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ABSTRACT: The exposure of nanoparticles (NPs) to biofluids leads to the
rapid coverage of proteins, named protein corona, which alters the NPs’
chemicophysical and biological properties. Fundamental studies of the
protein corona are thus critical to the increasing applications of NPs in
nanotechnology and nanomedicines. The present work utilizes multiscale
simulations of a model biological system, small ovispirin-1 peptides, and bare
silver nanoparticles (AgNPs) to examine the NPs’ size and surface
hydrophilicity effects on formation dynamics and the structure of the peptide
corona. Our simulations revealed the different adsorption dynamics of
ovispirin-1 peptides on the NPs, including the direct adsorption of a single
peptide and peptide aggregates and multistep adsorption, as well as an
intermediate cycle of desorption and readsorption. Notably, the whole process of peptide adsorption on hydrophilic AgNP surfaces
can be generalized as three stages: diffusion to the surface, initial landing via hydrophilic residues, and the final attachment. The
decrease in AgNP’s size leads to faster adsorption with more heterogeneous peptide interfacial dynamics, a denser and
inhomogeneous peptide packing structure, and a wider distribution of adsorption orientations. Subsequent atomistic molecular
dynamics simulations demonstrated that on the hydrophilic AgNP surfaces, adsorbed peptides display moderate changes in their
secondary structure, resulting in further changes of corona composition, i.e., amino acid residue distribution on the surface.

■ INTRODUCTION
The interactions of engineered metal nanoparticles (NPs) with
proteins and peptides have gained increasing attention due to
their broad range of applications in nanotechnology.1−7 Owing
to their unique electronic and optical properties, high surface-
to-volume ratio, ease in synthesis, and antibacterial effect, silver
nanoparticles (AgNPs) are being widely used for drug
delivery,8,9 sensors,2,3 textile fabrics,5 and wood flooring.6

The exposure of NPs to biological fluids leads to protein
adsorption and the formation of a protein corona,10 which
alters chemicophysical and biological properties of NPs’
surfaces and may also trigger biological responses.11 Therefore,
it is imperative to study the interaction between AgNPs and
the protein corona formation process and the post corona
structure.12

General experimental methods, such as Fourier transform
infrared spectroscopy (FTIR), surface plasmon resonance
(SPR), and circular dichroism (CD), elucidate ensemble-
averaged measurement of the protein structure and interfacial
dynamics at the solid−liquid interface.13−15 Significant
experimental efforts13,14 were made to understand the
interactions between a AgNP and different proteins due to
their increasing mass production and broad applications.2−6,8,9

For example, using linear optical spectroscopies, Podila et al.
demonstrated that the structural denaturation of proteins leads
to the formation of a protein corona on uncoated and
surfactant-free AgNPs.13 A study using surface-enhanced

Raman scattering (SERS) and CD spectroscopies by Treuel
et al. showed that polymer coatings of AgNPs could prevent
sulfur−Ag bonding and greatly reduce bovine serum albumin
(BSA) proteins’ binding affinity.14 In another work, Ashkarran
et al. investigated the structural (cube, sphere, wire, and
triangle) effect of AgNPs on the protein corona formation with
fetal bovine serum.16 Their work reveals that the concentration
and composition of the corona are highly morphology-
dependent due to both the curvature effect and coordination
of the surface atoms, which facilitate different surface energies
and hence the difference in protein binding.16 Using mass
spectrometry proteomics, researchers also studied the AgNP
surface charge effect and showed that there is a twofold
decrease in the anionic proteins bound to negative citrate-
coated 10 and 100 nm AgNPs, compared to positive branched
polyethyleneimine-coated ones.12

Despite considerable previous efforts, fundamental studies at
the molecular level are still highly desired. The corona
formation comprises many molecular subprocesses, such as
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adsorption, desorption, diffusion, conformational change, and
aggregation.17 As such, the corona buildup itself is a complex
process, and a comprehensive understanding of it requires
grasping of all microscopic subprocesses, short-lived or long-
lived.17 However, it is currently impossible to comprehend the
molecular/atomistic level details of protein corona structures
or compositions with general experiments. Also, it is
challenging to study in experiments the soft corona that
comprises short-lived loosely bound proteins. These proteins
usually get washed away during the separation process of the
corona from the incubation medium through subsequent
centrifugation and washing steps.18

To complement experimental measurements, molecular
dynamics (MD) simulations at both atomistic and coarse-
grained levels are being used as a powerful tool to study the
adsorption behavior of proteins and peptides in explicit water
at the microscopic scale.19−33 Atomistic MD simulations can
identify structural changes of biomolecules with high
resolutions up to the atomistic scale.19,29,34 Coarse-grained
molecular dynamics (CGMD) simulations, which present a
molecule with simplified coarse-grained beads, are more
efficient than atomistic MD simulations to model a system,
involving a large number of lipids, biomolecules, water, and
other components in the solution, at the mesoscopic
level.29,31,35 Ramezani and Rafii-Tabar performed atomistic
MD simulations to study the unfolding process of serum
albumin on the AuNP surface and determine the key amino
acids that drive their interactions.34 Yu and Zhou performed
CGMD simulations to show that with the increase of silica NP
size, the adsorbed lysozyme protein has a narrower orientation
distribution.31 Hybrid multiscale CGMD and atomistic MD
simulations, which can achieve both computational efficiency
and atomistic/molecular resolution, were also performed to
study the protein corona on NPs.29,32,33 Sajib et al. carried out
hybrid CGMD/atomistic simulations and showed that the
corona structure depends on both protein’s type and NPs’ size,
e.g., a homogeneous single-layered structure for ovispirin-1
peptides and the inhomogeneous multilayered aggregates for
lysozyme proteins on gold NP (AuNP) surfaces.29 Another
simulation study from Kak̈inen et al. illustrated that the
conformational change of luciferase proteins is mainly
introduced by the electrostatic interactions between anionic
luciferase residues and cationic citrate-coated AgNP surfaces.32

Tavakol and co-workers studied the fibrinogen protein corona
on polystyrene NPs and showed that the presence of
metabolomes (glucose and cholesterol) changed the binding
site of the protein and affected the amounts of proteins and the
structure of the protein corona on NPs.33

In this study, hybrid CGMD and atomistic MD simulations
were performed to study the protein corona formation on
AgNP surfaces. We focused on the effects of NP surface’s
hydrophilicity and size or curvature, as they are key factors for
the protein corona formation dynamics and structure. To
isolate other effects, such as morphologies, charges, rigidity,
roughness, and strong thiol−metal surface interactions, which
also govern the protein corona formation, we chose an ideal
model system of bare hydrophilic AgNPs.36−38 Our modeled
AgNPs are free from oxidation, contamination, ligand-treat-
ment, and strong sulfur−Ag binding, as the small-sized
antimicrobial peptide ovispirin-139 has no cysteine amino
residue. Our multiscale simulations offered a more complete
understanding of the interfacial behaviors of peptides on the
hydrophilic NPs’ surfaces. Our fundamental studies of the

protein corona on AgNPs will be critical to future applications
of NPs in nanomedicines and other nanotechnologies.

■ METHODS

CGMD Simulations. CGMD simulations were performed
using the Martini 3.0 force field40 and the GROMACS41

software package (version 2019.6). In the Martini framework,
an elastic network connecting the CG beads is imposed to
constrain the protein secondary structure. The conversion of
these beads from the initial all-atoms structure was
accomplished with the martinize.py script.40 The initial all-
atom models of ovispirin-1 were obtained from the protein
data bank (pdb code: 1HU5). With periodic boundary
conditions (PBC), the NVT ensembles of the Martini-beads
were incorporated for all CGMD simulations. The nonbonded
neighbors’ list was updated every 20 steps, using the Verlet
cutoff scheme. The temperature of the peptides, NPs, water,
and ions was controlled separately using a velocity-rescale
thermostat at 300 K. A time step of 20 fs was chosen to
integrate the equation of beads’ motion.
A converted ovispirin-1 model includes 47 CG beads with a

net charge of +7. The Martini forcefield incorporates both
bonded interactions and nonbonded interactions between
beads. The nonbonded interactions include both Lennard-
Jones (LJ) and electrostatic potentials. The LJ interaction is
defined as,

ε
σ σ

= −U r
r r

( ) 4ij ij
ij

ij

ij

ij
LJ

12 6

(1)

where rij, σij, and εij stand for the distance, the effective bead
size, and the strength of the interaction between two beads i
and j, respectively. Based on the type of beads, εij is within the
range of 2.0−5.6 kJ/mol. σij = 0.62 nm was set for the charged
or apolar beads while 0.47 nm for others. Following the
previous studies in the literature,42 AgNPs with diameters of
3.2 and 10 nm were modeled with an atomistic structure,
directly cut from the silver crystal lattice. To model bare AgNP
surfaces of hydrophilic nature,36−38 each atom of AgNP was
assigned with Martini P4-type hydrophilic CG beads by
following the previous study in the literature.43 The choice of
the hydrophilic nature for the bare AgNPs is consistent with
the experiment36−38 and previous simulation.43 The inter-
actions between the CG beads of AgNPs with water and

peptides were represented by σ ε= =0.47 nm, 4.55 kJ
mol

. The

electrostatic potential of protein-charged beads are represented
as,

π
=

ϵ ϵ
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q q

r
( )
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i j

ij
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0 r (2)

where qi and qj are the charges of beads i and j, respectively; ϵ0
is the vacuum permittivity; and ϵr is the relative permittivity.
The electrostatic interactions are imposed with a cutoff
distance of 1.1 nm.
For the initial configuration of CGMD, both 3.2 and 10 nm

AgNPs were assembled with 44 ovispirin-1 peptides in cubic
boxes with the sizes of 26 × 26 × 26 and 26.25 × 26.25 ×
26.25 nm3, respectively, to maintain the same mass
concentration of peptide in both cases. Simulation boxes
were solvated with coarse-grained beads of the Martini
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standard water model, and counterions were added to
neutralize the systems.
Atomistic MD Simulations. Since the CG simulations

with the Martini force field parameters7,40 constrain the
protein secondary structure, we employed all-atom MD
simulation to investigate the structural changes of the adsorbed
ovispirin-1 peptides on the 10 nm AgNP surfaces. The final
configuration of the protein corona on a 10 nm AgNP was
obtained from CG simulation to this end, and the reverse
mapping protocol was utilized to obtain the all-atom structure,
which was later used as the initial configuration of the
atomistic MD simulation. The peptides were re-solvated using
the atomistic water model of TIP3P and neutralized with
counterions. CHARMM36 forcefield parameters44 were
adopted to model peptide’s bonded and nonbonded
interactions. The Ag−peptide and Ag−water atomistic
interactions were modeled with LJ potentials obtained from
the literature.45

To minimize the computational load, a smaller box of 15.94
× 15.94 × 15.94 nm3 was chosen for the atomistic simulations.
The system was equilibrated with NPT at 1 bar for 200 ns,
using the Parrinello−Rahman method, after a short equilibra-
tion step in the NVT ensemble at 298.15 K. The simulations in
NPT can achieve the accuracy in water density of the system.
In the NVT step, the thermostat method of the velocity

rescale was employed by keeping all peptides constrained. For
the NPT production run, a time step of 1.0 fs with the leap-
frog algorithm was incorporated to integrate the dynamics. For
the long-range electrostatic interactions, the Particle Mesh
Ewald summation with a cutoff distance of 1.2 nm for
separating the direct and reciprocal space was used. The cutoff
for LJ potential was set as 1.2 nm, while the long-range
dispersion effect on energy and pressure was applied.

■ RESULTS
Dynamics of Ovispirin-1 Corona Formation. The final

ovispirin-corona structures for two differently sized NPs (3.2
and 10 nm) obtained from the CGMD simulations are
displayed in Figure 1. As expected, the larger AgNP with more

available surface area exhibits faster adsorption of ovispirins.
All 44 ovispirins are adsorbed on the 10 nm NP surface by 3.67
μs (Figure 1d−f), while 13 peptides remain in the bulk even up
to ∼16.7 μs (Figure 1a−c) on the 3.2 nm NP surface due to
the unavailability of enough surface area for adsorption.
Tracing of all the peptides’ initial landings on both hydrophilic
AgNP surfaces shows that the ovispirins adsorb primarily with
hydrophilic residues of LYS1,15,16 and ARG4,5,8 (see Figure
1g for the 3.2 nm NP and Figure S1 in the Supporting
Information for the 10 nm NP). Landing through the residues

of ARG4,5,8, peptides prefer to lie down on (tangential to) the
surface to adopt the side-on landing (Figure 1g). In contrast,
an end-on landing with the upright (normal to the surface)
orientation residues is more prevalent, when the landing
residues are LYS1,15,16 (Figure 1g). A rare case of stand-up
landing through ASN2, which is next to LYS1, was also
observed on the surface of 3.2 nm NP (Figure 1g (down-
right)).
Counterintuitively, our study here shows that the initial

landing of the peptide on a hydrophilic NP is not kinetic-
controlled and can be well correlated with hydrophilicity of the
NP surface and amino acid residues. As shown in our previous
studies, protein adsorption and orientation are not solely
protein−surface interaction-driven.22 Hydration and dehydra-
tion of surfaces of the substrate and the protein also play a key
role in the short range at a distance of about one-layer water
thickness, which can be presented as γΔA (γ stands for surface
tension and ΔA for surface area).22 The total ΔA for the
protein−surface complex decreases upon protein adsorption
and γΔA becomes a driving force. However, the interfacial
water must be depleted for peptides to land on the surface,
which exhibits an energy barrier for the biomolecule’s initial
landing on the surface.19,22 The initial landing is mainly driven
by the protein−surface interactions as well as the Brownian
thermal motion, since most part of a peptide is beyond the
range of the short-range interaction of γΔA. This explains the
observation of our simulations here about the correlation of
hydrophobicity of the landing sites of peptides and the surface
for both small and large NPs. After the initial landing, as a
peptide is closer to the surface, the final anchoring is governed
by both γΔA and peptide−surface interactions. For a larger
AgNP of 10 nm (with a smaller curvature), compared to a
smaller NP of 3.2 nm (with a larger curvature), due to a larger
available surface area ΔA, the energy term γΔA becomes
stronger, which results in faster adsorption, larger degree of
reorientation peptides and the final side-on anchoring, which
will be demonstrated in the following discussion. It is worth
noting that due to the computational load, we cannot simulate
a large number of peptides in explicit water in order to
maintain the peptide bulk concentration as a constant to study
the adsorption process at the steady state. Our current work
only focused on the initial adsorption of peptides, which are
adjacent to the NP’s surface, as we expect no significant
difference in the adsorption kinetics of our system compared to
that in a system with a large number of peptides. The reason is
that peptides in the bulk water far away from the NPs spend a
long time in diffusion, since they are not affected by the
peptide−surface interactions and the short-range driving force
of γΔA.
In our simulations, the radial distribution function g(r) of

water shows a condensed hydration layer shell surrounding
hydrophilic AgNP surfaces (Figure S3 in the Supporting
Information). Figure 2a−f gives two examples to illustrate the
entire microscopic dynamic process, which consists of diffusion
in the bulk, the initial landing (the side-on and the end-on),
and subsequent adsorption. Initially, the ovispirin-1 peptide
diffuses from the bulk water toward the NPs and then it
penetrates the NP surface’s hydration shell to land on the
hydrophilic AgNP surfaces through the hydrophilic residues of
ASN2 and LYS1 (Figure 2b). Similar observations of peptide
landing on the surface via its strongest binding site(s) to
overcome the energy barrier of the interfacial hydration were
also reported in previous MD simulations.9,19 The percentages

Figure 1. Corona formation dynamics for (a−c) 3.2 nm and (d−f) 10
nm AgNPs. (g) Peptides’ preferable landing sites (ARG4,5,8,
LYS1,15,16, and LYS1-ASN2) while adsorbing on the 3.2 nm
AgNP surface.
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of initial landing sites (not to the entire production run) for
the 3.2 nm AgNP are: LYS1 (58%), LYS9 (5%), LYS15 (11%),
LYS16 (5%), ARG8 (15.8%), and ASN2 (5.2%) and for the 10
nm AgNP are: LYS1 (46%), LYS16 (23%), ARG4 (15.4%),
and ARG5 (15.4%).
Subsequently, the ovispirin-1 peptide approaches closer to

the NP surface while undergoing a certain degree of rotation,
particularly in the initial end-on landing for the case of 10 nm
AgNP, to achieve maximum contact with the surface under the
effect of the large silver−water surface tension γ (1.12−1.25 J/
m2).45 The final orientation of the peptide is also affected by
the local peptide−peptide interactions on the NP surface
(Figure 2) due to the crowding effect. As shown in our
previous analyses of protein binding free energy,22,23 on an
uncharged surface, one of the dominant effects on protein
adsorption is due to the metal surface’s large metal−water
surface tension when the protein is adjacent to the surface. The
three-stage peptide adsorption mechanism (bulk diffusion;
initial landing; and final adsorption) on AgNPs observed in our
CGMD simulations is consistent with the findings of previous
studies19,46 of peptide/protein adsorption on hydrophobic and
hydrophilic surfaces using atomistic MD simulations.
Multiple adsorption modes are observed in our simulations

irrespective of their sizes and curvature, which are accom-
plished either in one or multisteps. The primary mode of
adsorption is one-step, wherein a single ovispirin-1 peptide
(Figure 3a for the 3.2 nm AgNP and Figure S2a for the 10 nm
AgNP in the Supporting Information) or peptide aggregate in

bulk (Figure 3b for the 3.2 nm AgNP and Figure S2b for the
10 nm AgNP in the Supporting Information) directly attaches
itself to the NP surface. Peptides also can adsorb on the surface
through the multistep mode. In the latter case, an ovispirin-1
peptide initially lands on an already adsorbed peptide,
subsequently rolling over it to achieve direct contact with
the surface (Figure 3c for the 3.2 nm AgNP and Figure S2c for
the 10 nm AgNP in the Supporting Information). Heteroge-
neous peptide adsorption kinetics were also detected in
previous experimental studies of single-molecule total internal
reflection fluorescence microscopy47,48 and mesoscopic simu-
lations using Langevin dynamics.49

Tracking the ovispirins further reveals that peptides
adsorbed through the multistep mechanism can desorb and
readsorb, as shown in Figure 3c. Given our simulation time of
microseconds, peptides, which adsorbed directly on the surface
via the one-step mode (Figures 3a,b and S2 in the Supporting
Information), do not desorb. However, the peptide (blue
beads in Figure 3c) that aggregates with a preadsorbed peptide
(yellow beads in Figure 3c) can undergo the desorption−
readsorption cycle. This cycle of intermediate states is in fact a
notable feature of protein adsorption on the 3.2 nm NP
(Figure 4a−d). In contrast, in the case of the 10 nm AgNP,

only a single peptide participates in such a process in our
simulations (Figure 4e−h). Although these rare events in our
CG MD simulations are in the time scale of microseconds,
they bear significant importance in the larger time and
macroscopic scale involving many NPs.47

The events of peptides’ adsorption−desorption−readsorp-
tion detected in our CGMD simulations are due to the
Brownian thermal motion in the aqueous environment, the
lack of surface area available for landing on the 3.2 nm AgNP,
and the weak surface−peptide and peptide−peptide attrac-
tions. It is also notable that in our simulations, the phenomena
of desorption of preadsorbed peptides due to the collision of
bulk peptides were not detected. As shown in Figure 4 as an
example, in the case of the 3.2 nm AgNP, one of the peptides
desorbs even after landing on the surface. As such, its
attachment on the surface is not stable, resulting in desorption.
As a result, the cycle of adsorption−desorption−readsorption
of peptides is a hallmark of the 3.2 nm AgNP−peptide

Figure 2. Dynamics of peptide’s initial landing and the subsequent
adsorption on the surface of the 3.2 nm AgNP for both cases of the
initial side-on landing (a−c) and end-on landing (d−f). Hydration
water molecules within the first hydration shell of AgNP surfaces are
colored orange; the landing residue of ARG is colored blue and LYS is
red; the backbone of peptides is black; and the sidechains are purple.

Figure 3. Adsorption mechanisms on a 3.2 nm AgNP surface. One-
step adsorption in which a single (a) or a cluster of peptides
aggregated in bulk lands directly on the surface (b). (c) Two-step
adsorption: a single peptide attaches itself to another peptide
adsorbed on the surface at first, followed by rotation and landing
on the surface.

Figure 4. Peptide’s adsorption−desorption−readsorption cycle. A
protein with yellow beads (a) adsorbs on a protein aggregate in the
first place followed by its brief attachment to the 3.2 nm AgNP surface
(b). This peptide desorbs (c) and eventually readsorbs (d) on another
peptide. (e−h) Similar pattern of a peptide’s (yellow beads)
adsorption−desorption−readsorption on the 10 nm surface except
for its attachment to the surface in the end.
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interactions. In contrast, such an adsorption−desorption−
readsorption event is barely detected for the 10 nm AgNP
(Figure 4e−h). Given the sufficient surface area for landing
simultaneously, most of the peptides can directly contact the
surface and maximize their interactions with it. These landed
peptides are thus not seen to be desorbed. As shown in Figure
4e,f, the sole peptide (yellow beads) that lands on an adsorbed
peptide keeps diffusing on other two peptides (pink beads)
before rolling over and getting adsorbed on the surface, after
which it does not desorb. Such an event suggests that a single
peptide’s propensity to attach to the surface varies with
curvature (or NP size), and this tendency increases with the
larger surface.
Structure of the Ovispirin-1 Corona. Next, we examined

the packing structures of coronas. Figure 5 shows an analysis of

the distribution of adsorbed peptides on the NP surfaces by
monitoring CG beads’ radial density. In consistence with
Figure 1a−f, the ovisprin corona on the 3.2 nm NP has a larger
surface density than that of the 10 nm AgNP, due to the less
available surface area where ovispirins are more compactly
adsorbed. On the small 3.2 nm AgNP, peptides form an
inhomogeneous multilayer aggregate. Such stacking and
aggregating structure of multiple peptides was not significant
on the surface of the large 10 nm AgNP in which all proteins
were adsorbed on the surface.
To further understand the size effect of NPs on the peptide

corona structure, we quantified the orientations of the
adsorbed peptides, as illustrated in Figure 6. A radial vector

and a peptide’s terminus connecting vector are used to
calculate the angles, and both of these go through the centroid
of the peptide (see the inset in Figure 6). The former connects
the COM of the AgNPs and the centroid, whereas the latter
also goes through the centroid but directly from the N-
terminus to the C-terminus. The centroid is determined by the
singular value decomposition of peptide beads’ positions in
three dimensions. While θ = 90° corresponds to complete
lying-down adsorption of an ovispirin-1 peptide on the surface,
it is 0 or 180° when an ovispirin-1 peptide has a totally stand-
up adsorption. As shown in Figure 6, peptides have an
orientation preference of lying-down on the 10 nm AgNP
surface, consistent with the observation in the case of a flat
surface.50 However, on the surface of the small AgNP (3.2
nm), the adsorbed ovispirin-1 peptides have a wide
distribution of the orientations. Another observation is that
the orientation preference of peptides on the NPs is not as
strong when the surface becomes more hydrophilic. In our
previous CGMD simulations29 of ovispirin-1 adsorption on
AuNP surfaces, which was modeled to be hydrophobic,
peptides are more likely to stand up on the AuNP surfaces
compared with hydrophilic AgNP surfaces in this study.
The number Nads of adsorbed residues at a given cutoff of

the radius (3.1 Å from the 10 nm AgNP surface obtained from
the peak position in Figure 5) was monitored for the 10 nm
AgNP using the final configurations of the CGMD and
atomistic MD simulations. As Figure 7 shows, in the CGMD

simulations where the peptide structure was constrained,
hydrophilic residues (LYS, ARG, and ASN) are in direct
contact with the hydrophilic AgNP surfaces. However, when
the same distribution of beads is reversely mapped to all-atom
residues and relaxed for another 230 ns atomistic MD
simulation to take into account the changes in the peptide’s
secondary structures, the distribution of residues on the AgNP
surface changes. Compared to the CGMD simulations, the
subsequent atomistic MD showed that the hydrophilic
majority of LYS, ARG, and ASN still holds but drops to
∼60%, whereas the percentages of LEU and ILE increase. The
difference in the surface residues’ compositions for the
configurations obtained with CG and atomistic MD simulation
is mainly due to the alternation of peptides’ secondary
structure, which will be discussed in the following section.

Secondary Structure of the Adsorbed Ovispirin-1
Peptides. We further analyze the secondary structural
component distribution in the corona structure of the 10 nm

Figure 5. Peptides’ CG particle beads’ density ρ as a function of the
distance to the AgNP surface (rsurface = r − ri; ri = 1.6 or 5 nm is the
AgNP radius).

Figure 6. Orientation distribution of ovispirin-1 peptides on the
AgNP surfaces simulated in CGMD. Shown in the inset are the
chosen two vectors between which the angle (θ) is calculated. One
directs from the center-of-mass (COM) of the AgNPs to the centroid
of the protein beads and the other does from the N-terminus to the
C-terminus of the corresponding peptide. For the complete standing-
up, θ = 0 or 180° and for the lying-down, θ = 90°.

Figure 7. Distribution of adsorbed residues on the 10 nm AgNP
surface. Nads is the total number of adsorbed residues on the surface
within a cutoff distance of 3.1 Å from the 10 nm AgNP surface.
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AgNP to understand the structural changes of the adsorbed
peptides. Obtained from the all-atom MD simulation of 230
ns, as shown in Figure 8, the secondary structures of peptides

were analyzed using DSSP (database of secondary structure
assignments).51 Compared with the ovispirin-1 peptide in bulk
water, the adsorbed peptides exhibit a structural change
(Figure 8a). In bulk water, ovispirin-1 has two secondary
structure types: α-helix (82%) and coil (18%), whereas the
adsorbed peptides also have 41% α-helix and 32% coil,
including additional four secondary structure typeschain
separator, 3-helix, turn, and bend. Due to the 50% loss of its
initial α-helix, the adsorbed protein gained variations in its
secondary structure. As expected, the changes of secondary
structures of the adsorbed peptides introduce further alteration
of the corona composition, i.e., amino acid residue distribution
on the surface as evidenced in Figure 7.

■ DISCUSSION AND CONCLUSIONS
The formation of the protein corona on NPs affects their
surface properties and applications. Fundamental studies using
computer simulations in this perspective at the molecular level,
which can complement general experimental studies, are
critical to widen NP applications and are essential for
theoretical modeling development. We performed multiscale
simulations to provide insight into the protein corona
formation dynamics and peptides’ structural changes using
the model systems of bare hydrophilic AgNPs and small
ovispirin-1 peptides.
Different microscopic kinetics of peptide adsorption on NPs

were detected in the mesoscopic CGMD simulations,
including the one-step adsorption of a single peptide and
peptide aggregates and multistep adsorption. Analyses of
multiple trajectories of the adsorbed peptides simulated in our
mesoscopic CGMD simulations demonstrated that the entire
process of peptide adsorption on the hydrophilic AgNP
surfaces consists of three stages. More specifically, the
ovispirin-1 peptides initially land on AgNP surfaces via their
several hydrophilic residues to overcome the energy barrier of
the interfacial hydration shell on AgNP surfaces, following the
initial diffusion from the bulk water. Subsequently, the peptides
achieve more contact with the NPs’ surfaces governed by the
large silver−water surface tension and interactions with
preadsorbed peptides on the NP surfaces. Our atomistic MD
simulations also revealed that the structural denaturing of the
adsorbed peptides introduces further changes in the corona
composition, i.e., amino acid residue distribution on the

surface. As the size of NPs decreases, which indicates the
increase of the curvature, peptides can undergo more motions
of adsorption−desorption−readsorption. The packing density
on a smaller NP is higher than that of the large AgNP. Peptides
have a wider orientational distribution on a small NP than on a
large one.
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