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Multi-Scale Computational Insights into West Nile Virus
E-Protein Adsorption on Graphene and Phosphorene
Nanomaterials†

Alessia Papalini,a,b Giorgia Brancolini,∗a‡

The increasing global impact of flaviviruses highlights the critical need for diagnostic platforms, as well
as antiviral therapeutic strategies. In this context, protein–nanomaterial interactions offer valuable
opportunities for the rational design of devices with tailored properties. Here, we investigated the
adsorption of the West Nile virus envelope protein, specifically Domain III, onto two-dimensional
nanomaterials, namely graphene and phosphorene, using an integrated multiscale computational
approach combining Brownian Dynamics docking and extensive Molecular Dynamics simulations.
Docking and MD refinement revealed multiple stable binding orientations on both graphene and
phosphorene. On graphene, adsorption is mainly driven by residues in the C–D loop and C-terminal
region, involving both hydrophobic and charged interactions. In contrast, phosphorene exhibits more
distributed binding, engaging the N-terminal and several loop regions through predominantly polar
and hydrophobic contacts, reflecting distinct adsorption mechanisms for the two surfaces.
Free energy decomposition confirmed that adsorption on both surfaces is thermodynamically favorable
and primarily driven by van der Waals interactions, with phosphorene exhibiting higher stabilization
energies. Structural analyses (radius of gyration, solvent-accessible surface area, and secondary
structure content) indicate that graphene induces stronger but more disruptive binding, leading to a
reduction in β -strand content, whereas phosphorene preserves the protein’s native fold and hydrogen-
bond network, minimizing structural perturbation.
Comparison with experimental data supports these computational findings, suggesting that phospho-
rene achieves an optimal balance between adsorption strength and structural preservation. These
atomistic insights provide a foundation for designing sensitive and selective phosphorene-based
biosensing platform for WNV detection and offer valuable guidance for designing phosphorene-
inspired antiviral therapeutic strategies.

1 Introduction

The growing global threat posed by flaviviruses underscores the
urgent need for sensitive and specific diagnostic platforms, as well
as effective therapeutic strategies.
West Nile virus (WNV) is a mosquito-borne flavivirus within the
Flaviviridae family and the Japanese encephalitis virus serocom-
plex1,2. First isolated in Uganda’s West Nile Province in 1937
from a febrile patient, WNV was initially thought to pose minimal
risk to humans but caused significant mortality in various ani-
mals, including birds, horses, and rodents1. In recent decades,
the virus has seen a substantial rise in human and equine cases.

a Center S3, CNR Institute of Nanoscience, via Campi 213/A, 41125 Modena, Italy.
E-mail:giorgia.brancolini@nano.cnr.it
b PhD National Programme in One Health approaches to infectious diseases and life
science research, Departiment of Public Health, Experimental and Forensice Medicine,
University of Pavia, Pavia, 27100, Italy

Mosquitoes serve as both vectors and intermediate hosts, facilitat-
ing virus amplification before transmission to final hosts1. In hu-
mans, WNV is primarily transmitted via mosquito bites, although
hospital-acquired transmission through organ transplantation, ac-
cidental needle sticks, hemodialysis, and blood transfusions has
also been reported3.
Like other flaviviruses, WNV possesses a positive-sense, single-
stranded RNA genome of approximately 11,000 nucleotides3,4.
This genome is enclosed in an icosahedral nucleocapsid, sur-
rounded by a host-derived lipid bilayer about 50 nm in diame-
ter. The virion membrane contains structural and nonstructural
proteins, with the three structural proteins being capsid (C), pre-
membrane (prM), and envelope (E)4. The E protein, conserved
among flaviviruses, is composed of three domains (DI, DII, and
DIII) linked by a flexible, pH-dependent region, making it a key
target for vaccines and immunotherapy1,5,6.
Among emerging technologies, nanomaterials have attracted con-
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siderable attention in biomedical and biosensing applications due
to their high surface-to-volume ratio, which facilitates efficient
therapeutic loading and molecular interactions7. Within this
class, phosphorene has emerged as a particularly promising two-
dimensional (2D) material because of its high surface area, tun-
able band gap, and excellent charge carrier mobility8–14. Phos-
phorene’s tunable band gap, mechanical flexibility, transparency,
high stability, and ease of functionalization with biomolecules
make it an excellent candidate for sensor applications. Its elec-
tronic properties can be further tuned by varying the number
of layers or introducing defects15–17, while its mechanical ro-
bustness and ambient stability support reliable performance18,19.
Phosphorene nanosheets can also be functionalized with a variety
of biomolecules20, making the study of interactions between viral
proteins and phosphorene highly relevant for sensor design.
Biosensors based on nanostructures have demonstrated great po-
tential for selective virus detection, including coronaviruses21,22

and flaviviruses.23 24

Computational and theoretical approaches have proven valuable
in designing nanomaterial-based sensors, enabling prediction and
optimization of molecular interactions at the nanoscale25–30.
Various nanomaterials, including MoS231, graphene32–35, and
phosphorene36, have been explored as sensing platforms due
to their tunable electronic and surface properties. For instance,
Mukhopadhyay et al.37 studied the adsorption of two dimeric
proteins, HIV-1 integrase and k6 85 repressor protein, on black
phosphorene, showing that interactions depend on phosphorene
orientation, affecting complex stability and highlighting potential
nanotoxicity. Similarly, Mehranfar et al.36 used full-atomistic MD
simulations to study SARS-CoV-2 RBD adsorption on phospho-
rene, finding stable binding without significant secondary struc-
ture changes, supporting phosphorene’s potential for biosensing
and biomedical applications.
Building on these studies, this research investigates the surface in-
teractions of phosphorene nanosheets with the E-protein of WNV,
comparing them with graphene. Graphene’s well-characterized
strong protein interactions via π − π stacking, van der Waals
forces, and hydrophobic effects38–42 provide a benchmark for
evaluating emerging nanostructures like phosphorene.
This study employs a multi-level computational strategy, com-
bining Brownian Dynamics and full-atomistic molecular dynam-
ics (MD) simulations, to investigate the interactions between the
Domain III of the West Nile virus (WNV) E-protein and two
nanomaterials: phosphorene and graphene nanosheets. We fo-
cused on Domain III (DIII) of the WNV envelope (E) protein as
the primary binding site based on structural evidence and ratio-
nal hypothesis.43. Namely, its surface accessibility, antigenicity,
and structural stability make it the ideal target for studying pro-
tein–nanomaterial interactions in the context of biosensor devel-
opment. Using DIII as the primary docking site for adsorption
represents a reasonable and accepted approximation, as DIII is
a structurally autonomous, surface-exposed domain that governs
receptor recognition and molecular binding in the native WNV E
protein.4 44

By comparing a well-established carbon-based material with
a novel phosphorus-based nanomaterial, we analyze contact

residues, binding free energies, and structural stability to eluci-
date similarities and differences in protein–surface interactions.
These molecular-level insights contribute to the rational design
of sensitive and selective phosphorene-based biosensors for WNV
detection. Detailed molecular simulations reveal aspects of pro-
tein–surface interactions that are inaccessible to experiments
alone, offering information on the dynamics, energetics, and
stability of adsorption, orientation, and binding on nanostruc-
tured surfaces. The atomistic results are directly compared with
Raman spectroscopic data on protein–phosphorene complexes45

and protein adsorption data on graphene surfaces38. The consis-
tency between simulation and experiment underscores the predic-
tive capability of the proposed multiscale approach and provides a
reliable foundation for the rational design of advanced nano–bio
interfaces and biosensing technologies.

2 Methodology
To investigate the interaction between the E-protein of WNV and
two model surfaces, graphene and phosphorene, we employed a
multiscale computational approach.
In the first step, we examined the possible orientations of the pro-
tein relative to each surface using Brownian dynamics (BD) sim-
ulations. In the second step, the representative orientations ob-
tained from BD were used as initial configurations for Molecular
Dynamics (MD) simulations, enabling us to explore the protein’s
dynamic behavior on the surfaces.
The structure of the E-protein of WNV was derived from the re-
solved structure of the full E-protein (PDB ID: 2HG0, resolution
of 3 Å). From this structure, residues 299 to 400 were selected to
isolate Domain III.
This domain adopts a β -barrel fold composed of seven antiparal-
lel β -strands. Protonation states were assigned using the H++
server at pH 7.2, resulting in a net charge of zero for Domain
III.46

A salt concentration of 15 mM was applied using the APBS pro-
gram? . The phosphorene surface used in the simulations had
dimensions of 72.9 Å × 71.9 Å and was composed of two lay-
ers, while the graphene surface measured 72.6 Å × 72.6 Å and
consisted of three stacked layers. In the model, phosphorus
and carbon atoms were modeled as uncharged Lennard–Jones
particles.42 47 Compared to lower-dimensional phosphorene or
graphene nanostructures (quantum dots or nanoribbons), the ex-
tended 2D sheets studied here are free from electronic confine-
ment and edge effects, which are known to strongly influence
electronic structure, adsorption energetics, and charge redistri-
bution in finite systems. Consequently, our approach isolates the
intrinsic protein–surface van der Waals interactions without edge-
or confinement-induced contributions, in contrast to earlier re-
ports on confined phosphorene and graphene derivatives.48 49

The atomistic model used for the surface was based on the ex-
perimental evidence available for phosphorene15 and graphene
nanosheets.50 Dynamic light scattering (DLS) measurements re-
ported diameters of phosphorene particles in the range of 60–80
nm.51. These values correspond to equivalent spherical diame-
ters, since DLS estimates the size by relating the translational dif-
fusion coefficient to that of a sphere, even though phosphorene
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Fig. 1 Components of the studied system: Figure A depicts E-protein of
WNV, and in red Domain III, residues 299 to 400. Figure B illustrates
the phosphorene surface, while Figure C represents the graphene surface,
with two and three layers, respectively.

is formed by stacked 2D layers and is therefore not spherical in
nature.51 Similarly, DLS measurements of graphene nanosheets
obtained by ultrasonic exfoliation of graphite reported hydrody-
namic diameters in the range of 170–190 nm.50

Given these experimental dimensions, and considering that the
protein has an approximate diameter of only 3 nm, the protein
perceives the phosphorene and graphene surface locally as flat.
This justified the use of a flat surface model in the simulations.

2.1 Brownian Dynamic Docking
To determine the optimal orientations of the protein relative to
the two surfaces, Brownian dynamics (BD) simulations were per-
formed using the SDA 7.3.0 software.52 53

In these calculations, both the protein and the surface were mod-
eled as rigid bodies. A total of 5000 trajectories were generated,
with the surfaces held stationary while the protein was translated
and rotated along the z-axis.
The ProMetCS implicit solvent model was employed. Each trajec-
tory was initiated from an 80 Å separation between the centers of
mass of the protein and the surface, ensuring negligible protein-
surface interaction energy at the starting point.54

The relative translational diffusion coefficient was set to 0.0123 Å
2 ps−1 , and the protein’s rotational diffusion coefficient was 1.36
x 10−4 rad2 ps−1, as calculated with HydroPro.55

Simulations were carried out with a rectangular box, with x
and y dimensions defined as input parameters. Desolvation and
electrostatic parameters were applied according to a well stab-
lished scheme, with hydrophobic desolvation forces set to -0.013
kcal/mol/Å2, electrostatic desolvation forces to 1.67 kcal/mol/Å2,
and the electrostatic potential to 0.5 kcal/mol/Å2.56

Following the simulation, a single-linkage clustering algorithm
implemented in SDA was applied to group the orientations based
on Cα RMSD, using a cutoff of 3 Å. This value was chosen as a
structural clustering threshold that balances within cluster simi-

larity and sufficient cluster separation.57 This yielded the mini-
mal number of distinct orientations across the trajectories. The
simulation protocol were identical for all the protein–graphene
and protein–phosphorene systems. For each system, four orien-
tations were obtained; the four most populated and structurally
distinct orientations were selected for subsequent molecular dy-
namics analyses.

2.2 Protein-Surface Molecular Dynamics

After initial docking, Molecular Dynamics (MD) simulations sim-
ulations were conducted to assess the stability of the protein-
surface complexes obtained from BD simulations. All MD simula-
tions were performed using the GROMACS 2022.358 59 package
with the OPLS/AA60 force field applied to both the protein and
the surface, together with the SPC/E water model.61

The Particle-Mesh-Ewald (PME) method combined with the Ver-
let cutoff scheme was used for long-range electrostatic interac-
tions.62 The cutoff for interactions is set to 1.10 nm for electro-
statics and van der Waals,with energy and pressure corrections
applied. The neighbor list was updated every 10 steps using a
spatial grid. A time step of 0.001 ps 1 fs was employed with the
Leap-Frog integrator, and all covalent bonds involving hydrogen
atoms were constrained using the LINCS algorithm.63

Each simulation followed the same protocol: an initial energy
minimization using the steepest descent algorithm, followed by a
50 ns equilibration in the NVT ensemble at 300 K using a Berend-
sen thermostat64. No NPT equilibration was performed to the
presence of the rigid surface.
During equilibration, the protein and solvent were allowed to
move freely while the surface atoms were kept fixed. Temperature
coupling was applied using velocity rescaling.65 Subsequently,
production MD simulations were performed for 500 ns at 300
K, with the surface atoms (both phosphorene and graphene) kept
fixed.
For the simulation setup, a rectangular box was constructed for
each system: 71.9 Å x 72.9 Å x 100 Å for phosphorene and 71.6
Å x 71.6 Å x 100 Å for graphene. The surface geometries were
first optimized at the DFT level using Quantum ESPRESSO66 and
then replicated to construct the atomistic models, ensuring phys-
ically realistic atomic structures.
The protein’s center of mass was initially placed 30 Å above the
surface prior to solvation, ensuring equilibration in solvent while
maintaining the orientations obtained from docking.
The Lennard-Jones parameters for surface atoms were modified
from the standard OPLS/AA values. For phosphorene, σ = 3.33 Å
and ε = 1.6720, kJ/mol were used, based on calculations by the
Ballone and Jones research group47. For graphene, σ = 3.39 Å
and ε = 0.360, kJ/mol42 were applied. This approach accounts for
the intrinsic differences between the two materials while avoid-
ing force-field inconsistencies.
For each of the four orientations identified in the BD simulations,
five independent MD simulations (d1 − d5) with different initial
velocity seeds were performed to improve statistical sampling and
accuracy.
Thus we performed a clustering analysis on the generated tra-
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jectories. Specifically, for each of the twenty independent simu-
lations (500 ns each), the last 10 ns were extracted and subse-
quently concatenated into a single reference trajectory. Cluster-
ing was performed using the GROMOS algorithm, with a cutoff of
0.25 nm. This value allowed us to identify the structural clusters
most representative of the configurations assumed by the protein
in proximity to the two surfaces considered. Smaller (0.20 nm)
and larger (0.30 nm) cutoffs were also tested: the smaller cut-
off led to excessive fragmentation into smaller clusters, while the
larger cutoff led to the merging of structurally distinct poses. Ta-
bles 4 and 5 show the centroids of each obtained cluster with the
corresponding population probability. For each centroid, contact
residues with a distance < 3.5 Å are also highlighted. In addition,
we measured the contact probability; that is, for each amino acid
residue, we counted the frequency of direct interactions with the
two surfaces during the entire 500 ns of the simulations. This
analysis is shown as histograms in Fig. 4.

Structural analyzes (RMSF, radius of gyration, solvent-
accessible surface area, and secondary structural content) and
free energy decomposition calculations were performed on the
entire trajectories and then divided into their corresponding clus-
ters. All results were analyzed using Python code and Visual
Molecular Dynamics (VMD) software to visualize the trajectories
and create the images.67

3 Results and discussion

3.1 Docking of E-protein onto surfaces

Brownian dynamics (BD) simulations were performed to deter-
mine the initial binding orientations of E-protein on the graphene
and phosphorene surface, respectively. To identify the most com-
mon binding orientations, a single-linkage hierarchical clustering
algorithm was applied to the 5000 frames of protein-surface en-
counter complexes based on their spatial arrangement.68 Struc-
tures were clustered using a 3 Å of Cα atoms. Each cluster was
represented by the structure most central to its members and
ranked according to the interaction energy of that representative.
The representative structures for both graphene and phosphorene
are shown in Figure 2. The accuracy and robustness of this ap-
proach have been validated in previous studies.54 69 70

In both cases, four distinct orientations were identified. Three of
these were common to both surfaces, although their distribution
and stability varied, whereas the fourth orientation differed be-
tween the two systems.
The total interaction energy was decomposed into three main
contributions: the van der Waals energy, described by the
Lennard-Jones potential (ELJ), the protein desolvation energy
(Udes) and the nonpolar (hydrophobic) desolvation energy (Uh).
These interaction energy contributions, together with cluster sizes
and contact residues of the most populated orientations for both
graphene and phosphorene, are reported in Table 1. Contact
residues are defined as those within a distance of d 3 Å from the
surface.
Among the terms, the Lennard-Jones component dominates the
interaction energy, whereas the hydrophobic contribution ac-
counts for less than 10 % the total energy. This analysis demon-

strates that protein–surface interactions are primarily driven by
van der Waals forces, with only a minor role played by hydropho-
bic effects.
Figure 2 illustrates the most common protein-surface complex
structures: panel A shows complexes on graphene, while panel
B shows complexes on phosphorene.

Graphene. In the selected starting geometry, the protein ap-
proaches the graphene layer with both its longest axis oriented
perpendicular and horizontal to the surface, which reflects the
preferred adsorption mode.
Among the possible docking positions, A and D appears much
less frequently than B and C, primarily because pose A is associ-
ated with higher desolvation penalties and therefore less favor-
able stabilization and D has a low Lennard-Jones. In pose B,
residue PHE379 aligns its aromatic ring parallel to the graphene
surface, maximizing π −π stacking interactions. This interaction
is further stabilized by GLY380, which contributes additional sur-
face contacts. In pose C, stabilization is instead dominated by the
aromatic ring of HIS310, supported by the hydrophobic residues
ALA316, GLY313, and GLY319, together with charged residues
LYS370 and ASP317. These complementary contributions high-
light how different poses exploit specific combinations of aro-
matic, hydrophobic, and charged residues to optimize binding
with the graphitic surface.

Fig. 2 Representative orientations of the four clusters identified after
BD docking of the E-protein and the two surfaces, graphene in gray
and phosphorene in orange. Residues within 3.5 Å of the surface are
highlighted in licorice.

Phosphorene. Among the observed docking positions, pose
B occurs more frequently than A, C and D, indicating it is the
most representative adsorption orientation. In this orientation,
PHE379 orients its aromatic ring parallel to the phosphorene
sheet, optimizing π −π stacking interactions. GLY380 further re-
inforces the interaction by establishing supplementary contacts
with the surface, while the polar residues SER345 and THR350
also contribute through additional surface interactions, thereby
strengthening the overall stabilization.

By contrast, in pose A, the dominant stabilizing interactions
involve the aromatic ring of HIS396, along with the charged
residues LYS310 and GLU390. Similarly, pose C is stabilized
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Table 1 Complexes resulting from BD docking between the two surfaces and Domain III of the E-protein
a: total interaction energy of cluster in kT with T = 300 K
b: surface desolvation energy, in kT
c: nonpolar (hydrophobic) desolvation energy, in kT
d : Lennard-Jones energy term,
e: Residues with atoms contacting graphene at distances < 3.5 Å

Graphene

Label Ua
tot Ub

des Uc
h LJd Cluster size (%) Contact residuese

A -84.10 11.19 -7.95 -87.34 16 LYS310 THR314 TYR383 GLU390 ASN394 HIS396

B -70.31 5.37 -7.09 -68.59 51 SER345 THR350 PHE379 GLY380

C -68.00 4.16 -6.22 -65.94 32 GLY313 THR314 ALA316 ASP317 THR318 GLY319 HISE320 LYS370

D -68.07 4.12 -6.21 -65.98 1 LYS307 THR330 THR332 ALA367 ASN368 GLU390

Phosphorene

Label Ua
tot Ub

des Uc
h LJd Cluster size (%) Contact residuese

A -92.90 4.47 -7.78 -89.58 25 LYS310 THR314 TYR383 GLU390 ASN394 HIS396

B -84.59 2.51 -7.38 -79.72 61 SER345 THR350 PHE379 GLY380

C -81.56 2.16 -6.88 -76.85 13 GLY313 THR314 ALA316 ASP317 THR318 GLY319 HISE320 LYS370

D -80.12 4.26 -8.33 -76.05 1 THR301 TYR302 LYS307 THR332 ASP333 ALA365

with a contact of HIS320 along with LYS370 and ASP317 and
pose D only rarely seen. In pose B, the protein generally
adopts a perpendicular orientation relative to the phosphorene
plane, reflecting the preferred adsorption geometry for maxi-
mizing residue–surface interactions. Because graphene is more
hydrophobic than phosphorene, we expect an enhanced con-
tribution from aromatic rings of unpolar residues at the pro-
tein–surface interface. Also, it is important to remark that the
docking simulations do not allow protein relaxation in solvent;
to assess whether these residues remain stably engaged in pro-
tein–surface interactions, we employed molecular dynamics sim-
ulations, as will be described in the next sections.

3.2 Molecular Dynamics of Protein-Graphene Complexes

For each of the four representative complexes obtained from the
rigid-body BD simulations, five independent molecular dynamics
(MD) simulations were performed with different initial velocity
seeds (d1 −d5).
All MD simulations followed the same protocol and parameters
as described in the Methodology section.
The main results of this analysis are summarized in Table 2.
The first column lists the four different docked complexes along
with the initial simulation seeds used for each simulation.
The second column indicates whether each trajectory preserved
the initial orientation of the complex or converted to a different
pose. To assess the stability of each orientation, the final frame
(third column) is reported to determine how closely the final
structure aligned with the initial configuration. For clarity in the
analysis, each complex is color-coded based on its sequence, with
the N-terminal region in red and the C-terminal region in blue.

Complex A: two out of five simulations retain the starting pose,
while the other three simulations converge to pose B.
Complex B: three simulations maintain the initial orientation,
while the other two convert to poses A and C.
Complex C: only one out of five simulations retains the initial
orientation, while the others convert to poses A, B, and a new
pose E.
Complex D: none of the simulations maintain the initial orien-
tation; two convert to poses C and the other are converting to a
new pose E.
From the simulations with different initial orientations, it has
emerged that despite initial differences, complexes display com-
mon behaviors related to protein stability and the residues most
frequently involved in interactions with the surface. Overall,
most simulations do not result in radical changes to the final
position; some simulations maintain the same initial orientation,
while others converge to new poses distinct from their starting
configurations or poses which were already seen from other
initial orientations.

Overall, most of the relaxed complexes tend to re-orient to
adopt a horizontal orientation rather than a vertical one. In the
simulation, Complex A remains stable or is converted to Com-
plex B, while Complex B is mostly stable or converted to Com-
plex A, without major changes in the overall surface-interacting
residues, except for Complex C (d3). In contrast, Complex C dis-
plays greater variability, converting in poses A and B, and a new
pose named E. Complex D, consistently disregards its initial pose,
converting instead to poses C and pose E where the N-terminal
region is the main contact point.
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In Figure S1 of the SI, we additionally report the RMSD profile
for each trajectory, confirming that stable structural regions ex-
hibit no major fluctuations, as reported in figure S1.

Table 2 Final orientations of the E-protein-Graphene complexes obtained
after 500 ns of MD simulations.
1: Complex label (from docking with different seeds).
2: Final orientation relative to the initial pose.
3: Structure in the final frame.

Label1 Final orientation2 Last frame3

A (d1) Stable

A (d2) Converted to B

A (d3) Converted to B

A (d4) Stable

A (d5) Converted to B

B (d1) Stable

B (d2) Stable

B (d3) Converted to A

B (d4) Converted to C

B (d5) Stable

C (d1) Converted to E

C (d2) Converted to A

C (d3) Converted to B

C (d4) Stable

C (d5) Converted to A

D (d1) Converted to E

D (d2) Converted to E

D (d3) Converted to C

D (d4) Converted to C

D (d5) Converted to E

In Figure S2, we report the radius of gyration (Rg) along the
trajectory (gray), is compared with the radius of gyration for the
protein in water (black), which further support these findings:
vertically oriented complexes show Rg values comparable to the
protein in water, whereas horizontally oriented complexes display
higher Rg values. Fig. S8 summarizes the horizontal–horizontal
and vertical–vertical trends across graphene and phosphorene.
This indicates that when the protein relax horizontally the inter-

action with the surfaces involves more residues, and it tends to
induce a loss of compactness observed in water, indicating that
the surface interactions significantly influence the protein’s con-
formation.
To summarize, simulations from different initial orientations re-
veal common patterns of stability and surface binding. Most com-
plexes either retain their initial pose or converge to a limited set
of recurring orientations.

3.3 Molecular Dynamics of Protein-Phosphorene Complexes

The same simulation protocol has been applied to the four rep-
resentative protein-phosphorene complexes identified from the
rigid-body BD simulations, running five independent molecular
dynamics (MD) simulations, with different initial seeds (d1 −d5).
All MD simulations followed the same protocol and parameters
as described in the methodology section.
The main results of this analysis are summarized in Table 3.
From the analysis of twenty simulations starting with different
initial orientations, common behaviors regarding the stability of
protein poses and the residues most frequently interacting with
the surface, have emerged. By analyzing the final orientations, it
can be observed that starting from a defined initial orientation,
the final pose rarely shows drastic changes: most trajectories
either maintain the docking pose or converge to a limited set of
alternative orientations.
Complex A: two out of five simulations retain the initial orien-
tation, while the remaining three simulations converge to pose
B and to new pose, named pose E that was not observed in the
docking.
Complex B: all five simulations preserve the initial orientation.
Complex C: four of five simulations remain in the starting pose,
with only one converting to pose A.
Complex D: three simulations maintain the starting orientation,
while the other two converge to poses C and a new pose E.
RMSD analysis confirm that the final poses correspond to stable
regions of the trajectory, without major fluctuations, as reported
in figure S3.
The Rg further distinguishes orientations: proteins in vertical
orientations show Rg values nearly identical to those in water
(e.g., complex B, d1–d3), whereas horizontal orientations yield
noticeably higher Rg values (e.g., complex A, d2–d3; complex D,
d4), as reported in figure S4. The cross-material comparison of
horizontal versus horizontal and vertical versus vertical trends is
presented in Fig. S8.
As observed previously for graphene, this effect is also evident
on the phosphorene surface, where horizontal poses promote
a larger contact area involving more residues. This extensive
interaction with the surface alters the overall shape of the
protein, leading to reduced compactness compared to the protein
in solution.

Overall, despite different initial orientations, the complexes
converge toward a binding mode defined by recurring contact
regions, underscoring the protein’s ability to stabilize the interac-
tions with the phosphorene surface.
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Table 3 Final orientations of the E-protein-phosphorene complexes ob-
tained after 500 ns of MD simulations.
1: Complex label (from docking with different seeds).
2: Final orientation relative to the initial pose.
3: Structure in the final frame.

Label1 Final orientation2 Last frame3

A (d1) Converted to E

A (d2) Stable

A (d3) Stable

A (d4) Converted to B

A (d5) Converted to B

B (d1) Stable

B (d2) Stable

B (d3) Stable

B (d4) Stable

B (d5) Stable

C (d1) Stable

C (d2) Stable

C (d3) Stable

C (d4) Converted to A

C (d5) Stable

D (d1) Stable

D (d2) Converted to C

D (d3) Stable

D (d4) Converted to E

D (d5) Stable

3.3.1 Comparison between graphene and phosphorene

To compare the adsorption behavior of the E protein on graphene
and phosphorene, an initial analysis was carried out based on the
clustering of the protein trajectories on the two surfaces.
Clustering analysis on the E protein trajectories on graphene
identified four representative binding orientations (Table 4).
Three of these configurations (clusters 1, 2 e 4) correspond
to docking-predicted poses (B, A, and C, respectively), while
cluster 3 represents a newly identified binding mode (pose E).
The contact analysis reveals that residues involved in surface

interactions vary among clusters, indicating multiple stable
adsorption geometries. Overall, graphene exhibits a slight
preference for horizontal over vertical orientations, suggesting
that extended surface contacts are energetically favored.

Key interaction regions include the C–D loop (residues
344–352) and the C-terminal segment (379–400) in Cluster 1,
as well as strand A and the C-terminal region in Cluster 2. In
contrast, the N-terminal region (residues 299–303) is involved
in both Clusters 3 and 4, together with the F–G loop (residues
388–392) in Cluster 3 and the B–C (residues 330-335) and D–E
loop (residues 364-368) in Cluster 4.

Clustering analysis on the trajectories on phosphorene, in con-
trast, identified five representative binding orientations (Table 5).
Among them, cluster 1 is the most populated (50%), indicating a
dominant and stable adsorption geometry. Four of the five clus-
ters correspond to docking-predicted complexes: cluster 1 to com-
plex B, cluster 2 to complex D, cluster 3 to complex A, and cluster
4 to complex C, while cluster 5 represents a newly identified bind-
ing pose (pose E).

The contact analysis reveals that the key interacting residues
are primarily located within the C–D loop (residues 344–352),
the E–F loop (residues 377–380), and the C-terminal segment
(residues 379–400) in the preferred Cluster 1, with additional
contributions from the A strand in Cluster 3. In contrast, the
N-terminal region (residues 299–303) is involved in both Clus-
ters 2 and 5, together with the B–C (residues 330-335) and
D–E loops (residues 364-368) in Cluster 2, and the F–G loop
(residues 388–392) and C–D loop (residues 344-353) in Cluster
5. Cluster 4, instead, primarily interacts through the D–E loop
(residues 364-368). Thus, phosphorene promotes a diverse but
well-defined set of adsorption geometries, dominated by a single
stable orientation and characterized by consistent loop and termi-
nal contacts that stabilize the protein–surface complex whereas
graphene supports multiple adsorption geometries with a modest
preference.
Figure 3 reports the RMSF analysis, comparing protein flexibility
on the two surfaces to that in water.
In the case of graphene, in Figure 3B, the RMSF values showed a
more marked fluctuation of the adsorbed protein compared to the
RMSF value of the protein in water (in black in the graph). In par-
ticular, in the figure we can observe more amplified peaks (with
respect to the value in water) in correspondence with residues
319 of A-B loop, 347 of C-D loop , 367 of D-E loop and 390 of F-G
loop.
In the case of phosphorene, in Figure 3C, we observe a peak more
amplified than in the case of water in residue 319 of A-B loop and
347 of C-D loop.

While, for the residues in the region 363-367 of the D-E loop,
we can observe that the peaks are less marked with respect to the
values that the protein exhibits in water. This region is likely one
in which the RMSF decreases across all simulations, reflecting the
stabilization of the protein on the surface through the loop.
From these results, it can be concluded that the interaction of
the protein with graphene induces a greater degree of structural
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Table 4 Representative orientations of the four clusters obtained by clustering protein E on graphene. Residues within 3.5 Å of the surface are
highlighted in licorice and colored according to residue type. Additionally, all contact residues for each cluster are shown. In residue labels, HISE
denotes histidine protonated at the ε-nitrogen, HISD denotes histidine protonated at the δ -nitrogen, and HISH indicates fully protonated histidine.

Cluster 1 (38 %) Cluster 2 (24 %) Cluster 3 (23 %) Cluster 4 (15 %)

Contact residues (< 3.5 Å )

ALA344 SER345 ASN347 PHE311 LEU312 THR314 THR300 THR301 TYR302 THR300 THR301 TYR302 THR332

ASP348 THR350 VAL352 GLU390 GLN391 GLN392 GLY303 VAL304 SER306 ASP333 PRO335 VAL358 ASN359

PHE379 GLY380 SER400 ILE393 ASN394 HISD395 ASN347 ASP348 ARG388 PHE361 VAL362 SER363 ALA365

HISH396 TRP397 HISE398 GLY389 GLU390 THR366 ASN368 ALA369

Fig. 3 (A) Cartoon representation of the protein highlighting the sec-
ondary structural elements Strand A (res. 309–316), Strand B (res.
323–330), Strand C (res. 336–343), Strand D (res. 354–363), Strand
E (res. 369–376), Strand F (res. 381–387), Strand G (res. 388–400),
together with the loop regions connecting them (A–B, B–C, C–D, D–E,
E–F, and F–G).
(B) RMSF values of the protein interacting with graphene for the four
most representative clusters (colored lines) compared to the free protein
in solution (black line).
(C) RMSF values of the protein interacting with phosphorene for the five
most representative clusters (colored lines) compared to the free protein
in solution (black line). In B and C, the β -strand structures of the protein
are shown in light gray, together with the loop regions connecting them
(A–B, B–C, C–D, D–E, E–F, and F–G).

destabilization compared to phosphorene. This trend is consis-
tent with previous observations by Mehranfar et al.36, who re-
ported reduced flexibility of the RBD on phosphorene relative to
graphene, associated to higher stability on the phosphorene sur-

face.
We compared the interactions of the protein with graphene and

phosphorene surfaces, by examining the contact probability in the
two nanomaterials.
Figure 4 shows the percentage of residues contacting each sur-
face across different simulation runs. Results show that certain
regions displayed higher contact frequencies. The contact proba-
bility threshold was chosen to facilitate the comparison between
the two nanomaterials and to highlight the regions of the pro-
tein that present a higher probability of interaction, considering
residues in contact within a distance of 3.5 Å.
For graphene, the main contact regions were residues 346-352
(C-D loop) and residues 397-400 (C-terminal). These residues in-
cluded charged residues (ASP348, HISH396, HISE398, LYS399),
along with hydrophobic and polar residues.
For phosphorene, the most frequent contacts occurred at residues
364-369 (D-E loop) and 299-302 (N-terminal region). Overall,
contact probabilities were generally lower than on graphene, in-
dicating greater variability in protein-surface interactions. Unlike
graphene, the residues most often in contact with phosphorene
were predominantly polar and hydrophobic, with a little contri-
bution from charged residues.

To analyze the binding stability of the protein with respect to
the two surfaces, the free energy was calculated using GROMACS
MMPBSA.71 72

The total binding energy is determined as:

Etotal = Ecomplex – (Eprotein + Esur f ace)

The terms contributing most significantly to the total energy
are the Van Der Waals (VDW) component of the molecular me-
chanical energy and the polar solvation energy, which was es-
timated using the Poisson-Boltzmann model. The MMPBSA
method, has shown broad applicability and reliability in esti-
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Table 5 Representative orientations of the four clusters obtained by clustering protein E on phosphorene. Residues within 3.5 Å of the surface are
highlighted in licorice and colored according to residue type. Additionally, all contact residues for each cluster are shown. In residue labels, HISE
denotes histidine protonated at the ε-nitrogen, HISD denotes histidine protonated at the δ -nitrogen, and HISH indicates fully protonated histidine.

Cluster 1 (50 %) Cluster 2 (18 %) Cluster 3 (12 %) Cluster 4 (10 %) Cluster 5 (10 %)

Contact residues (< 3.5 Å )

ALA344 SER345 ASN347 GLY299 THR300 THR301 LYS310 PHE311 HISE320 VAL358 THR300 GLY303

ASP348 THR350 VAL352 TYR302 GLY303 VAL304 LEU312 THR314 ASN359 PHE361 VAL304 ASN347

PHE379 GLY380 ASP381 THR332 ASP333 GLY334 THR330 GLU390 SER363 VAL364 ASP348 LEU349

HISE398 SER400 PRO335 SER363 VAL364 GLN391 ILE393 THR366 ASN368 THR350 ARG388

THR366 HISD395 LEU372 GLY389 GLU390

Fig. 4 Contact probability of E-protein residues and the surfaces of the two nanomaterials. Graphene on the left, phosphorene on the right. The
histogram shows the percentage probability of residues being in contact with the surfaces. The red line indicates the 35% threshold for frequent
interactions. The β -strand structures of the protein are shown in light gray, along with the loop regions connecting them (A–B, B–C, C–D, D–E, E–F,
and F–G)

mating binding free energies across a variety of biomolecular
systems, including protein/ligand systems, DNA/ligand systems,
RNA/ligand systems, and even carbohydrate systems.73 74 In the
MMPBSA method, the interaction energy is calculated by combin-
ing molecular mechanics, an implicit solvation model based on
Poisson–Boltzmann, and a surface area term.75 While it does not
yield highly precise absolute energies, it reliably captures qual-
itative differences in binding strength and stability. Therefore,
this study uses MMPBSA for a comparative analysis of E protein
adsorption on graphene versus phosphorene, providing an indica-
tive rather than definitive absolute values of interaction energies.

Table 6 summarize the average energy terms for each cluster.

In the gas phase, the formation of the complex is thermody-
namically favorable. In the solvated phase, the solvation free
energy penalty, accounts for the energetic cost of transferring
the protein–surface complex from vacuum to solvent. It includes
both polar contributions (estimated with the Poisson–Boltzmann

model, arising from electrostatic interactions with the solvent)
and nonpolar contributions (associated with cavity formation
and hydrophobic effects). However, in the solvated phase,
∆GSOLV is positive for all cases, indicating that solvation weakens
protein–surface interactions. Despite this penalty, the overall
total energy (∆GTOT ) remains negative, confirming that adsorp-
tion onto both graphene and phosphorene is thermodynamically
favorable. Interestingly, phosphorene clusters had higher binding
energies than graphene, suggesting stronger stabilization.

These findings are consistent with previous reports by Mehran-
far36, which also indicate that phosphorene generally stabilizes
protein complexes more effectively than graphene, largely due
to a combination of electrostatic and van der Waals interactions.
To further probe stability, we analyzed solvent-accessible surface
area (SASA) and internal hydrogen-bond interactions (H-bonds)
The SASA analysis (Figure S5a) shows that adsorption onto
graphene or phosphorene slightly increases the protein’s solvent-
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Fig. 5 The average values calculated in the last 50 ns of the gyration radius in A) for graphene (gray) and phosphorene (orange) in comparison with
the protein in water (black). In B) Percentage of β strand respect of all secondary structure element, calculated in the final 50 ns, for graphene (gray)
and phosphorene (orange), with the initial point (in magenta).

Table 6 Binding free energy decomposition of the protein–surface com-
plex, calculated in the last 50 ns. (∆GGAS) corresponds to the gas-phase
contribution (dominated by van der Waals interactions), (∆GSOLV ) is the
solvation free energy penalty (polar and nonpolar terms), and (∆GTOT ) is
the total binding free energy (∆GGAS + ∆GSOLV ). The free energy value in
kcal/mol calculated for each clusters both for graphene and phosphorene

Graphene

Cluster ∆GGAS ∆GSOLV ∆GTOT

1 −85±16 24±5 −59±13

2 −125±6 35±2 −90±5

3 −111±7 30±4 −81±4

4 −137±15 34±8 −102±7

Phosphorene

Cluster ∆GGAS ∆GSOLV ∆GTOT

1 −105±10 31±4 −73±7

2 −115±11 29±3 −85±10

3 −188±40 50±13 −137±25

4 −146±23 39±9 −107±15

5 −143±14 36±5 −106±9

accessible surface, reflecting its adsorption onto the surfaces. No-
tably, graphene induces higher SASA values across all clusters
compared to phosphorene, likely due to larger surface-induced
exposure. Hydrogen bond analysis (Figure S5b) reveals no sig-
nificant disruption of the protein’s internal H-bond network upon
surface adsorption, with the exception of poses 3 (graphene) and
5 (phosphorene), which show slightly higher H-bond counts than
the protein in solution. Figure 5 compares the radius of gyration
(Rg) and the percentage of β -strand elements for graphene (gray)
and phosphorene (orange). Horizontally adsorbed clusters, exibit
larger radii of gyration Rg than vertically adsorbed clusters for
both graphene and phoshporene. For instance, in Figure 5a, this
difference is clear when comparing cluster 2 (vertical) and cluster

3 (horizontal) on phosphorene. The comparison between hori-
zontal versus horizontal and vertical versus vertical trends across
both materials, is shown in Fig. S8. The results show consistent
behavior in both systems: vertical poses always exhibit smaller
radii of gyration (Fig. S8A) and higher β -strand content (Fig.
S8B) than horizontal poses. Similarly, horizontal poses consis-
tently display higher total energy (Fig. S8C) and are stabilized by
a larger number of contact residues (Fig. S8D), indipendently by
the material specificity.

Figure 5b shows the β -strand content at the start (magenta)
and end of the simulations (gray for graphene, orange for phos-
phorene), see Figures S6–S7 for individual trajectories. Clusters
with higher Rg generally display greater β -strand loss, as seen
for cluster 3 for phosphorene. On graphene, 2 and 4 exhibit the
largest reductions, together representing 50% of poses, whereas
on phosphorene only cluster 3 shows a notable decrease ( 30%
of simulations). Overall, phosphorene induces less disruption of
β -strand elements than graphene, suggesting that while interac-
tions with graphene are stronger, they also lead to greater struc-
tural destabilization. In contrast, interactions with phosphorene
are weaker and more reversible, preserving the secondary struc-
ture more effectively. These results suggest that phosphorene is
more biocompatible than graphene, preserving protein secondary
structure and making it a more promising material for therapeutic
and diagnostic applications.

3.3.2 Comparison of simulations with experiments

We compared the interactions of protein E with graphene and
phosphorene surfaces by analyzing residues that consistently con-
tacted each material across all molecular dynamics simulations.
Figure 4 present the percentage of contacting residues for each
surface over different simulation runs. Notably, specific regions
exhibited markedly higher contact frequencies, suggesting pre-
ferred binding motifs.
To refine this analysis, in Table 7 we introduced an Enrichment
value rather than reporting simple contact probabilities. This de-
scriptor accounts for both the number of residue–surface contacts
and the total abundance of each residue type within the protein
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sequence.

Table 7 Residue enrichment: Comparison of graphene and phosphorene.
The residues considered for this analysis were taken from the 4 and 5
tables. An enrichment value of 0 indicates that the residue never comes
into contact with either surface, while values greater than 1 indicate a
preferential interaction for that type of residue.

Residue Graphene Residue Phosphorene

ASN 2.49 ASN 1.82

HISH 2.49 ASP 1.82

TRP 2.49 PHE 1.82

PHE 1.87 THR 1.70

GLN 1.66 HISE 1.62

HISE 1.66 ARG 1.21

THR 1.49 GLY 1.10

SER 1.42 SER 1.04

ALA 1.24 LEU 0.91

ARG 1.24 GLN 0.81

ASP 1.24 TYR 0.81

TYR 0.83 VAL 0.75

VAL 0.77 GLU 0.61

GLY 0.68 ILE 0.61

GLU 0.62 LYS 0.49

ILE 0.62 ALA 0.40

PRO 0.36 PRO 0.35

LEU 0.31 CYS 0.00

CYS 0.00 HISH 0.00

LYS 0.00 TRP 0.00

For example, if five PHE residues interact with phosphorene
but only six PHE residues are present in the protein, this indi-
cates a stronger enrichment than if five out of ten VAL residues
were involved. Enrichment values greater than 1 therefore de-
note a preferential interaction for that residue type. For phos-
phorene, the most enriched residues include GLY and PHE (hy-
drophobic), THR, ASN, and HISE (polar), as well as ASP and
ARG (charged). Among these, PHE, ARG, and HISE were also
identified by Rinaldi et al.45 as key interacting residues due to
their bulky side chains. Comparison between the experimental
Raman spectra of lysozyme-phosphorene complexes and the com-
putational interaction map of the WNV E protein further supports
these results. Raman shifts associated with aromatic residues
(TRP, TYR, PHE) and backbone modes point to strong π–π and
hydrophobic interactions at the interface. Similarly, our simula-
tions reveal contact clusters enriched in aromatic (PHE, TYR, HIS)
and hydrophobic (LEU, VAL, ILE) residues, confirming phospho-
rene’s affinity for nonpolar and aromatic side chains. The close
correspondence between experimental and computational obser-
vations demonstrates the reliability of our modeling approach in

identifying high-affinity regions and accurately reproducing the
spectroscopic signatures of protein-surface interactions. Although
the experimental comparison is not a direct quantitative valida-
tion of the WNV E protein, it supports the consistency of the pro-
posed interaction mechanism. To extend the transferability of
our findings, we are developing an ab initio derived interfacial
force field for general peptide-surface interactions, which will be
reported in a forthcoming publication. For graphene, the most
enriched residues comprise polar (ASN, THR, GLN), hydropho-
bic (TRP, ALA, PHE), and charged (HIS, ASP, ARG) amino acids.
The contact pattern therefore spans multiple chemical classes, in-
dicating that adsorption is not purely hydrophobic. This trend
partially agrees with the findings of Biggs et al.76, who showed
that adsorption of the graphite-binding peptide GrBP5 at the wa-
ter/graphite interface is primarily driven by hydrophobic and aro-
matic residues, while polar hydroxyl groups contribute to sta-
bilizing the adsorbed state. In our case, the stronger involve-
ment of charged residues suggests a more complex adsorption
mechanism in which hydrophobic interactions dominate anchor-
ing, while electrostatic and hydrogen-bonding effects enhance
interfacial stability. Comparable results were also reported by
Raffaini77, who described cooperative interactions among hy-
drophobic, polar, and charged residues during protein adsorption
on graphite. As observed for albumin subdomains, hydrophobic
residues mediate initial surface attachment, whereas polar and
charged groups stabilize the interface through water-mediated
cooperative effects. Consistent with this picture, our enrichment
analysis identifies ALA, PHE, ASN, THR, GLN, HIS, ASP, and ARG
as the residues most frequently contacting graphene, confirming
that protein adsorption on this surface arises from a synergy of
hydrophobic, electrostatic, and hydrogen-bonding interactions.
Overall, the strong agreement between our phosphorene simu-
lations and Raman experimental data, together with the consis-
tency of the graphene results with literature trends, validates the
robustness of our computational framework. This concordance
confirms that the adopted simulation protocol provides a reliable
representation of protein-nanomaterial interactions, capable of
capturing both the dominant interaction mechanisms and their
experimental manifestations.

4 Conclusion
In this study, we investigated the interactions between the West
Nile virus (WNV) E-protein and two nanomaterials, namely
graphene and phosphorene, using a multi-level computational
approach. By analyzing residue-surface contacts across multi-
ple simulations, we identified preferential binding regions in both
cases.
On graphene, residues in the C–D loop and C-terminal segment
predominantly mediate adsorption, involving both charged and
hydrophobic residues. On phosphorene, interactions are concen-
trated in the D–E loop and the N-terminal region, primarily in-
volving polar and hydrophobic residues. Free energy calculations
indicate that adsorption onto both surfaces is thermodynamically
favorable, with van der Waals interactions being the main con-
tributor. Phosphorene binding clusters exhibit higher stabiliza-
tion energies compared to graphene, despite greater variability in
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contact residues.
Analyses of hydrogen bonding, solvent-accessible surface area,
radius of gyration, and β -strand content reveal that surface ad-
sorption does not disrupt the protein’s internal hydrogen-bond
network or overall solvent exposure. However, graphene induces
stronger but more disruptive interactions, leading to a partial loss
of β -strand content, whereas phosphorene better preserves struc-
tural integrity.
Comparison with available experimental data supports the com-
putational findings, indicating that phosphorene provides a favor-
able balance between adsorption strength and structural preser-
vation. Overall, these results demonstrate that phosphorene
achieves an optimal equilibrium of binding affinity and integrity,
making it a promising candidate for applications where protein
functionality must be maintained. In contrast, graphene exhibits
stronger adsorption but at the expense of secondary structure
stability. These atomistic insights clarify the molecular mecha-
nisms underlying protein–nanomaterial recognition and establish
a generalizable computational framework for the rational design
of biosensors. Beyond WNV detection, this methodology can be
extended to a broad range of flaviviruses and viral biomarkers,
supporting One Health objectives in next-generation diagnostic
development and pandemic preparedness.
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