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Abstract

The composition, orientation, and conformation of proteins in biomolecular coronas 

acquired by nanoparticles in biological media contribute to how they are identified by a 

cell. While numerous studies have investigated protein composition in biomolecular 

coronas, relatively little detail is known about how the nanoparticle surface influences the 

orientation and conformation of the proteins associated with them. We previously showed 

that the peripheral membrane protein cytochrome c adopts preferred poses relative to 

negatively charged MPA-AuNPs. Here, we employ molecular dynamics simulations and 

complementary experiments to establish that cytochrome c also assumes preferred 

poses upon association with nanoparticles functionalized with an uncharged ligand, 

* Correspondence to r.hernandez@jhu.edu
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specifically ω-(1-mercaptounde-11-cyl)hexa(ethylene glycol) (EG6). We find that the 

display of the EG6 ligands is sensitive to the curvature of the surface—and consequently, 

the effective diameter of the nearly spherical nanoparticle core—which in turn affects the 

preferred poses of cytochrome c.

Introduction

The interaction of gold nanoparticles (AuNPs) with cell membranes is fundamental 

to the characterization and prediction of more complex nanoparticle applications in drug 

delivery, photothermal therapies, diagnostics, and nanotoxicology.1-5 In biological media 

(e.g., serum, lymph, cytosol, culture medium), a biomolecular corona often forms around 

nanoparticles as they interact with the surrounding milieu of biomolecules.6-8 The 

characteristics of this corona are a function jointly of the biological medium in question 

and the properties of the nanoparticle itself.9-11 The corona alters the properties and 

behavior of the nanoparticle in the biological system, including its interactions with cell 

membranes.12-14 Protein coronas generally form in two steps with increased exposure of 

the nanoparticle to the biological system. Initially, high abundance, but perhaps low 

affinity, proteins associate with the nanoparticle. As exposure time increases, some of 

these high abundance proteins are displaced by lower abundance, but higher affinity 

proteins. The “end state” is a nanoparticle coated by a “corona” of proteins that may 

include both so-called “hard” and “soft” components. The hard and soft coronas display 

exchange kinetics with the medium that are slow and fast, respectively.6, 15 The resulting 

“face” of the coronated nanoparticle depends not only on which proteins remain bound to 

the NP surface, but also on their preferred orientation and conformation on the 
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3

nanoparticle surface.16 The pose —that is, the relative structure and orientation— of 

proteins near the nanoparticle surface, either as they approach or once attached, is 

generally sensitive to the chemistry and shape of the nanoparticle surface.17-19 Here, we 

use the degree of interaction of nanoparticles to the surface of model membranes with 

and without an associated membrane protein as a proxy for the strength of the interaction 

between a protein and a nanoparticle, and we use simulations to investigate the 

characteristics of the binding.  

Several groups have confirmed that properties of gold nanoparticles (e.g., size or 

functionalization) affect their function in biological systems.20-26 A direct example of such 

function is binding to a bilayer. Melby, Lohse, et al.27 used liquid chromatography-tandem 

mass spectrometry and quartz crystal microbalance with dissipation (QCM-D) monitoring 

to demonstrate that nanoparticles bearing distinct coatings bind to different sets of 

proteins and that the identity of the proteins rather than bulk properties such as zeta-

potential influenced binding to bilayers. The nanoparticle surface chemistry and biological 

medium are important in determining the characteristics of the protein corona and impact 

the colloidal stability of nanoparticle suspensions.9 Nanoparticle surface chemistry was 

demonstrated to affect the orientational preferences of α-synuclein on gold nanoparticles 

coated with citrate or myristyltrimethylammonium bromide using nuclear magnetic 

resonance (NMR) spectroscopy and molecular dynamics (MD) simulations.28 In earlier 

work,29 cytochrome c exhibited binding with preferred orientations to nanoparticles coated 

with an anionic ligand —namely, 3-mercaptopropionic acid (MPA). A lingering question 

remained as to whether this outcome requires the charge of the MPA-AuNP.
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4

In the present work, we probed the interactions between supported lipid bilayers and 

nanoparticles functionalized with uncharged ligands as mediated by a peripheral 

membrane protein through a combination of large scale graphics processing unit (GPU)-

accelerated classical MD simulations and QCM-D experiments30 following protocols 

similar to those employed previously.29, 31 These tools can reveal the sensitivity of surface 

structure and the pose of the protein—viz. cytochrome c—to the charge and curvature of 

the nanoparticle surface. In prior work, simulations focused on protein-membrane31 and 

protein-nanoparticle interaction29 without considering the effect of the radius of curvature 

of the nanoparticle. In contrast to our prior work with the anionic MPA ligand, here we use 

charge-neutral ω-(1-mercaptounde-11-cyl)hexa(ethylene glycol) (EG6) as the ligand. We 

focused our simulations on probing the interaction between a protein and a nanoparticle 

with respect to variations in the radius of curvature of the nanoparticle. That is, we 

compare the behavior of the protein when interacting with nanoparticles of high curvature 

(i.e., small diameters: 2 nm, 4 nm, and 6 nm) to its behavior in response to a flat gold 

surface, corresponding to nanoparticles with very large (to infinite) diameters. Several 

groups have reported32-35 that the behavior of longer and more flexible ligand molecules 

in nanoparticle coatings depends strongly on nanoparticle curvature, and we suspect that 

this in turn affects the formation of biocoronas. We perform a panel of simulations in which 

we vary the initial pose of the protein relative to different possible initial structures of the 

nanoparticle surface to identify possible relaxed (and preferred) equilibrium ensembles of 

poses. In these simulations, we maintain the density of the attached ligands at the NP 

surface constant so as to ensure that the local ordering close to the surface is 

comparable. The QCM-D experiments include all three components—viz., the 
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5

nanoparticle, the membrane binding protein, and the bilayer. In combination with our prior 

work, we are able to make comparisons to nanoparticles with different coatings and 

benchmark our simulations using the results of our experiments.

 From simulation, we find that the strongly positively charged protein interacts much 

more weakly with a ligand-coated nanoparticle whose ligands are neutral (as in EG6) than 

if they are negatively charged (as in MPA). The behavior of EG6 on the NP surface is also 

highly affected by nanoparticle curvature. Our spherical nanoparticle systems exhibit a 

broad distribution of ligand arrangements, while the flat surface exhibits a uniform EG6 

structure. These curvature-induced differences in the ligand display lead directly to 

differences in the interactions between the protein and EG6-coated nanomaterials. 

Increased curvature provides space for the ligands to adjust their structure to 

accommodate the protein. This allows the protein to draw nearer to the nanoparticle 

surface and to reside longer at those close distances. Unlike in the MPA case, the protein 

seems to have a fairly weak preference for specific orientations. The protein’s interaction 

strength is correlated with curvature, likely because of the higher ligand flexibility and 

availability possessed by moderately curved nanoparticles. 

Methods

Molecular Dynamics Simulations. 

Simulation Parameters: All simulations of cytochrome c interacting with gold 

nanoparticles coated with ω-(1-mercaptounde-11-cyl)hexa(ethylene glycol) (EG6) were 

run using the Nanoscale Molecular Dynamics program, version 2.13b1 (NAMD 2.13b1), 

unless otherwise noted.36 The all-atom CHARMM36 force field was used to model all 

interactions.37 The temperature was kept constant using a Langevin thermostat with a 5 
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6

ps-1 damping constant. In constant pressure simulations, pressure was maintained using 

a Langevin piston with a period of 1 ps and a decay rate of 50 fs was used. In all 

simulations, all bonds involving hydrogen were held fixed with SHAKE. Nonbonded 

interactions between atoms within three bonds of each other, or atoms further than 12 Å 

from each other were assumed to be zero and not included in the calculated forces except 

for long range electrostatics described by the Particle Mesh Ewald method with a grid 

spacing of 1.0 Å. A switching (or smoothing) function was applied to pairs of atoms 

between 8 and 12 Å. All simulations employed periodic boundary conditions and were 

propagated with a 2 fs timestep.

Simulation Setup: Twelve simulations were performed with EG6 bound to a flat 

gold surface with dimensions 85 Å × 85 Å × 13 Å. Simulations using this structure are 

referred to as “flat surface” simulations. Eighteen simulations each were performed using 

6 nm, 4 nm, or 2 nm diameter gold spheres with bound EG6. Simulations using these 

structures are referred to as “d nm sphere” simulations, where d is the diameter. All 

systems were created by cutting the relevant structures out of a larger block of gold with 

an FCC crystal structure. EG6 was added to the system using Packmol.38 Ligands were 

placed such that their S atoms were within 3 Å of the gold surface, and oriented so that 

the atoms in each ligand were lined up at a surface density of 4 nm-2 as observed in 

experiment.39 Visual Molecular Dynamics (VMD) was used to solvate each system in 

TIP3P water.40-41 

The nanospheres were solvated within cubic boxes with 150 Å side lengths, and 

the flat surface was solvated within a box of dimensions 85 Å × 85 Å × 400 Å (with the 

additional length in the z direction occupied by water). These structures were equilibrated 
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7

using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code,42 

to take advantage of functionality in LAMMPS unavailable in NAMD. These include the 

introduction of a 5.0 kcal mol-1 Å-1 pulling force applied to sulfur atoms, directing them 

towards the gold surface, and the use of a Morse potential interaction (from Ghorai and 

Glotzer)43 between the gold and sulfur atoms. After a short conjugate gradient 

minimization of the EG6 and water atoms, NPT (1.01 bar, 300 K) dynamics were 

performed on the full system. The pressure was maintained using volume-scaling acting 

only on the long axis of the simulation box in the flat surface simulation and was 

maintained isotropically in the simulations of spherical nanoparticles. Once all of the sulfur 

had settled onto the gold and after additional equilibration, each sulfur atom was bonded 

to the nearest gold atom using parameters from the CHARMM36 force field. All water 

molecules from this step were removed prior to the addition of the protein.

Inclusion of the Protein: The peripheral membrane protein cytochrome c (structure 

1AKK from the PDB) was used throughout this study.44 A pre-equilibrated protein 

structure was inserted into the equilibrated nanoparticle system at one of six orientations 

as shown in Fig. 1, differing from each other by 90° rotations, such that the closest protein 

atom was 40 Å away from the flat gold surface and 25 Å from the nanosphere surfaces. 

These starting distances are similar to those used in a prior study of the interaction 

between this protein and gold nanospheres coated with MPA. The six cytochrome c 

orientations are chosen to lie along the principle axes of the protein so as to sample the 

space of possible orientations. In the simulations of nanospheres, each of these six 

protein orientations was inserted into three systems differing from each other by 

successive 90° rotations of the nanoparticle, producing 18 independent initial simulation 
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8

conditions for each diameter. In the flat surface simulations, the protein was placed above 

or below the surface in all six orientations, producing 12 independent initial simulation 

conditions. Since the protein is highly anisotropic and the nanoparticles are mostly 

isotropic (or have symmetry, in the flat case), we are able to use these initial conditions 

to obtain representative dynamics of a wide variety of possible protein-nanoparticle 

configurations. Each of these was then re-solvated in TIP3P water and ionized to an ionic 

strength of 0.01 M with NaCl using VMD.40-41 In the flat case, the final box dimensions 

were again 85 Å × 85 Å × 400 Å; in the sphere cases the box dimensions were (d + 80 

Å) × (d + 80 Å) × (d + 120 Å), where the protein and nanoparticle are centered along the 

longest axis and d is the diameter.

Figure 1. Locations of sites on protein and starting orientations of protein in simulation. The residues 
associated with each of 4 known binding sites of cytochrome c are highlighted here: A in green, of C in 
orange, of L in blue, and of N in red. Three simulations are run with the protein starting in each of these 
orientations relative to the spherical nanoparticles. For the flat surface simulations, two copies are run. In 
each case, the simulations with the same protein orientation differ by rotations of the ligated gold material.

Equilibration and Production Simulations: The combined protein-nanoparticle 

system was equilibrated in a multistep process. First, the system was subjected to 

100,000 steps of conjugate gradient minimization. Then, the backbone atoms in the 
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9

protein, the iron and surrounding nitrogens of the heme group, and all gold atoms were 

held fixed while a 1 ns NPT (1 atm, 300 K) equilibration was performed. Volume scaling 

was permitted only along the longest axis of the periodic box in the flat surface simulations 

—which is also the direction perpendicular to the face of the surface—and was isotropic 

for the nanosphere simulations. The temperature was initialized at 5 K and was then 

allowed to rise smoothly to 300 K. The energy of the flat surface simulation configurations 

were subsequently minimized for 1,000 steps to remove bad contacts between different 

periodic copies of the gold slab. They were then reheated to 300 K in an NVT step. The 

constraints on both systems were progressively decreased over 600 ps, followed by 1 ns 

of equilibration with no constraints. Each simulation was run for an additional 100 ns in 

the NVT ensemble. 

Figure 2. Pictorial description of the ligand angle (θl) on the left, and the site angle (θs) on the right. The 
orange circle represents the center of mass of the nanoparticle sans ligands, and the blue circle 
represents the center of mass of the protein. Water and most EG6 ligands have been removed for clarity.

Numerical Measurements: During the simulations, the center of mass of four 

proposed binding sites A, C, L and N (highlighted in Fig. 1), the center of mass of the 
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10

entire protein, and the center of mass of the nanoparticle were tracked.31, 45-47 To describe 

the interactions between the protein and the nanoparticle, and the behavior of the ligands, 

several angles were monitored. For the four protein sites, the angle between the vector 

from the protein center of mass to the site center of mass and the vector passing though 

both the nanoparticle and protein centers of mass was monitored. This is termed the “site 

angle” (θs). The angle between the vector from each S atom in each EG6 ligand to the 

final O atom of the ligand, and the vector passing through both the center of mass of the 

nanoparticle and the S atom were also tracked. This angle, shown in Fig. 2, is termed the 

“ligand angle” (θl) and this definition is borrowed from Neidhart and Gezelter.48 In addition, 

the distance of the final O atom of each ligand from the gold surface was monitored. In 

the flat surface simulations, the long axis (z) component of vectors related to the 

nanoparticle center of mass was used instead of the full vector in deference to the 

symmetry of the system. 

The interaction energy between the nanoparticle and protein was calculated using 

VMD’s NAMDenergy plugin.40 Because of the wide variety of simulation conditions, 

diverse nanoparticle and protein configurations were sampled and are used to describe 

the protein-nanoparticle interaction. Data analysis was performed in Python using Jupyter 

notebooks and numpy.49-50 

Experiments

Materials. All experimental materials were used as received, unless otherwise 

noted. Hydrogen tetrachloroaurate trihydrate (HAuCl4∙3H2O), sodium borohydride, 

glycerol (99% purity), and horse heart cytochrome c were purchased from Sigma Aldrich. 

Trisodium citrate dihydrate was obtained from Flinn Scientific. The EG6-undecanethiol 
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11

ligand (HS–(CH2)11–EG6) was synthesized following a published procedure.51 We 

procured HEPES, NaCl, and CaCl2 from Fisher Scientific. The phospholipids, 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), bovine liver α-phosphatidylinositol, and 

1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (TOCL) were purchased from 

Avanti Polar Lipids. All aqueous solutions were prepared in ultrapure water (>18 MΩ∙cm). 

All solutions used were buffered to pH 7.4 with 0.01 M HEPES.

Nanoparticle synthesis and characterization. Gold nanoparticles (4-5 nm diameter) 

were prepared by borohydride reduction of HAuCl4 in the presence of hydroxy-EG6-

undecanethiol as previously described.52-54 The resulting EG6-AuNP solutions were then 

purified by diafiltration.54 Gold nanoparticle suspensions were diluted to 10 nM in 0.01 M 

NaCl solution and vortexed for 15 s, and their hydrodynamic diameter (dh) and zeta-

potential (ζ) were determined by dynamic light scattering laser and Doppler 

electrophoresis (Malvern Zetasizer Nano ZS), respectively. Reported dh are number 

means of six measurements each consisting of 10 runs, while ζ values represent the 

average of six measurements each consisting of 20 runs.

Quartz crystal microbalance with dissipation monitoring. We employed QCM-D to 

monitor supported lipid bilayer formation, cytochrome c attachment to supported lipid 

bilayers, and the interaction of nanoparticles with supported phospholipid bilayers lacking 

or containing cytochrome c. Supported phospholipid bilayers were formed on SiO2-coated 

QCM-D sensors from small unilamellar vesicles composed of pure DOPC, and DOPC 

containing 8.8% Liver PI, 4.4% TOCL, 8.8% TOCL, and 17.6% TOCL (percentages are 

mol%) via the vesicle fusion method as described previously.31 For experiments 

employing cytochrome c, the protein was introduced to the flow cell as previously 
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12

described,31 and cytochrome c electrostatically associated with anionic phospholipids. 

Either following bilayer formation and rinsing or protein attachment and rinsing, a solution 

of 10 nM EG6-AuNPs in 0.01 M NaCl was flowed over the supported lipid bilayer lacking 

or containing the protein for 20 min to determine the extent to which the presence of 

cytochrome c alters EG6-AuNP association with the supported phospholipid bilayer 

system. After the 20-min attachment period, nanoparticle-free solution was flowed for 20 

min to assess the reversibility of nanoparticle binding. 

QCM-D experiments employed a Q-Sense E4 system containing silica-coated 

sensors (QSX 303) mounted in temperature-controlled liquid flow cells (QFM 401; Biolin 

Scientific, Göteborg, Sweden). The instrument measures changes in both the resonant 

frequency and energy dissipation induced by the interaction of an analyte with the surface 

of the coated pieozoelectric quartz crystal. Changes in frequency (Δf) reflect changes in 

the acoustic mass coupled to the sensor surface (analyte mass and dynamically coupled 

solvent). Changes in the energy dissipation (ΔD) are related to the viscoelastic properties 

of laterally homogenous adlayers or the rigidity of particle-surface contact region for films 

of discrete nanoscale objects.55 Experiments were conducted at 298 K.

Results

Simulations

Behavior of the Ligands. As reported in more detail below, the nature of the ligand 

strongly affects the nanoparticle’s interactions with biological materials, and the nature of 

the nanoparticle affects the behavior of the ligand. We observed a stark difference, shown 

in Fig. 3, between the behavior of the EG6 ligands across the four nanoparticle curvatures. 

The peak of these two-dimensional distributions with respect to the distance of the tail 
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13

end increases as curvature decreases indicating increasing extension of the ligand. EG6 

ligands on spherical gold nanoparticles exhibit a wide array of angles and effective 

lengths, including curled, wrapping, and extended ligand configurations as illustrated in 

Fig. 4. On the flat gold surface, however, the ligands almost always stand straight up with 

a mean length of about 29 Å. If the ligand density near the NP surface were varied, it 

would in principle be possible to counter some of the effects arising from the varying 

curvature. However, doing so might require unphysically high densities at the surface for 

the smallest NPs, or unreasonably spare coverage possibly leading to single chain 

behavior in the flatter cases. We have thus focused on keeping the density of the ligand 

attachments constant at the surface so as to avoid these confounding factors. In this way, 

we strictly examine the effect of curvature.
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Figure 3. The probability distribution for finding the tail of an EG6 ligand relative to the gold surface is shown 
for either a flat gold slab (A) or a spherical NP with a (B) 6 nm, (C) 4 nm, or (D) 2 nm gold core diameter. 
The reported distance is that of last O atom in the chain relative to the gold surface, and the angle θl is 
defined in Fig. 2. Representative structures of the nanostructures are also shown so as to provide a 
qualitative view in accord with the quantitative spatial probability distributions.

A

C

B

D

Figure 4. Representative snapshots of the behavior of EG6 ligands during the sphere simulations. 

Configurations where the ligand is (A) curled, (B) wrapping, and (C) extended are shown. Also shown (D) 

is an extended ligand hydrogen bonding with a distant protein. Water and most EG6 ligands have been 

removed for clarity.

The outcomes among the nanospheres is also diverse. The ligands around the 6 

nm and 4 nm spheres have roughly similar distributions, with the smaller particle allowing 

somewhat more angular freedom. However, like in the flat surface, the ligands prefer to 

stand straight up over other configurations, maximizing the hydrophilic ligand headgroup 

exposure to water. The ligands on the 2 nm sphere are the only population without a 

preference to stand straight up, instead preferring to wrap in a wide range centered about 

halfway around the nanoparticle. This occurs because the hydrophobic portions of the 

ligands tend to lie flat on the gold surface, while the hydrophilic groups occupy a variety 

of configurations in the solvent. Combined, this favors ligand configurations with moderate 

ligand wrapping. These findings agree with prior NMR and MD results work which showed 
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that long chain ligands pack less randomly as nanoparticle curvature is decreased.56-57 

Based on these results, we categorize these structures into three regimes of curvature: 

low (flat), moderate (4 nm and 6 nm nanospheres), and high (2 nm nanosphere). 

Figure 5. (A) Protein densities and (B) average interaction energy plotted as a function of protein-
nanoparticle distance during the final 80 ns of each simulation. Error bars are standard errors across 
simulations where the given protein-nanoparticle distance was observed.

Interaction Energy of the Protein with the Nanoparticle. The average interaction 

energy (van der Waals plus electrostatic) between the protein and the nanoparticle was 

calculated for all simulation snapshots and is plotted against the distance of the protein 

from the nanoparticle surface in Fig. 5, along with the density of cytochrome c observed 

at various distances from the nanoparticle surface for the final 80 ns of each simulation. 

The first 20 ns were excluded to avoid the initial protein placement biasing the averages. 

The interaction energy is the sum over all pairwise interactions between atoms in the 

nanoparticle and atoms in the protein,

𝑉𝐼(𝑟𝑃𝑁) = 〈 𝑁

∑
𝑖

𝑀

∑
𝑗
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(1)

where N is the number of atoms in the nanoparticle and M is the number of atoms in the 

protein, and i and j index each set of atoms, respectively. qk is the charge of atom q, and 

Rko and  are the Lennard-Jones parameters arrived at through the appropriate Lorentz-𝜖𝑘𝑜

Berthelot mixing rules for the interaction between atoms k and o. Finally, rko is the distance 

between atoms k and o. The average is taken over snapshots with protein-nanoparticle 

distances between  and Å. Ewald summation was used for long range 𝑟𝑃𝑁 𝑟𝑃𝑁 +1 

electrostatics, and the cutoff for short range electrostatics and van der Waals interactions 

was 12 Å with a smoothing function between 8 Å and 12 Å. The energies of distances 

that were never observed in simulation are not plotted. The protein comes much closer 

to the nanosphere surfaces than the flat surface, mainly as a result of the behavior of the 

EG6 ligands. The closest the protein center of mass approaches the nanoparticle surface 

is approximately 26 Å in the nanosphere simulations and 47 Å in the flat surface 

simulations. In the flat surface simulations, the EG6 molecules form a unified surface that 

the protein is unable to penetrate, although contact is sometimes made. In contrast, the 

EG6 molecules around the nanospheres are often not fully extended, resulting in an 

overlap between the distance distributions of the protein and EG6 molecules. 

The protein-nanoparticle interaction energy profiles differ dramatically among the 

nanoparticle geometries examined, as shown in Fig. 5B. The minimum of the interaction 

energy for the 4 nm and 6 nm spherical nanoparticles is much lower than that for the flat 

surface or 2 nm nanosphere. The resulting energy differences across these nanospheres 

with varying diameter likely results from the different conformational flexibility of the 

ligands. The hydrophilic portions of the mobile ligands on the 4 nm and 6 nm nanospheres 
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are more easily able to reorganize so as to accommodate the protein structure than the 

stiff ligands on the flat surface. While the ligands on the 2 nm sphere are quite flexible, 

they are often wrapped around the nanoparticle and are thus not available to stabilize the 

protein.

Even in the most favorable cases, the protein and nanoparticles rarely make 

sustained contact. The protein is considered to be in contact with the nanoparticle if any 

heavy (i.e., non-hydrogen) atom in the protein is within 3 Å of any heavy atom in the 

nanoparticle, including ligands. For the flat surface simulations, this criterion was fulfilled 

for over half of the simulation time in only 2 out of 12 simulations. This value is 8 out of 

18, 6 out of 18, and 0 out of 18 for the 6 nm, 4 nm, and 2 nm nanosphere simulations, 

respectively. The radius of curvature and contact time are generally correlated for the 

nanospheres. The flat surface breaks this trend, displaying what would seem to be 

anomalously low interaction for its low curvature. We attribute these effects to the 

behavior of the ligands—the flat surface has the most distinct and inflexible ligands. 

These observed contact times should be contrasted with the behavior of the protein near 

the MPA-coated gold nanoparticles of our prior studies31 where the protein generally 

engaged in sustained contact with the nanoparticle. This indicates a much weaker 

interaction between the EG6 coated nanoparticles and cytochrome c than between the 

same protein and MPA-coated nanoparticles.
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Figure 6. Orientation probabilities (A-D) and interaction energies (E-F) as a function of site angle for 
cytochrome c when interacting with a flat gold slab (A and E) or a spherical NP with a 6 nm (B and F), 4 nm 
(C and G), or 2 nm (D and H) core diameter coated with EG6. Snapshots are only included if the protein is 
in contact with the nanoparticle. Error bars are standard errors across simulations where a given 
configuration was observed. The site angle, , is defined in Fig. 2.𝜃𝑠

Orientation of the Protein. Figure 6 shows the interaction energy of the protein at 

particular site angles when interacting with the nanoparticle. The site angle plotted in the 

horizontal axis of the figure is described in Fig. 2. Protein configurations were binned only 

when the protein and nanoparticle were in contact. As noted above, the protein was 

considered to be in contact with the nanoparticle if any heavy (i.e., non-hydrogen) atom 

in the protein was within 3 Å of any heavy atom in the nanoparticle, including ligands. In 

the convention adopted in this work,  when the center of mass of the site cos (𝜃𝑠) = ―1

points directly towards the nanoparticle relative to the protein’s center of mass, and 

 when it points exactly away from the nanoparticle. Distributions for the flat cos (𝜃𝑠) = 1

surface, 6 nm sphere, 4 nm sphere, and 2 nm sphere are shown from left to right. 

Near the flat slab, the protein prefers to have site A pointed slightly away from, site 

C and N pointed generally towards, and site L slightly towards to the surface. When in 
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contact with the 6 nm nanosphere, the preferences are changed. Site C prefers to point 

slightly towards the surface while sites A and N prefer to point towards or away from it. 

Site L seems to have no strong preferences. The 4 nm nanoparticle again has different 

preferences for protein orientation, promoting configurations where sites A, C, and L are 

pointed towards its surface while site N is orthogonally oriented. Sites L and C also often 

point away from the nanoparticle. Around the 2 nm nanosphere, the protein prefers to 

point sites L and C towards the surface, and site A away from it. Site N prefers to point 

perpendicular to the surface. 

The strength of these preferences as indicated by the interaction energy is 

generally the same in all cases. Additionally, these energetic preferences are reflected in 

the orientational probabilities. However, it should be noted that the orientational 

probabilities themselves are highly uncertain as indicated by the large error bars. Further 

research is needed to produce more confident orientational predictions. 
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Figure 7: Radius of gyration for cytochrome c in solution when it is in proximity to a gold flat slab (A) or a 
spherical gold NP with a 6 nm (B), 4 nm (C), or 2 nm (D) core diameter coated with EG6 as a function of 
distance from the gold surface.

Protein Structure. Cytochrome c is only moderately likely to interact with the EG6 

coated nanoparticles. This may indicate that it must become restructured in some way to 

do so. To investigate this hypothesis, we calculated the radius of gyration (rg) of the 

protein across all trajectories and plotted rg as a function of the distance from the 

nanoparticle surface in Fig. 7. Because of the differing ligand behavior, the protein is able 

Page 20 of 40

ACS Paragon Plus Environment

Langmuir

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



21

to approach the spherical nanoparticle surfaces more closely than what is seen in the flat 

case, as was also observed in Figs. 3 and 5. The protein explores the widest range of 

distances in the 2 nm nanosphere case because the interaction between the protein and 

nanoparticle is weaker as the surface becomes flatter, The majority of the sampled 

population shows the protein a moderate distance from the ligand surface with a radius 

of gyration near the native value of 13.6 Å.58 Thus, there is no curvature-related effect on 

the internal structure of the protein for this neutral ligand. 

Experiments

Figure 8: Attachment of EG6-AuNPs to supported lipid bilayers composed of DOPC and liver PI (LPI) or 
cardiolipin (TOCL) lacking or containing cytochrome c. Error bars represent one standard deviation of 
triplicate measurements.

Nanoparticle Interaction with cytochrome c-containing model membranes. The 

gold nanoparticle cores were 4.1 ± 1.1 nm in diameter as determined by transmission 

electron microscopy. The hydrodynamic diameter and zeta potential (ζ) of the EG6-AuNPs 

in 0.01 M NaCl buffered to pH 7.4 with 0.01 M HEPES were 7 ± 3 nm (see the Supporting 

Information for the distribution in hydrodynamic diameter) and −11 ± 3 mV, respectively. 
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These data indicate that the EG6-AuNPs were likely not aggregated under the solution 

conditions employed. Our experimental observation of a moderately negative zeta 

potential for PEG-coated nanoparticles is consistent with literature precendent.59-60 It 

presumably arises either from residual anions on the surface after the ligation with the 

neutral EG6 , or a nonuniform penetration of ions inside and outside the coating. 

We investigated the interaction between EG6-AuNPs and each of the phospholipid 

bilayers discussed above (viz. DOPC, and DOPC containing 8.8% Liver PI, 4.4% TOCL, 

8.8% TOCL, or 17.6% TOCL) in the absence and presence of cytochrome c by QCM-D. 

We observed negligible attachment of EG6-AuNP to supported DOPC bilayers lacking or 

incorporating Liver PI or TOCL in the absence of cytochrome c (Fig. 8). Incorporation of 

cytochrome c into DOPC membranes containing 8.8% Liver PI promoted EG6-AuNP 

attachment. We did not observe attachment to the DOPC bilayers containing TOCL 

bilayers with bound cytochrome c. This contrasts with the results obtained for the MPA-

AuNPs, where we observed increasing attachment to those bilayers incorporating more 

anionic phospholipid,31 which was most likely attributable to the increasing amount of 

membrane bound cytochrome c. These results may reflect a cytochrome c orientation-

specific effect, since the orientation of the protein differs on bilayers containing Liver PI 

vs. TOCL. The orientation specificity could arise from one of the four binding sites of 

cytochrome c summarized above, and for which at least three interact non-negligibly with 

phospholipids: the electrostatic A- and L- sites and the hydrophobic C-site.61-62 

Discussion

The present experimental and simulation results show an interaction between 

membranes with adsorbed cytochrome c and EG6-coated spherical gold nanoparticles 
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that is fickle and depends strongly on the characteristics of the model membrane and 

nanoparticle surface. The simulations reveal low binding affinities between the 

nanoparticle and protein. The protein maintains contact with the EG6 coated flat gold 

surface for 20  8 % of the simulation time, with the EG6 coated 6 nm gold nanosphere 

for 42  7 % of the simulation time, with the 4 nm gold nanosphere for 27  6 % of the 

simulation time, and with the 2 nm gold nanosphere for 7  3 % of the simulation time. 

Additionally, even when EG6 coated nanoparticles are absorbed to cytochrome c coated 

bilayers, the mass absorbed is relatively small. This is in stark contrast to prior 

experiments and simulations of MPA-coated gold nanoparticles interacting with the same 

types of biomolecules. In that case, the nanoparticles strongly bind to cytochrome c and 

to membranes with cytochrome c present (given that the cytochrome c itself binds to the 

bilayer).29, 31 In all 6 configurations initialized there, cytochrome c came into contact with 

the MPA coated nanoparticle within about the same timescale as observed in this work 

with respect to the EG6 coated nanoparticles, and retained contact for the duration of the 

simulations.29 

Varied nanoparticle behavior is observed in experiment with respect to membrane 

formulation even when cytochrome c is adsorbed. This may be because incorporation of 

anionic lipids differing in headgroup (phosphate substituted with inositol for LPI vs. two 

phosphates for TOCL) into the model membranes promote dissimilar protein orientations, 

leaving distinct regions of the protein available to the nanoparticle for binding. In previous 

work, cytochrome c was found to promote the binding of nanoparticles with anionic 

ligands to model membranes containing TOCL in part by binding to the membrane 

surface in configurations that left sites A and L available to the nanoparticle for further 
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binding. However, only site A remains available when the bilayer contains Liver PI.31 We 

have also found that cytochrome c is highly likely to interact with an MPA ligand-coated 

gold nanoparticle, particularly at sites L and A and many individual lysine residues.29 In 

the experiments reported in this work, cytochrome c facilitated EG6-coated nanoparticle 

binding to DOPC bilayers containing Liver PI, but not those containing various amounts 

of TOCL. In the current experiments, we observe nanoparticle attachment only in the Liver 

PI case. It is unclear if the current experimental results reveal binding site orientation 

because such length scales are not probed directly. However, in the light of our prior 

simulations, this experimental result implies that the nanoparticle preferentially binds to 

site A in the protein. However, if the nanoparticle binds to site A, then it seems it should 

also bind to the TOCL-containing membrane when cytochrome c is attached and 

presumably also exposing site A. This behavior is not observed in experiment. It may be 

that in the TOCL case, an insufficient population of protein sites A is available for the 

nanoparticle to bind with for the mass to be detected. We note that the simulations being 

used to interpret the Liver PI experiments were performed using bilayers made of a 9:1 

mixture of DOPC and 18:0-20:4-phosphoinositol (SAPI). SAPI is the second most 

common species in Liver PI; the other species present may also have an effect on the 

protein orientation. The current simulations reveal that the moderate curvature 

nanoparticles (most similar to those used in experiment) can favorably bind with site A, 

showing agreement with the experimental results when interpreted through the lens of 

our prior simulations. However, it seems likely that that there is a nanoparticle-protein-

bilayer effect that cannot be captured in models using only two of these elements.

Conclusions
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In this work, we have characterized the behavior of a positively charged protein, 

cytochrome c and gold nanoparticles using molecular dynamics simulations and quartz 

crystal microbalance experiments. The gold nanoparticle systems differ in terms of their 

curvature and are coated with an uncharged ligand, EG6, in contrast to earlier work using 

negatively charged MPA ligands. We find that due to large differences in the ligand 

behavior, the protein interacts with the moderately curved spherical nanoparticles more 

strongly than the flat surface or a highly curved 2 nm nanosphere. However, all of the 

EG6-coated nanoparticles, regardless of diameters, that we interrogated interact with the 

protein weakly in comparison to the previously studied anionic MPA-coated gold 

nanoparticles, in agreement with the experiments presented here and elsewhere. The 

protein shows some weak orientational preferences in each case and is largely not 

induced towards restructuring by interaction with the nanoparticle. 

Supporting Information

The Supporting Information is available free of charge at TK. It provides Figure S1 

showing the experimentally obtained distribution of hydrodynamic diameters for the EG6-

AuNPs used in this work.
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