncertainties. (c—e) Average (x, y) coordinates of the terminal carbon atoms for (c) C2-, (d) C4-, (e) and
C8-terminated ligands, colored as a function of the root-mean-square fluctuation. As ligands assume order and a semicrystalline state, the
root-mean-square fluctuation of the position of the terminal CH; groups (central carbon atoms) decreases. (f) Computed AFM images of the
C2, C4, and C8 ligand coatings at a grafting density of 3.2 ligands/nm’. The simulation captures height differences of the soft nanostructures
of several nanometers in more detail than current AFM or STM instruments.
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average position of the amide nitrogen atom in APG ligands
shows very limited order (Figure le). The density profile of
the PEG segments as a function of distance shows that the
PEG density gradually decreases as the ligands extend radially
from the NP surface, consistent with a loose, disordered
structure at the ligand—water interface (Figure 1h). Switching
from N-glucosyl to N-butyl termination resulted in another
major change in ligand structure and dynamics (Figure 1c).
The APB ligands behave largely like coatings composed of
alkyl chains. Many APB ligands formed ordered domains with
a distinctive hexagonal pattern of alkyl chains at the ligand—
water interface, as characterized by the average position of
terminal methyl groups (Figure 1f). The ordered domains
exhibit limited mobility of terminal methyl groups and little
water penetration (Figure 1i). Unlike the homogeneous surface
pattern of HS-alkyl-PEG-(N-glucosyl)acetamide and HS-ethyl-
PEG,q coatings (Figure lab,d,e), the assembly of the APB
ligands was inhomogeneous, and disordered domains formed
alongside ordered domains (Figure lcf). Ligands in the
disordered domains had higher mobility and created a rougher
interface with water of exposed CH;, alkoxy, and CONH
groups in comparison to smoother CH;-terminated surfaces in
the ordered domains. The penetration of solvent molecules
into the ligand shell correlates with solubility and can serve as a
proxy for the interactions with drugs and other small molecules
in ligand-modified NPs for therapeutic purposes.

Effect of the Length of Terminal Alkyl Groups on
Ligand Order. These initial findings prompted us to study
two series of HS-alkyl-PEG-(N-alkyl)acetamide ligands (Figure
1c,fi) on gold nanoparticles to examine the controllability and
sensitivity of ligand order versus disorder as a function of the
length of the N-alkyl end groups (Figure 2). The length was
varied from C2 to C6 by attaching ethyl (C2), propyl (C3),
butyl (C4), or hexyl (C6) groups to the outer N-terminal end
of the acetamide segment. In one series, we held constant the
overall length of the ligands, allowing adjustments in the length
of the nanoparticle-facing alkyl thiol spacer between Cg and
C,, (Figure 2a). In the second series, we held constant the
length of the nanoparticle-facing alkyl spacer at C12 and
allowed the total length of the ligands to vary (Figure 2b).
Across both series of ligands, an increase in the length of the
N-terminal alkyl chains from two to six carbon atoms steadily
increased the fraction of ligands that assumed an ordered state
on the sliver of the gold nanoparticle surface (Figure 2c,d). For
an ethyl terminal group, ~14% of ligands were in an ordered
stated state with regular packing and found in small,
distributed pockets across the surface (Figure 2d,f). For propyl
and butyl terminal groups, approximately 35 and 55% of the
ligands were ordered in extended domains, respectively (Figure
2d,gh). For a longer hexyl terminal group, we found ~75% of
ligands on the surface in an ordered state, mainly within one
large cluster (Figure 2d,i). Hereby, the two series of ligands
exhibit nearly identical trends (Figure 2d). A slightly larger
increase in the order of terminal alkyl chains was observed for
the series of ligands with constant total chain length (Figure
2a,d) in comparison to the series with constant spacer length
(Figure 2b,d), which can be attributed to the shorter overall
ligand length and reduced free volume at the chain ends.

To test whether the initial degree of order of the ligands in
the simulation impacts the degree of order in equilibrium,
three ligand—nanoparticle conformations with different initial
degrees of order for each of the C2, C3, C4, and C6 ligands

were subjected to MD simulation in duplicate or triplicate,
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equal to 8 independent simulations for each terminal group at
298 K (Figure 2e and Figure S2 in the Supporting
Information). The stabilization energies per ligand as a
function of order show that structures of higher order are
consistently more favorable than those with lower order up to
a certain length-specific limit (vertical dashed lines in Figure
2e). The trend toward favorable energies and enthalpies in the
ordered state is the same regardless of the length of the alkyl
tails. In contrast, models that were initially designed with near
100% order lost regularity during equilibration and approached
a value of typical order, demonstrating that there is a favorable
degree of order characteristic for the length of the terminal
alkyl group (data marked with black circles in Figure 2d,e).
Therefore, it appears feasible to control the relative amount of
disordered and ordered phases by choosing a specific length of
the end groups. The simulations also indicate that ligands may
become kinetically trapped in energetically less favored
disordered structures. These structures have somewhat
increased disorder and could be favored by entropy
contributions which are more challenging to quantify in
molecular simulations.

The large differences in the distribution of terminal groups
and in the degree of order are qualitatively consistent with
known relations of the ligand structure to the grafting density
and temperature,””**~% as well as with the ligand hydro-
philicity which has been less explored to date. End groups are a
highly sensitive, tunable design parameter that can control the
amount of each phase present and expose different segments to
the solution phase.

Effect of the Grafting Density of the Ligands and the
Length of Terminal Alkyl Groups on the Order on Flat
Gold Surfaces. Self-assembled thiol monolayers of uniform
chemistry have been studied on gold surfaces for deca-
des,”**%*%7 and changes in the grafting density are known to
modify conformations, dynamics, and surface pat-
terns.”*>*****? In contrast, multisegment ligands as well as
precise control of sub-monolayer coverage have not been
studied in experiments or simulations to date. Therefore, we
examined the effect of the grafting density of HS-alkyl-PEG-
(N-alkyl)acetamide ligands and of the length of the N-terminal
alkyl groups on the formation of patterns and their stability on
planar Au(111) model surfaces (Figure 3). We compared
SAMs of ligands with N-ethyl (C2), N-butyl (C4), and N-octyl
(C8) termination and the same overall chain length (Figure
2a) in the presence of physiological saline solution. The
Au(111) surfaces had a 10.9 X 10.9 nm?” area and had grafting
densities of 2.0, 2.6, and 3.2 ligands per nm?, which represent
62, 81, and 100% of the experimentally measured maximum
grafting density on flat gold surfaces for similar hydrated,
somewhat bulky ligands.”” This maximum grafting density of
the ligands is lower than that on curved gold nanoparticles
(Figures 1 and 2), where the packing densitz decreases with
increasing radial distance from the surface.”*” Simulations at
full and partial grafting density on flat surfaces may therefore
give some insight into how ligands organize on the outside of
curved nanoparticle surfaces, help in understanding mecha-
nisms of phase separation, and stimulate future studies. The
maximum grafting density is always lower than that of n-
alkanethiols on gold, which is limited by the cross-sectional
area of n-alkyl chains of 0.19 nm® and amounts to ~5.2
ligands/nm2.>**’ Hereby, the long HS-alkyl-PEG multiblock
ligands occupy more cross-sectional area to accommodate
helical conformations of PEG and solvent penetration.
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Figure 4. Driving forces for equilibrium patterns of single-segment and multisegment ligands on curved and flat surfaces. PEG—water
interactions, van der Waals interactions between alkyl groups, and stabilization energies per ligand are indicated. (a) Previous studies have
examined hydrophilic ligand coatings such as PEG, which assumes evenly distributed, disordered conformations on nanoparticle surfaces.
Hydrophobic ligands such as alkanethiols form heterogeneously distributed domains of ordered alkyl groups, which can reversibly transition
into uniform, liquid-like structures at higher temperature.”** (b) In this work, we examine the structure and dynamics of self-assembled
monolayers of multisegment ligands, which display multiple, chemically distinct phases depending on composition. (c) Proposed driving
forces for the formation of ordered versus disordered domains and tunable equilibrium structures. (d) Relationship between ligand order
and number of water molecules in contact with PEG (within 4 A). C2 ligands are disordered and allow water penetration. C4-terminated
ligands display a peak in PEG—water interactions at 40—45% order. C8-terminated ligands exhibit only minor PEG—water interactions for
various degrees of order and assume ~70% order. (e) Relationship between the number of water molecules in contact with PEG and the
ligand stabilization energy (=total average energy per ligand for multiple replicas with different degree of order, whereby the energy of the
least preferred replica is set equal to zero; see also Figure 2e). Ligand stabilization increases with a higher number of PEG—water contacts.
The correlation is strongest for C2-terminated ligands due to high water penetration and minor alkyl—alkyl interactions and weakest for C8-
terminated ligands due to low water penetration and strong alkyl—alkyl interactions. (f) Relationship between ligand order and the relative
stabilization energy. The stabilization energy reaches a minimum near the preferred degree of order for each ligand. Data in (d—f) are based
on MD simulations of C2-, C4-, and C8-terminated ligands on a flat Au(111) surface with a 5.19 X 5.99 nm?” surface area.

As the ligand density increases from 62 to 100% of the
maximum grafting density, the fraction of ligands in the
organized state increases (Figure 3a), and the root-mean-
square fluctuation of the position of the carbon atom in the
terminal methyl group decreases (Figure 3b). Visually, C4 and
C8 ligands increase in order toward higher grafting density,
while C2 ligands remain essentially disordered in all instances
(Figure 3c—e). The models on the flat Au(111) surfaces also
corroborate the relationship between the length of the terminal
alkyl groups and ligand order on nanoparticle segments
(Figure 2d,e) for multiple grafting densities (Figure 3a,b). At
a given grafting density, longer N-terminal alkyl groups
increase the fraction of ligands in the ordered state (Figure
3a) and decrease the mobility of the outer methyl groups
(Figure 3b).
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Ordered ligand domains were visually identified by tight
hexagonal packing of the terminal carbon atoms (in terminal
CH;) and by a low root-mean-square fluctuation of their
coordinates in equilibrium (<2 A) (Figure 3c—e). The
structural organization of ligands at various grafting densities
matches well with the ligand assembly at high coverage on
curved NP surfaces (Figure lcf). The data show that
organization into two phases occurs on both curved and
noncurved surfaces. Two-phase organization is highly depend-
ent on the grafting density of ligands and on the length of the
N-terminal alkyl groups, which alters the overall ligand
hydrophobicity.

Hereby, the simulations reach high resolution on the order
of 1—-5 pm that is difficult to achieve in experiments. Imaging
of soft matter by scanning tunneling microscopy (STM) and in
situ atomic force microscopy (AFM) can typically resolve
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features in the 100—500 pm range and has limitations to
recognize specific functional groups.’””" We visualized the
resulting surface topography at 3.2 ligands/nm? in the form of
computed AFM images using the average height profiles from
MD simulations (Figure 3f). Currently, it is difficult in AFM
and STM experiments to resolve height profiles across several
nanometers in the liquid phase.”' The computational data
indicate a larger height for ordered ligand domains up to ~4.5
nm, while the disordered domains are of lower height, often
below 2 nm (Figure 3f). In the ordered systems C4 and CS8,
bare gold remains accessible between the packed ligand
structures. The SAMs show a high sensitivity to the grafting
density and length of the terminal alkyl group, which can be
combined to control the degree of ligand order and segment
availability on the NP surface. The ratio of ordered to
disordered regions could be verified using future AFM data.

Driving Forces for Phase Separation and Equilibrium
Degree of Order. Earlier studies have shown that ligand
coatings take on either evenly distributed structures with
homogeneous, disordered ligand coverage such as in PEG-type
coatings (Figure 4a, left)® or asymmetrically distributed
structures with islands or otherwise segregated coverage such
as in alkyl thiol-type coatings (Figure 4a, right).””***" Recent
studies still focus on the separation of classical alkyl thiols into
chemically uniform ordered and disordered regions at low
coverage.”” In comparison, the two-segment ligands analyzed
in this work exhibit different dynamics and can form two
chemically separate surface phases using a single ligand type
(Figure 4b). In the following, we rationalize the driving forces
for the assembly and equilibrium structure of tunable NP-S-
alkyl-PEG-(N-alkyl)amide ligands based on the observations
from molecular dynamics simulation and previous knowledge
(Figure 4c).” Key contributions arise from PEG and alkyl
segments, as well as free volume and solvent (water), which is
essential under physiological conditions (Figure 4d—f).

PEG segments take on disordered helical conformations due
to the gauche effect, favorable solvent interactions through
hydrogen bonds, and configurational entropy.®"””* These
conformations lead to low maximum grafting densities of 1—
2 ligands per nm? for lon%, pure PEG ligands (N = 20—100) in
experiments (Figure 1).°**” The addition of terminal alkyl
segments increases orderly ligand—ligand interactions through
van der Waals forces, decreases the hydrophilicity of the inner
PEG se§ments, and reduces ligand—water interactions (Figure
4¢,1).>* The ligands begin to “separate” out of solution and
form ordered assemblies similar to alkanethiols as the energy
gain from ligand—ligand ordering largely outweighs PEG—
water interactions (Figure 4c¢JI). The maximum grafting
density observed in experiments accordingly increases, depend-
ing on curvature, to between 3 and 4.5 ligands per nm?.°%*7%°
As the ligands assume alkyl block characteristics, they occupy
less volume than in the disordered state and open void spaces
(Figure 4c,II). The free volume allows adjacent ligands to give
up order and reoccupy the vacated free volume (Figure 4¢,I1II).
As the number of PEG—water contacts increases, free volume
is occupied and more ligands begin to reorder (Figure 4¢,IV).
In this manner, an equilibrium degree of ligand order is
reached that is characterized by a specific number of PEG—
water interactions versus a specific number of alkyl—alkyl
interactions (Figures 2, 3, and 4b—f).

As an example, PEG—water interactions are the principal
driving force for conformations of ligands with short
hydrophobic alkyl chains such as C2 (Figure 4d,e). The
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degree of order is limited to ~10% because the alkyl chains are
too short for significant van der Waals interactions. The degree
of order of C4 ligands increases until approximately 40% and
decreases from higher order to optimize PEG—water
interactions (Figure 4d,e). Stabilization of these structures is
balanced by alkyl—alkyl interactions and significant PEG—
water interactions. C8 ligands prefer about 70% order due to
predominant van der Waals interactions between the longer
alkyl chains and have a lower optimum number of PEG—water
interactions (Figure 4d,e). Higher order toward 100% would
reduce PEG—water contacts.

We find a clear correlation between the number of PEG—
water contacts and the overall stabilization of ligand structures,
measured by the relative energy per ligand (Figure 4e).
Stronger interchain interactions for C8-terminated ligands and
decreased importance of PEG-solvent interactions also result
in higher order at lower grafting density compared to ligands
with shorter terminal alkyl groups (Figure 3a). As the length of
the hydrophobic end group increases, the ability of water to
reach the PEG segment is reduced due to spatial confinement,
seen by the near-constant number of PEG—water contacts for
C8 ligands as a function of ligand order on a flat Au(111)
surface (Figure 4d,e). The total stabilization energies of the
ligands, given relative to the least favorable configuration for
each terminal group, quantify contributions by van der Waals
interactions between alkyl chains and hydration energies of
PEG segments (Figure 4e,f). The trends indicate minima for a
favorable fraction of ligand order that balances the two
contributions (Figure 4f).

In addition to the length of PEG segments and terminal alkyl
groups, surface curvature, grafting density, and the total length
of the ligands are expected to influence the formation of
ordered and disordered phases. These parameters modify the
amount of free volume per ligand and the ability of water to
penetrate the ligand layer. For example, ordering of ligands
into two phases would occur for lower grafting densities on flat
surfaces than on nanoparticles because the packing density of
the ligands on nanoparticles decreases as a function of radial
distance from the inner surface.”*> Entropy contributions also
participate in the process, however, they are more difficult to
quantify than energy contributions due to the presence of
PEG, water, and alkyl chains (see examples of approximate
entropy descriptions in ref 74).

The nanopatterned structures of multisegment amphiphilic
ligands in the simulation are similar to those observed for
chemically different, immiscible cografted ligands (“mixed
SAMs”) in previous experiments.’>**”> In both cases, the
ligands form distinct phases for given ratios of hydrophilic to
hydrophobic blocks or ligands, respectively. The multisegment
ligands hereby have an all-in-one chemistry that prevents
segregation of different ligand types on the nanoparticle
surface™* and allows improvements in stability*”** and
access to a wide range of phases with tunable properties. In
addition to PEG and alkyl segments, other hydrophilic and
hydrophobic segments can be explored, for example, by
replacing PEG with polyethers, polyimines, or charged
polymers, as well as by replacing alkyl groups with
fluorocarbon groups, polydimethylsiloxyl groups, or cell-
targeting groups.

Effect of Ligand Conformation on Hydration Energies
and Solubility of the Nanoparticles. We analyzed ligand
conformations and ligand—solution interactions for different
ratios of ordered to disordered domains using visual analysis,
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Figure 5. Change in surface properties of ligand-modified flat Au(111) surfaces as a function of the length of the terminal alkyl chain. The
models include thiolalkyl-PEG-(N-alkyl)acetamide ligands of different N-alkyl terminal length at a maximum grafting density of ~3.2 chains
per nm%°" (a—d) Equilibrium snapshots of ligand surfaces with C2, C4, C6, and C8 termination from molecular dynamics simulation in
aqueous solution. Ligand backbones are shown in stick display style and carbon atoms in the terminal methyl groups in van der Waals
display style to visualize order atop the Au surface. The degree of order of the terminal ligand segments increases from C2 to C8. (e)
Hydration energy (left axis), normalized per surface area of gold, and number of water molecules interacting with inner PEG segments.
Ligands have the same total length and same number of carbon atoms in this series (see Figure 2a). (f) Hydration energy and number of
water molecules interacting with inner PEG segments. Ligands have the same spacer length/increasing total number of carbon atoms in this
series (see Figure 2b). Hydration is exothermic in all cases and more favorable for C2 termination compared to C6 and C8 termination (e,f).
The hydration energy correlates directly with the number of water molecules able to penetrate and interact with PEG segments (right axes in
e,f). (g) Root-mean-square fluctuation of the position of the terminal methyl group in the nanoparticle—ligand model structures. The root-
mean-square fluctuation decreases for longer terminal alkyl chains due to increased surface order.

hydration energies, and root-mean-square fluctuations of the chemical environment such as cosurfactants also begins to play

position of terminal methyl groups (Figure 5). Ligand models a role.”®

included C2, C4, C6, and C8 termination on flat Au(111) Additionally, we tracked the root-mean-square fluctuation of

surfaces (5.2 X 6 nm”) at a grafting density of 3.2 ligands per the position of the C atom in the terminal methyl group of the

nm? in water. ligands as a measure of ligand mobility, which was earlier
The conformational order steadily increases for longer proposed to cause loss of ligand entropy upon }7)7rc7)§ein binding

terminal alkyl groups (Figure Sa—d). The associated hydration and diminish protein adsorption (Figure 5g).””" The root-

mean-square fluctuation of the coordinate of the terminal CHj,
group decreases significantly from around 3.1 to 1.8 A as
ligands begin to order with increased length of the N-terminal
alkyl chain. The mobility eventually levels out for C8 terminal
groups as order reaches a maximum on the flat Au surfaces
(Figure Sg). The large changes in hydration energy and in
surface structure have the potential to alter nanoparticle
aggregation and protein interactions in solution. Aqueous
interfacial properties and solubility may be further influenced
by the curvature of NPs, and therefore by the particle size
distribution. Nanoparticle curvature as well as ligand segment

energies are a measure for solubility, i.e., for the formation of
stable colloidal solutions, and very favorable for the C2 ligand
model at —185 + 10 mJ/m* Hydration energies show a
marked increase to less negative values as the length of the
terminal alkyl group increases to C8 up to —70 + 6 mJ/m?; i.e.,
hydration becomes less favorable (Figure Se). This trend is
paired with a decrease in the average number of water—PEG
contacts. Nevertheless, the negative hydration energies remain
significant and comparable to the surface tension of water (72
mJ/m?), even for C8 ligands, in support of solubility (Figure

Se). Similar increases in ligand order and hydration energy for chemistry and ligand length also affects the packing density,
increasing length of the terminal alkyl chain were also found in effective free volume, and order of the ligands as a function of
the series of ligands with constant length of the alkyl spacer radial distance” with impacts on hydration energies and
(Figure Sf and Figure S3 in the Supporting Information). The colloidal stability.
simulation results are supported by experiments that Influence of Solvent Polarity on Ligand Conforma-
demonstrate good solubility for SAMs of C4 ligands’ as well tion. We then tested the influence of solvent polarity on ligand
as solubility for SAMs of C8 ligands, in which case the conformations using MD simulations in water and in
8774 https://doi.org/10.1021/acsnano.1c08695
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Figure 6. Visualization of thiolalkyl-PEG-(N-alkyl)acetamide ligands on flat gold (111) surfaces in aqueous saline solution and in
chloroform. The solvent-accessible surface area and degree of ligand order for C4 and C8 terminal alkyl chains are shown at grafting
densities of 3.2 and 2.6 ligands/nm2.% (a) Snapshots of Au(111) surfaces of 10.9 X 10.9 nm? area coated with thiolalkyl-PEG-(N-
octyl)acetamide (C8) ligands grafted at 2.6 ligands/nm” in salt water (130 mM). (b) Snapshot of the same system in chloroform. (c)
Solvent-accessible surface area of the terminal alkyl groups increases drastically from water to chloroform in all models, indicating significant
alkyl—chloroform interactions and ligand rearrangement. (d) Fraction of ligands in the ordered state. The degree of order in the terminal
alkyl chain decreases in chloroform compared to water due to more favorable interaction with CHCl,. (e) Top view of the C8 ligand surface
at a grafting density of 2.6 ligands/nm” in aqueous saline solution. C8 ligands form clusters of ordered regions to decrease alkyl—water
interactions as well as pockets next to ordered regions to increase water—PEG interactions. (f) Top view of the C8 ligand surface at 2.6
ligands/nm” in chloroform. More fluid-like conformations and less ligand order are found compared to water in (e).

chloroform (Figure 6a,b). We utilized flat Au(111) surfaces a marked 30—80% increase in solvent-accessible surface area
(10.9 x 10.9 nm*) with C4 and C8 ligands and two different (SASA) of the terminal alkyl groups (Figure 6¢). This trend
grafting densities. In chloroform, both C4 and C8 ligands show occurred at both grafting densities of 2.6 and 3.2 alkyl-PEG-
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Figure 7. BSA interactions with SH-alkyl-PEG-(N-alkyl)acetamide ligand coatings at 3.2 ligands/nm” (ref 60) and C2, C4, and C8 terminal
chain lengths. (a) Fraction of hydrophobic BSA residues in contact with ligands on the nanoparticles, in relation to all bound residues.
Contact was defined as <3 A distance of protein atoms from any ligand atom. (b) Fraction of time of close contact of hydrophobic and other
BSA residues with the ligand surface. (c—e) Snapshots of BSA interacting with C2-, C4-, and C8-terminated ligand surfaces. (f—h) Close-up
images of BSA interacting with thiol-PEG-(N-ethyl)acetamide (f), thiol-PEG-(N-butyl)acetamide (g), and thiol-PEG-(N-octyl)acetamide
(h). Hydrophobic residues are colored blue, and hydrophilic residues are red. BSA flattens when binding to ordered, hydrophobic surfaces
(g)h), and the fraction of hydrophobic contact residues increases. (i—k) Average , y, and relative z coordinates of the carbon atoms in the
terminal CH; groups of the ligands. BSA binding positions are encircled. Ligands with the terminal C4 alkyl group display a rougher surface

than ligands with the terminal C8 alkyl group.

thiol ligands per nm® Lower grafting density led to larger
increases in SASA. Concomitantly, the fraction of C4 and C8
ligands in the ordered state decreased in chloroform relative to
water or stayed the same in the case of C4 ligands at a low
grafting density of 2.6 ligands/nm* due to low initial order
(Figure 6d). Accordingly, an increase in SASA in CHCl,
strongly correlates with a decrease in ligand order, except
when the fraction of ligands in the ordered state in water was
low to begin with (<0.20). The difference in ligand order is
visualized in the top view of C8 ligands, which shows ordered
domains in water (Figure 6e) and more dispersion and fluidity
in CHCl; (Figure 6f). Low grafting densities of 2.0 ligands/
nm? lead to high disorder in both solvents and were not further
analyzed (see Figure 3a for water).

Functionalizing nanoparticles with ligands to permit nano-
particle dispersion in both aqueous and organic solvents has
been of notable interest.””*" In experiments, nanoparticles
coated with mixtures of ligands similar to C8 and octanethiol
were shown to be soluble in both water and chloroform by
altering the ratio of the two Iigands.76 The origin of solubility
in both solvents was proposed to be related to conformational
changes in the alkanethiol-PEG-(N-octyl)acetamide (C8)
ligands, which can adjust the amount of free volume depending
on the relative length of thioalkyl head groups to C8 tail
groups, and expose more or less of the middle PEG block.”®
Our simulations and quantitative metrics at the molecular scale
demonstrate that coatings with a single type of multisegment
ligands can enable similar conformational changes by changing
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the ligand free volume, which exposes different ratios of PEG
and hydrocarbon to the solvent phase. Multisegment ligands
such as thioalkyl-PEG-(N-alkyl)amides may thus disperse
nanoparticles in polar and nonpolar solvents without requiring
mixtures of chemically different ligands. Key design parameters
are the length of terminal alkyl groups, PEG segments, and the
grafting density. Also, factors such as nanoparticle size and
ligand length could transform coatings between insoluble and
soluble.

Influence of Ligand Chemistry on Protein Interac-
tions. To understand the effect of ligand chemistry on
interactions with proteins, we considered BSA as a common
example.gl’82 The initial interaction of BSA with thiol-PEG-(N-
alkyl)amide ligands of C2, C4, and C8 termination on flat
Au(111) surfaces was examined at a grafting density of 3.2
ligands/nm* in saline solution (130 mM) (Figure 7). We
identified bound BSA residues within 0.3 nm distance and
contact times with each ligand layer over a simulation time of
125 ns using 1S different start configurations (Figure 7a,b).
The simulations showed instances of binding and nonbinding
of BSA to the ligand surfaces in support of typical equilibria.
Since simulations in all-atom resolution do not allow sampling
of the complete conformational space of BSA upon binding, we
utilized replicas of nearly identical initial configurations of BSA
that lead to binding on each ligand surface. The local binding
data are reproducible and enable comparisons of binding as a
sole function of different ligand coatings (see Computational
Methods). The fraction of bound hydrophobic versus neutral
and hydrophilic contact residues of BSA grew from C2 to C8
ligands, related to increasing ligand order. Fifty-four percent of
hydrophobic residues among all BSA contact residues were in
close contact with C2 ligands, 72% with C4 ligands, and 68%
with C8 ligands with uncertainties of 3—5% (Figure 7a).
Interestingly, the fraction of hydrophobic contacts was
significant even for the relatively hydrophilic C2 ligand
surfaces. The fraction of time of BSA residues in closest
contact with the ligand coatings consistently showed an
increase in the percentage of hydrophobic residues in the same
order from 40 to 65% (Figure 7b). The contact time of neutral
and hydrophilic residues of BSA diminished accordingly. The
data demonstrate changes in the relative importance of the
residue types in the protein for binding as a function of ligand
ordering and the multisegment composition. The difference in
the amount of bound hydrophilic BSA residues relative to
hydrophobic residues arises from the more hydrophilic nature
of the disordered C2 surface compared to the ordered regions
of C4 and C8. The change in preference from hydrophilic to
hydrophobic residues as the length of the alkyl tail increases
could result in more protein denaturation on ordered ligand
surfaces since then hydrophobic regions internal to the protein
may experience a stronger driving force to rearrange and
display on the protein surface.

These differences in ligand affinity toward specific protein
residues also led to visible changes in the shape and orientation
of BSA during the initial binding phases (Figure 7c—h). BSA
penetrates the ligand—water interface upon binding to the
disordered C2-terminated ligand surface and features a higher
total number of protein—ligand contacts (Figure 7cf and
Figure S4a,b in the Supporting Information). The surface of
BSA then appears somewhat corrugated. During binding to the
ordered hydrophobic surfaces of C4-alkyl- and C8-alkyl-
terminated ligand surfaces, the protein binding region shows
some flattening, indicating the onset of denaturization (Figure
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7d,e,gh). Upon binding to ordered regions of C4 and C8
ligands, differences in the dynamics of closest contacts (Figure
7b) may be associated with the increased surface roughness of
C4 compared to C8 (Figure 7i—k). As recently suggested,
increased roughness can increase the surface hydrophilicity of
ordered alkyl chains.*

Further trends can be seen from the interaction energies
between BSA and the ligand layers over the final 10 ns of
simulation time (Figure S4 in the Supporting Information).
Larger fluctuations in interaction energy were observed for
ligands with shorter terminal alkyl groups (C2), which indicate
less stability of contacts in comparison to C4 and C8 ligands.
Previous experimental measurements have suggested a
correlation between larger fluctuation and reduced binding
stability,** which agree with the findings by simulation. We
also observed selectivity in binding of hydrophobic versus
hydrophilic residues of BSA during the interaction with SH-
alkyl-PEG-(N-butyl)acetamide ligands versus SH-alkyl-PEG-
(N-glucosyl)acetamide ligands grafted to curved Au nano-
particle slivers, respectively (Figure SSa,b in the Supporting
Information). Additional details are described in section S1 in
the Supporting Information.

In summary, BSA interacts with the C2 and C4/C8 ligand
coatings using different residues, which strongly suggests that
the composition of ligand segments influences the BSA binding
process. While simulations cannot resolve protein dynamics
over realistic time scales (milliseconds and beyond),
modifications in ligand tail chemistry show promise to change
preferences toward hydrophilic or hydrophobic residues on
proteins and, as a result, impact protein orientation and
dynamics during initial adsorption. Different sections of
protein surfaces likely have higher affinity toward specific
ligand coatings depending on the design toward specific
residues, which could inhibit protein active sites once bound to
the surface. Nanoparticles for therapeutic use often require
retention of the availability of protein active sites to enter cells
or pass biological barriers.*>*® Fine-tuning protein orientation
during adsorption is therefore very important and care must be
taken that changes in ligand tail chemistry do not alter protein
binding in unexpected ways.

We analyzed the organization and dynamics of multisegment
thiol ligands on metal nanoparticle surfaces in high resolution
using all-atom molecular dynamics simulation and observed
tunable separation into different phases at common grafting
densities. Patterning in the self-assembled monolayers
consisting of single-component and multisegment ligands
occurs through the simultaneous exposure of various functional
groups to the solution interface in controllable ratios.
Molecular organization in this interfacial region modulates
the interaction with solvents and proteins, offering potentially
increased control for diagnostic and therapeutic applications.

Our study overcomes difficulties in quantitative analysis and
in situ measurements using current laboratory techniques
through accurate all-atom MD simulations with the INTER-
FACE-CHARMM force field. Specifically, we examined the
assembly of HS-ethyl-PEG, HS-alkyl-PEG-(N-glucosyl)-
acetamide, and HS-alkyl-PEG-(N-alkyl)acetamide ligands,
which differ in terminal functionality and length of terminal
N-alkyl groups, on gold nanoparticles and flat gold surfaces.
The ratio of ordered to disordered terminal ligand portions
could be controlled through changes in the length of the
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terminal alkyl groups as well as in grafting density. Increasing
length of terminal segments from ethyl to octyl drastically
increased the fraction of ordered domains. Phase-separated
surface structures resemble phase-separated mixed SAMs
composed of hydrophobic and hydrophilic ligands. The
analysis of 3D patterns, stabilization energies, solvent
penetration, and expected AFM profiles lead to a thermody-
namic model to explain and tune the associated properties. We
also show preliminary evidence for major differences in protein
binding as a function of the ligand surface morphology using
BSA.

The driving forces behind phase separation, pattern control,
and protein binding involve the confinement of the ligands,
their length, enthalpy of ordering, and solvent interactions.
Trends in ligand organization and dynamics are similar on
curved and flat Au surfaces. Different ratios of ordered to
disordered ligands modify the surface mobility, the penetration
of water into the ligand layer, and overall hydration energies of
the ligand-modified nanoparticles. Longer terminal alkyl chains
decrease ligand mobility and increase ordering and hydration
energies to smaller negative values. Changing the solvent from
saline solution to chloroform causes an increase in solvent-
accessible surface area of the terminal alkyl chains and a
decrease in ligand order, which could be applied to design
nanoparticles for phase transfer between organic and inorganic
solvents. Binding of proteins to ordered or disordered regions
of the coating alters the ratio of hydrophobic to hydrophilic
residues, which may influence protein orientation during initial
adsorption onto ligand-coated nanoparticle surfaces and affect
protein stability.

The observations also suggest that multisegment ligands of
other diverse chemistries could be suitable to form SAMs with
surface heterogeneities and tunable phases. The sensitivity of
the degree of ligand order to small changes in ligand free
volume indicates that coatings on polydisperse nanoparticles
could have different properties from one end of the size
spectrum to the other. Specifically, hydrophobicity and spatial
confinement of SAM surfaces can be controlled by tailoring the
grafting density of the ligands, the overall length, as well as the
length of the hydrophobic ligand tail. Engineering amphiphilic
functions into the ligands likely may allow control over surface
patterns and properties of ligand-coated nanoparticles to
enhance control of the in vivo fate and selectivity for
therapeutic and diagnostic purposes.

The findings also illustrate that in silico studies are helpful to
understand pattern formation in SAMs, associated electrolyte
interfaces, and origins of differential protein binding. All-atom
MD simulations fill gaps in present laboratory instrumentation,
especially at the accessible time scale (up to ~1 ps) and model
sizes (up to ~100 nm) and require careful interpretation for
larger scales. Going forward, laboratory and clinical measure-
ments are needed to validate and apply the results. Full
characterization of multisegment ligand dynamics and protein
interactions on nanoparticles of practically relevant sizes is an
exciting area for future work.

Curved Nanoparticle Surfaces and Ligand Coatings. Mode/
Building. Models of metal surfaces and ligands were built using the
Material Studio graphical user interface.”” The nanoparticle sliver was
created by constructing a 20 nm diameter Au nanoparticle and then
cutting out a 13 X 13 nm* section of the surface used in the
simulations. Ligands were placed equidistant from one another on the
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Au nanoparticle sliver surface with average maximum grafting
densities of about 100%, informed by experimental data. Accordingly,
the grafting density was 1.5 ligands/nm? for HS-PEG0,°**” and 4.2
ligands/nm?* for HS-alkyl-PEG-(N-glucosyl)acetamide and HS-alkyl-
PEG—(N—butyl)acetamide.‘%’57 These grafting densities account for the
approximate nanoparticle diameter, the presence of alkyl spacers of
variable length between the sulfur atom and the PEG atoms, and the
tendency of PEG to take on a helical conformation with a larger
footprint than alkyl chains. The thiol group was bound to Au using a
significant well depth of sulfur of 0.47 kcal/mol in the Lennard-Jones
(LJ) potential (along with r,;,, = 44 A), which mimics covalent
bonding as utilized in previous simulations of metal—thiolates using
IFE>*® The systems were then solvated with approximately
120,000—160,000 TIP3P water molecules in 130 mM NaCl saline
solution, containing approximately 300—400 Na* and CI” ions
(Figure 1). All simulation boxes were overall electroneutral, the
ligands carried no ionic groups, and the simulations conditions
correspond to near-physiological pH values of 7. The results are valid
for moderate fluctuations in pH value (+several units).

Models of HS-alkyl-PEG-(N-ethyl)acetamide (C2), HS-alkyl-PEG-
(N-propyl)acetamide (C3), HS-alkyl-PEG-(N-butyl)acetamide (C4),
and HS-alkyl-PEG-(N-hexyl)acetamide (C6) on the nanoparticle
sliver were created in the same manner.

Simulation and Analysis. Every system was subjected to eight
independent MD simulations to analyze equilibrium structures and
dynamics. Steady state was reached after 15—3$ ns, followed by data
collection during an additional 3 ns period. Among the eight
independent runs, three classes of starting conformations were used.
Three out of eight of the simulations used an initial, unprocessed start
structure built using the Material Studio graphical user interface.
Another 3/8 of the simulations used a start structure that was first
annealed at 400 K for a duration of 100—300 ps to facilitate partial or
full ligand disorder. Annealing was then followed by a MD simulation
at 298.15 K. The final 2/8 of the simulations employed an initial
structure that was first subjected to MD simulations in vacuum for
100—200 ps prior to solvation and subsequent equilibration in
solution. These setups promoted initial ligand ordering. Using a
variety of eight start structures enabled unbiased modeling of each
ligand type with widely different initial degrees of order (Figure 2).

Addition of Protein (BSA). Configurations of the nanoparticle sliver
with ligands in equilibrium configurations were used as initial
structures to simulate protein binding (Figure SS in the Supporting
Information). We utilized the initial structure PDB ID 3v03 of BSA in
the native state.*” One molecule of BSA was introduced into the
model of the respective ligand—NP structure within a distance of 5 A
from the nearest point of the ligand layer. The protein was placed in
two distinct conformations above each ligand-modified nanoparticle,
followed by unrestrained MD simulations (Figure SS in the
Supporting Information). Our aim was to probe specific protein—
ligand interactions in comparable orientations rather than sampling
the full configuration space of protein binding, which is hardly
possible.

Flat Au (111) Surfaces and Ligand Coatings. Model Building.
Slabs of flat Au(111) surfaces were created with a surface area of 10.9
X 10.9 nm? as well as 5.19 X 5.99 nm?, with a thickness of 2.8 and 2.0
nm, respectively. Ligands were introduced on both surfaces by first
equilibrating sulfur atoms on the Au surfaces at the chosen grafting
density through simulation in vacuum for 1 ns at 298 K. We utilized
grafting densities of 2.0, 2.6, and 3.2 ligands/nm?, which correspond
to 62, 81, and 100% of the typical coverage on flat gold surfaces for
this type of ligand in experiments.*® Entire ligands were then placed at
the location of the sulfur atoms, and every system was subsequently
solvated with TIP3P water, which extended the system size by roughly
6 nm above the height of the ligand layer in the z direction (Figures 3,
4, and S). Models of flat, ligand-coated gold (111) surfaces in
chloroform were constructed using the same protocol except that
CHCI; was used for solvation instead of TIP3P water molecules.

Simulation and Analysis. Initial simulation and analysis followed
the same protocol as for nanoparticle surfaces. The ligand-function-
alized flat Au(111) surfaces of 5.19 X 5.99 nm?® area were used for
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calculations of the hydration energy. The models with C2, C4, C6,
and C8 ligands coatings were built and equilibrated both with and
without subsequent solvation, as required for the computation of the
hydration energy using a three-box method.”

Addition of Protein (BSA). Flat Au(111) surfaces of 10.9 X 10.9
nm? area with ligands (C2, C4, C8 terminal groups) at a grafting
density of 3.2 ligands/nm?” and lowest energy after equilibration were
employed for simulations of the interactions with BSA. Water
molecules were removed from the equilibrium models to place a
single BSA protein with nearest residues 5 A away from the ligand-
coated Au surfaces. The initial location of the protein in x and y
directions was chosen to be nearly identical for the three systems
(Figure 7). The models were then solvated in an electrolyte solution
of 130 mM NaCl. The addition of ionic species showed negligible
effects on ligand organization and dynamics in comparison to models
using pure water molecules for solvation. Models of three different
protein orientations relative to the surface were constructed for each
ligand termination, of which some resulted in binding and some in
desorption after 125 ns. Binding configurations were run with
multiple replicas and binding data are reported as an average for these
simulations.

Simulation Protocol. Molecular dynamics simulations were
carried out using the Nanoscale Molecular Dynamics program
(NAMD) and the IFF-CHARMMS36 force field.”'™*® IFF models
for metals and minerals achieve high accuracy and are compatible with
biomolecular and organic force fields, including sensitive applications
such as in catalysis.”*™”" For the simulation of ligand-modified
nanoparticle sections, first, brief energy minimizations of several
hundred steps were carried out to reduce atomic close contacts. Then
simulations were performed at 298.15 K in the NPT ensemble with
the Langevin thermostat and pressure piston to maintain the pressure
at 1 atm unless otherwise specified. Models not containing vacuum
were first subjected to short simulations in the NVT ensemble (200
ps) followed by production runs in the NPT ensemble. Due to the
considerable size of the models containing nanoparticle slivers
(400,000—600,000 atoms), a 9 A LJ cutoff with a switching function
to zero energy at 8 A was applied for LJ interactions. Electrostatic
interactions were calculated using the particle-mesh Ewald method
(tolerance of 1072), including a direct summation up to 9 A distance.
The ShakeH algorithm was employed, which uses rigid bonds
between hydrogen and their bonded neighbor atoms, allowing a time
step of 2 fs compared to a typical time step of 1 fs and access to longer
simulation times (Figures 1 and 2). Simulations were carried out for
20—4S ns with analysis performed during the final 3 ns.

Simulations of BSA in contact with the C2-, C4-, and C8-coated
flat Au(111) surfaces of 10.9 X 10.9 nm? size were also carried out
with a 9 A cutoff and 8 A switching distance, the ShakeH algorithm
and a time step of 2 fs for total simulation times of 110—140 ns
(Figure 7). The analysis was carried out for initial BSA configurations
that showed significant binding to the three different ligand surfaces.
Results are reported as an average over two independent simulation
replicas for each ligand. Data on specific interfacial recognition on the
local scale are reproducible and have only small uncertainties (error
bars in Figure 7ab). Full sampling of protein—surface binding is
computationally not feasible and was not attempted.

On the flat Au(111) surfaces of 10.9 X 10.9 nm? area without the
presence of BSA, we carried out further MD simulations in high
accuracy for comparison, including a 12 A LJ cutoff, a 10 A switching
distance, a particle-mesh Ewald tolerance of 107¢ for Coulomb
interactions, and a 1 fs time step. These conditions were used to
examine the dynamics of C2, C4, and C8 ligand coatings at grafting
densities of 2.0, 2.6, and 3.2 ligands/nm? in aqueous solution, as well
as at a grafting density of 3.2 ligands/nm?* in chloroform (Figures 3
and 6). Steady state was indicated by energy fluctuations around a
constant average and minimal changes in ligand order after 15—20 ns.
The simulations were then extended for a minimum duration of 3 ns
for data collection and analysis.

On the flat Au (111) surfaces of 5.19 X 5.99 nm? area and ligand
assemblies with a grafting density of 3.2 ligands/ nm?, MD simulations
reached a steady state after 20—55 ns. The simulations were
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continued for a minimum of 5 ns to perform analyses, resulting in
total simulation times of 25—60 ns. These simulations utilized a 12 A
cutoff and a switching function applied at 10 A for Lennard-Jones
interactions, a Ewald tolerance of 10~ for Coulomb interactions, and
a time step of 1 fs. Simulations with each ligand type were repeated in
at least three independent MD simulations, and the three simulations
of lowest average total energy were used for analysis. Ligand
assemblies in vacuum were simulated using the same protocol with
simulation times ranging from 25—30 ns (Figures 4 and ).

Force Field Parameters for Chloroform. Force field parameters
for chloroform close to IFF standards were developed starting with
the CGenFF36 parameters for trichloroethane, which have critical
shortcomings.”® Atomic charges were modified to align with dipole
moments of CHCI; from experiments and the carbon—chlorine bond
length was altered from 1.77 to 1.75 A to be consistent with
experimental data (Table 1).”” Other parameters were unchanged.

Table 1. Improved Nonbonded Force Field Parameters for
Chloroform Used in Molecular Dynamics Simulations”

atomic charge (e) R,;,/2 (A) 12-6 LJ well depth, & (kcal/mol)
C 0.39 2.000 0.0320
Cl -0.13 1.910 0.3100
H 0 1.340 0.0450

“Bonded parameters, except for the C—Cl bond length, were the same
as those in CGenFF36.

The improved force field reproduced the experimentally measured
dipole moment within 1% (1.04 D experimental, 1.047 computational
D), the density within ~1% (1.478 g/mL experimental, 1.459 g/mL
computational), and the vaporization enthalpy within 12.5% (31.3 kJ/
mol experimental vs 35.2 kJ/mol computational).”” The model was
sufficient to analyze qualitative and semiquantitative changes in ligand
organization on the Au nanoparticle when using CHCl; as a solvent
instead of water. Simulations of the nanoparticle—ligand systems with
varied grafting density in CHCI; followed the same protocol as in
aqueous solution with TIP3P water molecules using a 10.9 X 10.9
nm? even Au(111) surface (Figure 6).

However, we note remaining inconsistencies in CGenFF even after
modifications. For example, the 12—6 Lennard-Jones well depth of
hydrogen atoms of 0.045 kcal/mol is much higher than validated
values of 0.015 kcal/mol in IPP,100 and even larger than the well
depth of 0.032 kcal/mol of carbon atoms in CGenFF, which are
clearly more polarizable than hydrogen atoms (Table 1).”

Validation of Accelerated MD Simulations. Due to the large
scale and large number of model systems, we accelerated MD
simulations to be approximately 3.2 times faster than usual for IFF
MD. We employed coarser cutoffs for nonbond interactions, the
ShakeH algorithm, and a larger time step (Figure S6 in the Supporting
Information). The cutoff for L] interactions was set to 9 A with 8 A
distance for force switching, a particle-mesh Ewald tolerance of 10~
was used, and a 2 fs time step was enabled by the ShakeH algorithm.
In comparison, the usual high accuracy settings include a 12 A LJ
cutoff, no force switching (or a 10 A switching distance), particle-
mesh Ewald tolerance of 1075, and a time step of 1 fs.

Simulations of the C2 and C4 ligand coatings on the curved
nanoparticle surfaces were carried out using accelerated and high
accuracy settings. All ordered conformations were found to be equally
favorable, and we observed no significant changes in ligand ordering,
dynamics, or other trends. The percentage of ligands in the ordered
state increased by less than +4% when high accuracy was applied
compared to reduced accuracy (Figure S6a in the Supporting
Information). Absolute energies changed as expected, and relative
energies per ligand were reasonably close within approximately 0.5
kcal/mol when low accuracy settings were applied (Figure S6b in the
Supporting Information). We also tested the dynamics of BSA in
solution and found no visible changes in secondary structure or
solvent-accessible surface area when high accuracy versus accelerated
settings were applied. In summary, the accelerated settings did not
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significantly impact the quality of the results. The analysis of ligand-
modified nanoparticles and protein binding is feasible using
accelerated MD simulations (Figure S6 in the Supporting
Information).

Analysis of Ligand Dynamics and Average Density Profiles.
The dynamics of the ligand-covered nanoparticles from MD
trajectories was visually analyzed using the VMD program.'®' Density
profiles of the ligands along the vertical z dimension were calculated
in 1 A resolution along the z coordinate of the system using a 1 X 1
nm? square (x by y coordinate) in the center of the Au NP (Figure
1g—i). The solvent-accessible surface area was calculated using a
probe of 1.4 A radius, which is a common value, using the VMD
program.

Analysis of Ligand Order. Once simulations of SAMs of HS-
alkyl-PEG-(end group) ligands reached equilibrium, the average
location of the terminal CHj groups of each ligand (or the amide N
atom) was recorded as an average over the final 3 ns of simulation
time. If a given methyl group had three neighbor methyl groups with
an average distance of less than 6 A and a root-mean-square
fluctuation of less than 2.5 A, it was classified to be in an ordered state
(Figure S7 in the Supporting Information). The number of ligands in
an ordered state was divided by the total number of ligands on the
surface to obtain the fraction of ordered ligands. The fraction of
terminal ligand order was calculated from 3 independent simulations.
The reported values are an arithmetic average of these three
simulations and error bars represent the standard deviation (Figure
2d,e, Figure 3a, and Figure 4d,e).

Computation of AFM Images. The computed AFM images
(Figure 3f) were obtained from the average coordinates of 20 frames
during the last 200 ps of the simulations. The simulation box was
divided into 200 X 200 grid points, and the average height of the
topmost atoms of the ligands within each grid point was plotted using
a color scale, without distinction of the atomic identity.

Computation of Hydration Energies. Hydration energies were
calculated using a three-box method (Figure S8 in the Supporting
Information).”® For each ligand type, at least three independent
simulations were carried out for the ligands on the gold surface in
water (E,), the ligands on the gold surface (5.2 X 6 nm*) in vacuum
(E,), and bulk water using the TIP3P water model (E;). Average
energies were calculated during the equilibrium portions of the
trajectories (last 50%). The three simulations with the lowest average
energies in solution (E;) and in vacuum (E,) were then used to
calculate the hydration energies:

Enq=E —E, - E (1)
The results of Ej 4 were adjusted to represent the hydration energy of
the ligand-covered side of the slab assuming the known hydration
energy for the bare gold surface of —387 mJ/m? on the other side of
the slab (Figure S8 in the Supporting Information).”® As an example,
the absolute value of the hydration energy for C2 ligands was —185
mJ/m? (Figure Se,f).

Analysis of Ligand—Protein Contacts. The fraction of
hydrophobic and hydrophilic residues of BSA in contact with the
ligand surface was analyzed using the selection tool in VMD,"'*" which
classifies hydrophobic and nonhydrophobic residues. First, the total
number of BSA—ligand contacts was recorded for pairwise distances
of 3 A or less between protein atoms and ligand atoms (Figure 7a).
Second, the closest contacts between BSA and the ligand surface were
recorded as an average over time, ie, only the smallest pairwise
distance in each frame (Figure 7b). The residues were classified as
hydrophobic or nonhydrophobic, and the data were averaged over
1000 frames during the final 3 ns in both cases. The analysis was
performed only on simulations where BSA remained continuously
bound to the ligand surface (two independent simulations for each
ligand surface).
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