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ABSTRACT: Understanding protein corona formation in an aqueous environment at
the molecular and atomistic levels is critical to applications such as biomolecule-
detection and drug delivery. In this work, we employed mesoscopic coarse-grained
simulations to study ovispirin-1 and lysozyme protein coronas on bare gold
nanoparticles. Our study showed that protein corona formation is governed by
protein−surface and protein−protein interactions, as well as the surface hydrophobic
effect. The corona structure was found to be dependent on protein types and the size of
nanoparticles. Ovispirin proteins form homogeneous single-layered adsorption in
comparison with the lysozyme’s inhomogeneous multilayered aggregates on gold NP
surfaces. The decrease in nanoparticle size leads to more angular degrees of freedom for
protein adsorption orientation. Subsequent atomistic molecular dynamics simulations
further demonstrate the loss of secondary structure of ovispirin upon adsorption and the
heterogeneity of its local structure.

■ INTRODUCTION
Nanosized engineered particles using metals, such as gold and
silver, possess unique electronic and optical properties, high
surface-to-volume ratio, biocompatibility, and ease and
consistency in synthesis.1−5 It is well-known that the exposure
of a nanoparticle (NP) to biological fluids leads to adsorption
of multiple proteins, i.e., the formation of protein corona.6−10

Previous studies11−13 showed that a small amount of proteins
(<5 ng cm−2) adsorbed on the NP surface, that is, the
formation of protein corona, can result in alteration of the
chemicophysical and biological properties of the NP surface
and subsequent propagation of biofouling through the
attachment of biomolecules and microorganisms. For example,
protein corona covering metallic AuNP surfaces leads to the
red-shift of the surface plasmon resonance peak and a change
in the NP surface charge and hydrodynamic diameter.14

Fundamental understanding of NP−protein interactions and
the formation of the protein corona on NP surfaces is critical
to the development of novel detection devices, such as
SERS15,16 with high sensitivity and selectivity for disease
detection, and is also very important to the design of new
antibiofouling materials11,17,18 that resist protein adsorption
and the attachment of microorganisms for the marine
industry19 or nanomedicine research.20

As pristine NPs do not interact directly with living cells, the
protein corona mediates such interactions, and its composition
determines the biological identity, interactions, biological fate,
and pharmacokinetics of the injected NPs.21 Upon entering
biological systems, a corona, i.e., the adsorption of proteins
usually at higher concentrations, forms in less than 0.5 min.22

During corona formation, the NP can alter the structure of the

adsorbed proteins on its surface, setting off protein
denaturation or significant conformational changes and,
eventually, the concomitant loss of their biological function.
Several factors, such as the composition, size, and shape of the
injected NPs, ligand coating, time of exposure, nature of the
physiological environment, the amounts of NPs and proteins,
and protein affinity to NPs, influence the composition and
features of the protein corona.23,24 Therefore, understanding
the process of the formation and the properties of protein
corona on nanoparticles is essential to control their bioidentity,
signaling, kinetics, transport, accumulation, and toxicity of
drug-carrier NPs. Knowledge of such information beforehand
will guide the safer and more efficient use of NPs across
various applications.
Despite continuous efforts on the experimental

front,8,14,25−27 an in-depth understanding of the NP corona
formation, particularly at the atomistic and molecular scale, is
still highly desired. This is primarily due to the inherent
complexity of the NP and biomolecules themselves and the
experimental dilemma8,25 in the ability to measure without
perturbing the original corona in an aqueous environment.
Under this circumstance, computer-aided simulations are great
alternative tools that can complement experimental under-
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standing. For example, computationally expensive atomistic
molecular dynamics (MD) simulations enable the exploration
of the molecular details of protein adsorption at the surface−
water interfaces.28−37 Coarse-grained (CG) MD can model
protein interfacial behavior at the mesoscopic scale with
significant efficiency by lowering the resolution representation,
where a number of atoms are simplified as a CG particle, and
by simplifying the intramolecular interaction functions.38−41

A recent study42 using CGMD simulation showed that on
hydrophilic silica NP surfaces having increasing size (i.e.,
decreasing surface curvature), the adsorbed lysozyme showed a
narrower orientation distribution on a hydrophilic silica NP
due to stronger water−NP interactions.42 According to Lopez
and Lobaskin,43 the curvature of the NP plays an important
role in determining the sections of a human blood plasma
protein that would be in contact with the NP surface. In
contrast, Tavanti and co-workers did not find44 a significant
role of the NP size effect in ubiquitin protein−NP binding
modalities. Further studies are desired to understand and
confirm the dynamic process of the protein corona formation,
protein−NP interactions, corona stability, and the overall
composition of the protein corona, which is the motivation for
this current work.
In this study, using efficient CGMD simulations at the

mesoscopic scale, we studied the corona formation and specific
properties including protein binding modalities, the interaction
between protein and AuNP, and the change in protein
structure upon adsorption on hydrophobic bare AuNP
surfaces. In addition, classical atomistic MD simulations were
performed to examine the protein structural changes upon
adsorption on surfaces of AuNPs. Two differently sized AuNPs
and proteins, ovispirin-1 and lysozyme, were used as model
systems to investigate the formation and packing structure of
the protein corona, as well as effects of nanoparticle size and
protein types. Such fundamental research will be crucial to the
future development of biosensing techniques such as SERS
using gold nanoparticles, nanomedicine, and biomaterials.

■ METHODS
As a first step, we performed large-scale CGMD simulations to
study the initial adsorption of multiple proteins on AuNP
surfaces. The MARTINI 3.0 force field45 was chosen in
CGMD, as it offers improvement in excessive protein
aggregation and water freezing problems, which were
commonplace in the old version of the MARTINI force
field. The Martini force field does not allow for changes of the
protein secondary structure, which is imposed by an elastic
network connecting the CG beads. In the second step, to study
the denaturation of the adsorbed proteins, atomistic MD
simulations were performed using the CHARMM36 force
field.46 Both CG and atomistic MD simulations were carried
out using GROMACS47 (Version 5.1.2), with the help of the
mapping and reverse-mapping python script48 to convert
structures from all-atoms (MD) to beads (CG) and vice versa.
Atoms of the AuNP were fixed at their initial position to
immobilize the entire nanoparticle.
CGMD Simulations. Protein CG structures were derived

from all-atom models which were obtained from the protein
data bank (pdb codes: 1HU5 for ovispirin-1 and 1HWA for
lysozyme), according to the MARTINI 3.0 force field which
can be available from the Martini web portal.49 The all-atom
models were then transferred to the corresponding CG models
with harmonic distance restraints on the backbone particles to

maintain the protein’s secondary structures. The lysozyme
model consists of 291 CG beads, and the ovispirin model
includes 47 CG beads. A single CG ovispirin model has a
charge of +7, while a single lysozyme CG structure has a
charge of +8. The MARTINI force field45 incorporates bonded
interactions and nonbonded interactions, the latter of which
consist of the Lennard−Jones (LJ) and electrostatic potentials.
The LJ interaction with a shifted 12-6 potential with a cutoff of
1.1 nm is represented as,
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where rij, σij, and εij are the distance, the effective bead size, and
the strength of the interaction between two beads i and j,
respectively. The value of σij is 0.47 nm for the interactions of
all CG beads, except for the charged or apolar beads with σij =
0.62 nm. Depending on the bead types, εij is within the range
of 2.0−5.6 kJ/mol. In experimental synthesis, AuNP surfaces
can be hydrophilic due to oxidation or contamination
dependent on the fabrication methodology.50 However, in
our simulation, a bare AuNP was directly cut from the gold
lattice without consideration of surface oxidation and
contamination. Such an ideal model of AuNPs being
hydrophobic in nature has been widely adopted in previously
published simulation papers51−54 as well. In our model, an
AuNP was presented with an atomistic description, each atom
of which was assigned a MARTINI C5-type hydrophobic CG
bead by following the previous papers.51−54 All the σij and εij
values for C5-type beads were adopted to describe the
interaction of AuNP particles depending on the other
interacting particles. The interactions between the CG beads
of protein with water were represented with an LJ potential
with parameters (σ = 0.2569 nm, ϵ = 4.19 kJ/mol) and the
standard Lorentz−Berthelot mixing rule.53,55,56 The Columbic
potential of protein charged groups are with the 1.1 nm cutoff,

π
=

ϵ ϵ
U r

q q

r
( )

4ij
i j

r ij
ele

0 (2)

where qi and qj are the charges of beads i and j, respectively, ϵ0
is the dielectric constant in vacuum, and ϵr is the relative
dielectric constant.
A total of 44 ovispirin proteins were assembled with 3.2 and

10 nm AuNPs in two simulation boxes of different sizes (26 ×
26 × 26 nm3 for the 3.2 nm AuNP and 26.3 × 26.3 × 26.3 nm3

for the 10 nm AuNP) so that the ovispirin mass concentration
remained the same for both NPs. Proteins were solvated with
water of the MARTINI standard model, where one solvent CG
bead represents four water molecules. Counterions were added
to neutralize the systems. A similar protocol of assembling,
solvation, and charge neutralization was also used for seven
lysozyme proteins placed on 3.2 and 10 nm AuNPs.
All the simulations were carried out using NVT ensembles

with periodic boundary conditions (PBC). The nonbonded
neighbors’ list was updated every 20 steps, using the verlet
cutoff scheme. The temperature of the proteins, NPs, water,
and ions was coupled separately using a velocity-rescale57

thermostat at 300 K. We chose a time step of 20 fs for the
integration of the equation of beads’ motion.

Atomistic MD Simulations. In the atomistic MD
simulation, we investigated the structural change of 44
ovispirin proteins after the formation of corona on the 10
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nm AuNP surface. Each atomistic model of ovispirin has a
charge of +7. CHARMM3646 was used to model protein
bonded and nonbonded interactions, and the TIP3P water
model was adopted. The Au−protein and Au−water atomistic
interactions were modeled with the LJ potential obtained from
the literature.58,59 The final CG configuration at 5.6 μs was
taken to obtain the atomistic structure through reverse
mapping as an input for the subsequent atomistic MD
simulations.
All proteins on the NP surfaces were included in atomistic

simulations except unadsorbed proteins in a smaller box to
reduce the computational load in atomistic MD simulations. In
the atomistic MD simulations, the all-atom structure was
assembled with a 10 nm AuNP, the adsorbed proteins, and
water molecules in a simulation box of 15.94 × 15.94 × 15.94
nm3 with the PBC condition. Counterions were added to make
the system neutral. The whole system was initially equilibrated
in an NVT ensemble at 298.15 K with the thermostat method
of the velocity rescale, keeping all proteins constrained. Then
the proteins were allowed to relax freely, and the system was
further equilibrated in an NPT ensemble at 1 bar for another
93 ns, using the Parrinello−Rahman method. The leapfrog
algorithm was adopted to integrate the dynamics with a time
step of 1 fs in the atomistic MD. For the long-range
electrostatic interactions, the Particle Mesh Ewald summation
was utilized, with a cutoff distance of 1.2 nm for separating the
direct and reciprocal space. The same cutoff for the LJ
potential was set, and the long-range dispersion effect on
energy and pressure was applied.

■ RESULTS
Formation and Structure of the Ovispirin Protein

Corona. To facilitate the entry of nucleus-targeting medical
agents into cell nuclei, drug molecules or nanomaterials need
to be smaller than the pore size (9−12 nm) of nuclear pore
complexes.20,60 Moreover, for the purpose of achieving high
sensitivity of molecular detection using local surface plasmon
resonance spectrum effects for the SERS technique, the sizes of
nanoparticles are usually in the range of 10−100 nm. To
facilitate future development of nanomedicine, biomaterials,
and the SERS technique, in this work, we chose AuNPs of two
different sizes (3.2 and 10 nm) to study their interactions with
proteins. Figure 1 shows the dynamic processes of ovispirin
corona formation on both AuNP surfaces. In our CGMD
simulations, proteins were initially randomly distributed in the
bulk water with the same initial protein concentration for both
cases of different sized nanoparticles (Figure 1a,d). The
dynamics of ovispirin corona formation displayed a similar
pattern on both AuNP surfaces. Within the first 1.4 μs, a few
ovispirin proteins were adsorbed on the AuNP surface rapidly
(Figure 1b,e). Then the rest of the ovispirin proteins competed
for the bare AuNP surface to secure a spot for landing. Upon
obtaining a landing spot, they reorient themselves to complete
the adsorption process and form the first adsorption layer on
both NP surfaces due to the strong protein−surface
interactions. On the surface of the 3.2 nm AuNP, 17 proteins
out of a total of 44 were observed to remain in bulk after the
completion of the first layer of corona (Figure 1c). In contrast,
on the 10 nm AuNP surface, all proteins in the bulk water were
adsorbed onto the NP surface (Figure 1f) due to a larger
surface area available for protein−surface interactions. The
formation of the first adsorption layer of ovispirin on the 3.2
nm AuNP was completed within 1.5 μs (Figure 1a−c), while

the second or upper layer(s) was barely observed. Within 5.9
μs in our simulation, only one ovispirin was observed to
position itself on the top of other proteins. Slight aggregations
of ovispirin proteins were observed in bulk prior to corona
formation in both cases. After the first-layer corona was
formed, a few ovispirin clusters were detected in bulk in the
case of the smaller 3.2 nm NP.
To further examine the case of 3.2 nm NPs, we calculated

their density distribution in the radial direction ρ(r) (bead
no./nm3) (see Figure 2),

ρ
π

=r
n
r dr

( )
4 2 (3)

where n is the number of protein CG beads located at the
distance r in a shell of thickness dr. The center-of-mass of each
NP serves as the reference point for obtaining the ρ(r) profile.
As shown in Figure 2, in the bulk (r > 6 nm), the protein
density does not reach zero value (Figure 2), which also
suggests that not all ovispirin proteins were adsorbed (Figure
1c). A significant density peak locates around r ∼ 2.15 nm
(Figure 2), which indicates a condensed protein adsorption
layer with a thickness of ∼3.45 nm. This result, along with the
visual inspection, consistently demonstrates that the multi-
layered adsorption of ovispirin proteins on the AuNPs is
negligible.

Figure 1. Dynamic processes of the formation of the ovispirin corona
on the surface of a 3.2 nm AuNP ((a) the initial; (b) at t = 1 μs; (c) at
t = 19 μs), and on a 10 nm AuNP ((d) the initial; (e) t = 1 μs; (f) t =
5.6 μs)).

Figure 2. Radial density distribution profile ρ(r) of ovispirin proteins
with respect to AuNP surface in the case of 3.2 nm AuNP. The ρ(r)
profile was computed using 100 configurations containing the last 100
ns CGMD simulations. The top position of the AuNP surface locates
at 1.6 nm; the onset of the ρ(r) peaks at 1.75 nm, and the peak
position at 2.15 nm.
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To understand the composition of the adsorbed protein
layers on the 3.2 nm AuNP surface, we quantified the NP
surface chemistry by monitoring the number of amino residues
on the nanoparticle surface. The number N of a residue was
computed via N = Nbead/Nr, where Nbead is the bead number of
a residue within the cutoff distance (r < 2.15 nm), which
corresponds to the peak position of the density profile in
Figure 2, whereas Nr is the number of this residue type
according to the MARTINI force field.
As Figure 3 shows, eight types of residues are in direct

contact with the AuNP surface. These residues belong to

different categories in hydrophobicity index61 at pH 7,
including hydrophilic residues (LYS, ARG, and ASN), neutral
residues (HIS and GLY), and hydrophobic residues (TYR,
ILE, and LEU). The top four residues on AuNPs include both
hydrophobic (TYR and ILE) and hydrophilic (LYS and ARG)
residues (Figure 3). The presence of hydrophobic residues is
expected due to the hydrophobic nature of the AuNP, while
that of hydrophilic residues on the surface implies that the
protein−protein interactions also contribute to the adsorption
process.
The adsorption orientation is quantified with an angle θ

between a radial vector and a vector defined by a regression
line through the beads’ points for each protein (Figure 4a).
The former vector connects the center-of-mass of the AuNPs
and the centroid of the protein. The latter also goes through
the centroid but in the direction from a protein’s N-terminus

to C-terminus as determined by the singular value decom-
position in three dimensions. When an ovispirin protein lies
down on the surface, its θ is around 90°, while for a upright
ovispirin, its θ is close to either 0° or 180°. Figure 4b shows
that on the surface of a larger-sized, 10 nm NP, almost all
proteins lie down on the surface with θ ∼ 90°. However, on
the surface of the smaller, 3.2 nm NP, there is a much broader
distribution in the θ profile, which demonstrates that the
proteins can either stand up or lie down on the 3.2 nm NP
surface. Also, the percentage of ovispirn with the angle close to
180° is higher than that near 0°, indicating that the adsorption
through the C-terminus (of GLY) is favorable compared to
that via the N-terminus (of LYS).
This significant difference in the θ profile implies an increase

in the NP size (i.e., a decrease in the NP curvature) and can
enhance ovispirin protein−surface interactions. The observa-
tions of large-scale CGMD simulations in this work are
consistent with the findings of our previous study of single-
protein adsorption, using atomistic MD simulation and free
energy computation,35 in that both protein−surface inter-
actions and the surface−solvent short-range hydrophobicity
effect, i.e., γΔA (γ standing for the surface tension and ΔA for
the available surface area) are driving forces of protein
adsorption on a neutral hydrophobic surface. Given enough
surface area, a protein is more likely to lie down on a
hydrophobic surface with large surface tension.35 In our
CGMD simulations, the main characteristic of surface
hydrophobicity was described with the MATRINI force
field,45 and the small effect of metallic gold surface polar-
ization30 upon protein adsorption was neglected. As nano-
particle diameter decreases, the total amount of surface atoms
decreases, and the exposed surface area becomes smaller,
which reduces the protein−surface interactions and weakens
the substrate surface hydrophobic effect, resulting in different
orientations of the adsorbed proteins. Different from our
previous study of single-protein adsorption,30,31,35 this work
involves multiple proteins. The electrostatic interactions
among charged proteins also play a key role in protein
adsorption, i.e., the protein corona formation. It is worth
mentioning that the size-dependent orientation distribution of
the adsorbed proteins on nanoparticle surfaces is different from
the conventional random-sequence theory.62 The theory has
been widely applied to modeling protein adsorption on a flat
surface at the macroscopic level, assuming the same adsorption
orientation on a flat substrate surface and taking into
consideration the steric effect on packing (i.e., the jamming
packing limit) on the available two-dimension adsorption

Figure 3. Number N of ovispirin residues in direct contact with the
AuNP surface within the cutoff distance, r < 2.15 nm.

Figure 4. Orientation distribution profile of ovispirin proteins with respect to the AuNP surface: (a) a snapshot of the definition of protein
adsorption orientation angle θ; (b) the distribution of θ for proteins on 3.2 and 10 nm AuNP surfaces.
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surface area due to the protein shape.62 Our study will pave the
road for future theoretical modeling and the clarification of the
experimental data.
Formation and Structure of Lysozyme Protein

Corona. To compare with the smaller-sized ovispirin protein,
the dynamic processes of lysozyme corona formation on 3.2
and 10 nm AuNPs were examined using the same mass
concentration method. Similar to the simulations of ovispirin,
lysozyme proteins were initially dispersed in the bulk water
(Figure 5a,d). Figure 5 summarizes the dynamics of the

formation of lysozyme corona. Unlike ovispirin, more lysozyme
proteins clustered in the bulk, even prior to the onset of the
adsorption throughout the simulation process in both AuNP
cases (Figure 5b,e). Within 1.2 μs, all lysozyme proteins were
adsorbed onto the 10 nm AuNP, whereas for 3.2 nm AuNPs, it
took ∼2 μs. As the NP size decreased, the lysozyme proteins
formed larger-sized protein aggregates attached to the
nanoparticles (Figure 5c,f). This is likely a result of the larger
surface on the 10 nm NPs, where more proteins have a greater
chance of coming into direct contact with the AuNP surface.
The packing of the protein corona was inhomogeneous, with a
large space remaining empty on the nanoparticle. As shown in
Figure S1 in Supporting Information, we doubled the protein
concentration. Protein aggregates were also observed on the

surfaces of both NPs. Our simulation results are in agreement
with the findings of previous experiments in the literature,63

which showed that an AuNP could induce the aggregation of
lysozyme proteins. It is also noteworthy that in our CGMD
simulations of both ovispirin and lysozyme proteins within the
time scale of a few microseconds, we did not detect a scenario
in which a preadsorbed protein was kicked away from the
surface and replaced by another protein. Such a step of
replacing/exchanging has been assumed as one of the key steps
in the modeling of protein adsorption kinetics at the
macroscopic level.64−66

Structural Change of Adsorbed Ovispirin Proteins.
To study protein structural changes, 100 ns atomistic MD
simulations were performed for the case of ovispirin adsorption
on the 10 nm AuNPs, using the final configuration obtained
with CGMD as the initial input. In CGMD simulations, all
ovispirin proteins were adsorbed onto the surface. Figure 6
summarizes the averaged secondary structure of all adsorbed
proteins in the configuration of the last 5 ns in comparison
with the protein crystal structure. DSSP (database of secondary
structure assignments)67 was used to assign the secondary
structures. Figure 6a shows the ovispirin protein initial crystal
structure, which includes two secondary structure types: 82%
α-helix and 18% coil. However, the averaged structure of
ovispirin proteins in the corona was randomized and turned
into six types: 5-helix, 3-helix, α-helix, turn, bend, and coil.
Significant changes were noticeable for both helix and coil. The
percentage of coil increased to an estimated amount of 34%,
whereas that of the helix decreased to a final amount of 19%.
The loss of protein structures also indicates strong protein−
surface interactions.
We monitored the secondary structure of each adsorbed

protein. As shown in Figure 6b, the protein structures in
different local areas are quite different from each other. Some
proteins are totally or mostly randomized, whereas others still
maintain a certain percentage of helix structure. For
demonstration purposes (Figure 7), we showed the secondary
structural evolution of two separated ovispirins. One of them
shows that the helical structure was totally randomized (Figure
7(a)), while the other is still able to maintain some of its helix
structure (Figure 7(b)). The difference can be attributed to the
slight difference in the protein residues, which are in direct
contact with the AuNP surface, and also to the difference in
local structure, and protein−protein interactions. Experimental
measurements using circular dichroism (CD),68 Fourier
transform infrared (FTIR) spectroscopy12,69 or surface-

Figure 5. Dynamic processes of lysozyme corona formation. In the
case of 3.2 nm AuNPs: (a) the initial configuration, (b) the
configuration at t = 1 μs, and (c) the final configuration at t = 3.8 μs;
in the case of 10 nm AuNPs: (d) the initial configuration, (e) the
configuration at t = 1 μs, and (f) the final configuration at t = 3.8 μs.

Figure 6. (a) Averaged secondary structure of the adsorbed ovispirin proteins on the 10 nm Au surface in comparison with the protein crystal
structure; (b) a snapshot of the final configuration of proteins on the AuNP surfaces.
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enhanced Raman spectroscopy (SERS)63 can only measure the
overall average secondary structures.

■ DISCUSSION AND CONCLUSION

Multiple proteins adsorbed on nanoparticles give rise to
protein corona, alter the NP surface chemicophysical proper-
ties, and affect their performance in applications. Our
fundamental study of protein corona on bare gold nano-
particles will shed light on the future development of
nanoparticle-based molecular sensing techniques of SERS
and drug delivery. We performed large-scale CGMD
simulations at the mesoscopic scale to study protein corona
using model systems consisting of differently sized proteins
(ovispirin and lysozyme) and AuNPs. A bare AuNP was
utilized as an ideal hydrophobic model. Our mesoscopic
simulations demonstrated the formation processes and
structures of protein corona of two different proteins. The
study in this work offers an insight into the dynamic process of
protein adsorption on the nanoparticle surface, particularly at
the early stage.
Our study showed that the process of multiple-protein

adsorption, i.e., the formation of the protein corona, is more
complex than that of single-protein adsorption. In addition to
the surface hydrophobic effect and protein−surface inter-
actions, other factors related to protein−protein interactions
need to be taken into account. The protein corona structure is
highly correlated with protein type and NP size.
More specifically, homogeneous protein corona with a

single-layer packing structure was detected for the smaller
ovispirin protein due to stronger protein−surface interactions.
However, multilayered lysozyme protein aggregates were
observed on a gold nanoparticle with an inhomogeneous
packing structure, indicating stronger protein−protein inter-
actions. The size of nanoparticles has more influence on the
adsorption orientations of ovispirin proteins inside the single-
layered protein corona than on lysozyme aggregates.
Further atomistic MD simulations of ovispirin proteins on

the AuNP surface were carried out to complement the CGMD
simulations. The atomistic simulations demonstrated large
alterations of protein secondary structure and suggested an
inhomogeneous local structure. Our simulation observation of
the heterogeneity in the local structure of protein corona has
extremely important implications for increasing the efficiency
of drug delivery and the accuracy of biosensing technologies.
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