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The understanding of the adsorption and interfacial behavior of proteins is crucial to the
development of novel biosensors and biomaterials. By using bottom-up atomistic multiscale simu-
lations, we study here the adsorption of lysozyme on Au(111) surfaces in an aqueous environment.
Atomistic simulations are used to calculate the inhomogeneous polarization of the gold surface,
which is induced by the protein adsorption, and by the presence of an interfacial layer of water
molecules and monovalent salts. The corresponding potential of mean force between the protein
and the gold surface including polarization effects is used in Langevin Dynamics simulations to
study the time dependent behavior of proteins at finite concentration. These simulations display a
rapid adsorption and formation of a first-layer of proteins at the interface. Proteins are initially
adsorbed directly on the gold surface due to the strong protein-surface attractive interaction. A
subsequent interfacial weak aggregation of proteins leading to multilayer build-up is also observed
at long times. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976516]

Fundamental studies of interfacial phenomena between
biomolecules and substrate surfaces are critical to the devel-
opment of novel biotechnologies'? and anti-biofouling
(or anti-biocorrosion) materials, such as peptoids® and zwit-
terionic polymers.* Protein adsorption is also related to bio-
logical processes such as cell or bacterial attachment,” and
can induce interfacial electron transfer® or surface polariza-
tion”® in metallic interfaces. Billions of dollars are spent
annually to control marine biofouling by governments and
industries.” Interfacial phenomena are also commonly found
in various experimental bio-sensing techniques, such as
Fourier Transform Infrared Spectroscopy/Attenuated Total
Reflectance (FTIR/ATR)9 and Surface Plasmon Resonance
(SPR).' The recently developed label-free and restriction-
free technique of Transient Induced Molecular Electronic
Spectroscopy (TIMES)? can measure protein-ligand binding
under relevant physiological conditions of the bulk solution
inside a microfluidic channel by detecting the induced polari-
zation response on metallic electrode’s surfaces upon mass
transfer of biomolecules. It is very important to understand
the bio-interfacial phenomena in order to interpret experi-
mental signals.

Over the last two decades, a plethora of experimental
and simulation studies have shown that protein adsorption
behavior on surfaces can be affected by many factors, such
as surface tension,11 surface charge distribution,12 morphol-
ogy,">'* roughness,'” wettability,'® buffer’s ions,” and pro-
tein surface’s heterogeneity'’ in charge and hydrophobicity.
Our previous atomistic simulations®'' showed that for neu-
tral surfaces, the surface tension of substrate surfaces serves
as a dominant driving force in the protein adsorption,
whereas the protein dehydration is the main barrier force
preventing adsorption. On the other hand, electrostatic sur-
face polarization induced by small molecules has been
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extensively investigated through quantum computation'®
and hybrid quantum mechanics and molecular mechanics
(QM/MM)." In addition, efficient empirical molecular
dynamics simulations’®?° with polarizable surface force
field parameters have recently been developed for surfaces
made of gold,” silver,® and graphite? by introducing dummy
atoms to form rigid-rod dipoles. Those dipoles are free to
rotate around atomic sites of the gold lattice to mimic
dynamic dipole responses of the surface upon the adsorption
of peptides or proteins. Such studies have shown that the
contribution of the electrostatic surface polarization can
account for about 10%-20% of the total protein binding
energy,”'*? although the energy due to polarization is less
than 10% of the water-metal surface binding energy.”?

Different protein adsorption kinetic models®® (Langmuir,
random sequential adsorption,”* multiple-states,> >’
mer/dimmer exchange,”® displacement, rollover,”® surface
clusters,” and tracking model*®) take into account various
effects such as size repulsion,® jamming-limit packing,*
structural rearrangement,23 2527 bulk aggregation,28 reorienta-
tion,26 lateral interactions,zgf30 and cooperative adsorption,29
based on a large amount of top-down experimental measure-
ments of protein adsorption/desorption. These previous
experiments have shown that protein adsorption displays dif-
ferent kinetic regions. Typically for fouling surfaces, the ini-
tial adsorption can be spontaneous and generally goes beyond
the experimental detection sensibility.”'® Prolonged kinetics
is observed afterwards leading to a multilayer adsorption
build-up.’

As an extension of our previous simulation and experi-
mental studies of protein adsorption,”' "' protein docking,*'
and the associated electron transfer,6’3 ' we perform here
bottom-up atomistic multiscale simulations. Specifically,
full-atom MD simulations, free energy computations, and

Published by AIP Publishing.
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Langevin Dynamics (LD) simulations are used to study lyso-
zyme adsorption on Au(l11) surfaces in a static fluidic
aqueous environment in the time scale of microseconds com-
plementing experimental studies. Lysozyme initial confor-
mation was estimated by using free energy calculations
performed in a previous study2 by using a combination of
atomistic MD simulations and Molecular Mechanics-Poisson
Boltzmann Surface Area (MM-PBSA). In this work, we
extend the trajectory up to 100 ns and focus on the estimation
of the potential mean force between the protein and the gold
surface including polarization effects. Full-atom MD simula-
tions were performed in the NVT ensemble at 298.15K by
using the Gromacs software (version 4.6.5),32 CHARMM36
force field,”> GolP-CHARMM polarizable gold surface
model,” and TIP3P water model in a rectangular box (8.07
% 7.99 x 9.00nm?) as shown in Figure S1 in the supplemen-
tary material. A net charge of 4-8e was assigned to the lyso-
zyme crystal structure 1AKI obtained from the Protein Data
Bank. The system was neutralized with ClI™ ions. In order
to mimic the physiological salt concentration of 150 mM,
39 additional pairs of Na* and Cl~ ions were added to the
simulation box. Two-dimensional periodic boundary condi-
tions were applied to the system on the X-Y plane parallel to
the surface. The Z-axis is normal to the metallic surface.
Simulation of a single-protein adsorption was first performed
via a MD simulation for 20ns at 298.15K. More details
about MD simulations are included in the supplementary
material. By using the conformation of 20-ns adsorption,
the protein was slowly pulled away from the surface (positive
Z-direction) using spring with a stiffness constant of 8000 kJ
mol 'nm ™2 and a pulling rate of 0.00025nmps '. A final
displacement of 2.5nm was achieved at the Z-direction. 51
initial configurations were obtained by taking snapshots every
0.05 nm, which were used in umbrella sampling windows.***>
MD simulations were performed for each window for 12 ns to
collect enough statistics. The weighted histogram analysis
method (WHAM)?>3® was employed to estimate potential of
mean force (PMF) between the protein and the polarizable
gold surface.

To achieve simulations at larger temporal and spatial
scales, Langevin dynamics (LD) simulations were performed
using a protein coarse-grained model, which was parameter-
ized with the surface-protein and protein-protein PMF effec-
tive interactions

dv, - _ _ _ _
mpWZFD+Fg+FB+FP7P+FP—S (1)

in a static environment as shown in Figure S2 in the supple-
mentary material. The drag force (Fp) is calculated by using
the Stokes’ law. The net gravity (F,) force on a protein
immersed in a fluid can be obtained by adding the gravity
and buoyancy forces. The random Brownian force (Fp) act-
ing on the proteins due to the collisions of the solvent par-
ticles and ions is estimated from the Einstein theory at a
temperature of 298.15K. Based on the published works of
protein association®’® and protein surface diffusive behav-
ior®® with Brownian Dynamics simulations, we performed a
systematic investigation of the range of time steps to solve
the trajectory. We have chosen a time step of 0.5 ps, which
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can represent the dynamics of proteins in solution including
their interfacial behavior. The protein-protein forces (Fp_p)
were taken from the literature® including Lennard-Jones
interactions and electrostatic interactions through the Debye-
Hiickel theory for an implicit solvent environment of saline
solution with a concentration of 150 mM. The system (100
x 30 x 120 nm*) consists of 450 coarse-grained proteins (see
Figure S2 in the supplementary material). Bulk simulation
of 0.1 us without incorporating the substrate was conducted
first before the adsorption. A more detailed discussion about
forces and other related properties of the aqueous fluid and
the proteins is provided in the supplementary material.
COMSOL multiphysics software (Version 5.1, COMSOL
Inc. USA) was used to solve the associated ordinary differen-
tial equations.

In a previous study,2 we have shown that the most ener-
getic favorable configuration of the lysozyme to be adsorbed
to the metallic surface occurs when the orientation of its
dipole moment vector is parallel to the Au(111) surface, and
when the distance (Z) between the center of the mass (COM)
of the protein and the top position of atoms of the gold sur-
face is equal to 1.46 nm. By using the umbrella sampling and
the WHAM method, we have estimated the PMF profile as a
function of the distance (Z) (see Figure 1). The PMF reaches
a plateau at the distance Z~ 3.5nm with the displacement
distance of 2.04 nm from the adsorbed configuration. Protein
desorption free energy AA is around —55 KT calculated by
taking the difference of PMF at the final state (i.e., protein
in the bulk, Z = 3.8 nm) with negligible protein-surface inter-
actions, and the initial state (i.e., protein on the surface,
Z =1.46 nm) where the surface is most attractive to the lyso-
zyme molecule. Empirical data fitting was performed to
approximate the PMF profile for the following larger scale
LD simulations
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FIG. 1. PMF profile (on the top): data of PMF (blue) and the fitting (red) as a
function of the distance Z. Three snapshots (at the bottom) include the protein,
the first hydration layer of water molecules, and ions, at different gap distances
from the surface. The corresponding induced electric field (kJ/mol/e) on the
Au (111) surface is also shown in the bottom.
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PMF = 81.744 (?) — <$) +52.037 (2)

where PMF is in the unit of kT and Z is in the unit of nm.

A small transition in the PMF profile is detected at
AZ ~0.3nm (i.e., Z~ 1.75 nm). Previous studies with neutron
scattering experiments* and atomistic simulations'* have
shown that in the solution environment, the protein is closely
surrounded by a condensed hydration layer of water mole-
cules at the distance of 0.3nm from the protein’s surface,
which can lead to an energy barrier for protein adsorption on
various substrate neutral-charged surfaces, such as crystallized
polyethylene layer,'* a graphene sheet,'® and self-assembling
monolayer surfaces (SAMs) of azobenzene derivatives.>> The
PMF profile undergoes more transitions due to rotations. To
further investigate the effect of protein’s hydration on protein
adsorption kinetics, another set of LD simulations were con-
ducted by using a smaller time step of 0.01 ps and another
PMF profile, which takes into account the sophisticated fea-
ture of PMF transition at Z~ 1.75nm (see Figure S3 and
Equation (S1) in the supplementary material). Our results
show that protein hydration has a negligible effect overall
on the adsorption kinetics of lysozyme (see Figure S4 in the
supplementary material).

In order to characterize dynamic electrostatic polarization
of the gold surface due to the lysozyme adsorption, the electro-
static potential of the gold surface’s image charges is monitored
by using an electrostatic potential contour on the X-Y plane,
which is divided into 17 x 17 grids above the top of the sub-
strate surface at 0.3 nm distance from the metallic surface. At
each grid point of the position r, the electric potential ¢(7) (kJ
mol ' ¢~ ) is calculated by summing up the electrostatic inter-
actions over all substrate gold surface atoms N, including the
dummy atoms as defined according to the force field parameters

Samieegohar et al.

N
o(r) = 138.935 3 1 3)
P |F — 7|

with the total atom number N and the position 7; of the sur-
face atom i. The electric potential contour shows the overall
effect of protein’s charge distribution as well as other contri-
butions from the solvent environment, i.e., hydration and
ions. Initially, the adsorbed lysozyme is surrounded by water
molecules and ions on the Au(l11) surface, introducing a
pronounced electric polarization response on the gold sur-
face (see the snapshot and ¢(7) profile for the case 1 in
Figure 1). The attractive electrostatic potential is detected in
the area of protein’s footprint, in contrast to the area outside
the footprint, which shows the opposite electrostatic poten-
tial (i.e., repulsion potential). When the lysozyme is away
from the surface, the surface’s induced electric potential
becomes smaller (see the snapshot and ¢(7) profile for the
case 2 in Figure 1). It should be noted that in each umbrella
sampling window, the protein can freely rotate around its
COM, which is constrained by a weak harmonic potential at
a certain displacement distance. The protein’s rotation and
displacement also introduce the re-distribution of water and
ions. Eventually when the protein is far away from the sur-
face, the induced electric potential in the gold surface
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disappears and only shows some small fluctuations (see the
snapshot and ¢(7) profile for case 3 in Figure 1).

We analyzed the changes of the electrostatic (AEg;) and
LJ (AE;,) interaction energies of the whole Au surface with
the protein, water, and ions, respectively, by averaging the
last 2-ns trajectory in each umbrella sampling window and by
referring to the state of the protein in the bulk (see Figure S5
in the supplementary material). Upon lysozyme desorption,
the AE;; for protein-surface interactions is ~—236.9kT and
the water-surface interaction change is about 172.6kT. The
AEg; for protein-surface interactions is around —246.3kT,
and for the water-surface interaction, AEg; is around 44.5 kT.
However, ions have negligible interactions with the metallic
surface (AE;;~ —1.1kT and AEg ~ —34.6kT) at the low
ion concentration of 0.15M. Both proteins and hydration
water at the protein-surface interface have dominant interac-
tions with the surface, whereas ions have negligible interac-
tions with the surface. Therefore, it can be concluded that
polarization effects on the gold surface are produced mainly
by the electrostatic interaction between the metallic surface
and the protein at short separation distances.

LD simulations were performed to investigate the
multiple-protein adsorption behavior. By monitoring the sec-
ondary structures of the adsorbed lysozyme for 100ns with
full-atom MD simulation, no observable structural rearrange-
ments were detected. Therefore, in order to save computational
resources, protein molecules are modeled as coarse-grained
spheres interacting effectively via their PMF. The bulk space
above the gold surface is divided into different layers with
the gap distance of 3.0nm. Figure 2 shows the adsorption
kinetics of different layers. The initial protein bulk solution
concentration is around 28.6 mg/ml, which is equal to the
surface concentration, 0.00858 ug/cm?® by converting the bulk
concentration with the layer gap distance. After 30-us adsorp-
tion, the bulk concentration decays to 14.3mg/ml (i.e., the
surface concentration of 0.00429 ,ug/cmz) (see Figure 2).
Adsorption of the first layer adjacent to the gold surface
increases dramatically, reaching saturation at ~18 us.
However, the second-layer adsorption is much weaker and
slower. Another distinct difference is the onset of adsorption.
An initial rapid depletion (i.e., < 0.5 us) of the second-layer
occurs, due to the mass transfer to the bottom layer (see the
inset of Figure 2). The 2nd-layer adsorption starts, after the

FIG. 2. (a) Protein adsorption in a static fluidic environment simulated with
LD simulation: the adsorption kinetics profiles (the 1st layer colored black,
the 2nd layer colored cyan, the 3rd layer colored blue, the bulk in red, and
the total of 1st and 2nd layers colored pink). The inset shows the concentra-
tion profile for the 2nd, 3rd and the bulk with the first 30 us. Snapshots at
different times ((b): 5 us; (c): 20 us): the side view and the top view of pro-
tein adsorption. (For the top view, only the first layer adsorption is shown
for the sake of clarity.)
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first adsorption layer is almost fully developed at ~18 us.
The difference of adsorption kinetics between the 1st-layer
and the 2nd-layer is attributed to the strong protein-surface
interactions (~—55KkT) and the weak protein-protein interac-
tions.>” Protein molecules in the first layer are tightly bound
onto the gold substrate, whereas proteins at the 2nd layer
which are mostly under the effects of first layer proteins are
loosely packed, which is evidenced by the slower adsorption
kinetics of the 2nd layer (Figure 2(a)) and configurations
(see Figures 2(b) and S6 (supplementary material)). The 3rd-
layer also undergoes initial depletion and the re-filling takes
place at the same time as the adsorption of the 2nd-layer reach-
ing the same concentration as that in the bulk in 30 us.
Including the adsorption in the 2nd layer, the total surface con-
centration is 646.7 mg/ml (i.e., the surface concentration of
0.194 ug/cm?) after 30 us. The first-layer saturation concentra-
tion is around 506.7mg/ml (i.e., surface concentration of
0.179 ug/cm?) as the bulk concentration reaches 14.3 mg/ml.
The protein concentration profile, as shown in Figure 3(a)
along the direction of the surface normal, also suggests that
the protein surface concentration decays to the bulk value
(0.00429 ,ug/cmz) for Z>6.0nm, which again indicates the
adsorption around 2 layers in 30 us. To validate the accuracy
of our simulation, another simulation was conducted at
lower bulk concentration. The repeated simulations show that
when the final bulk concentration is around 0.13 mg/ml, the
final equilibrium surface concentration of the monolayer is
about 0.116 ug/cm?, matching experimental measurements,
0.098-0.119 pg/cm? at the bulk concentration of 0.1 mg/ml in
the literature.””*!

Weak protein surface aggregation is observed during the
course of adsorption before reaching the full coverage of the
surface, i.e., the monolayer adsorption (see Figure 2(b) and
see Figure S6 in the supplementary material). Protein mole-
cules aggregate and form small clusters randomly distributed
on the surface, at the initial adsorption. It is noteworthy
that our previous study with computational fluid dynamics
simulations” revealed that protein adsorption can exhibit an
S-shape with an increase in the adsorption rate at the begin-
ning, followed by a decreasing adsorption rate due to the
coupling of convection, diffusion, and surface fouling reac-
tions during mass transfer at the transition-state. However,
our LD simulation shows that in a static fluidic environment,
the adsorption kinetics for lysozyme on the Au(111) surface
displays a convex shape with a rapid initial increase followed
by prolonged adsorption (see Figure 2).
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FIG. 3. (a) Concentration profile (C) as a function of the distance (Z) to the
surface after 30-us of LD simulation. The bulk concentration is indicated
with a brown dashed line; (b) direct and indirect adsorption kinetics.
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By tracking molecular trajectories, protein’s most fre-
quent interfacial motions were analyzed. For the adsorption
of the first layer, two types of motions can be identified: the
direct adsorption from the bulk onto the surface and the indi-
rect adsorption, which includes protein bumping on the sur-
face and the rollover of the previously adsorbed proteins. To
differentiate the direct and indirect adsorption, we adopt the
criteria of residence time inside the 2nd layer: T < 19ns for
direct adsorption and t > 19ns for indirect adsorption. The
histogram of protein’s residence time also shows that most
proteins’ residence time in the 2nd layer is around 19 ns (see
Figure S7 in the supplementary material), which is close to
the time scale (18 ns) for diffusion across such a distance of
3.0nm. The direct and indirect adsorption kinetics is com-
pared in Figure 3(b). Around 40% of the proteins are directly
adsorbed onto the surface, dominating the initial stage cover-
ing 33% of the total adsorption time. In contrast, the remain-
ing 60% proteins are adsorbed onto the surface indirectly,
mainly in the last stage (67% of the total time).

In summary, in this work, we have performed bottom-up
multiscale simulations to reveal the adsorption and interfa-
cial behavior of lysozyme and a Au(111) surface including
polarization effects. Our simulations precisely predict the
adsorption amount, and we interpret the metallic surface
polarization and heterogeneous adsorption kinetics for differ-
ent layers by correlating the short and long range molecular
interactions. Our fundamental research is paving the road for
future research in biosensor development, e.g., the method of
TIMEs to detect protein-ligand interactions via polarization
signals induced in metallic electrodes.

See supplementary material for details on the MD and
LD simulations, adsorption kinetic profile, interaction ener-
gies, protein adsorption process, and protein residence time.
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