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Abstract

Capturing nanoscale biological objects in nanochannels depends strongly on surface geometry and
interfacial interactions. However, the spatial and temporal limitations of atomistic simulations prevent the
direct representation of a complete rabies virion. In this study, we used molecular dynamics simulations to
examine the force-driven retention of a reduced rabies-virus model with a characteristic size of
approximately 4 nm in a water-filled platinum nanochannel with non-ideal surface roughness. The
simulated construct was developed from reported rabies-virus structural information but did not reproduce
the complete morphology, envelope, genomic content, or biological functionality of an intact virion. The
atomic interactions were described using DREIDING and Universal Force Field parameters, the TIP3P
water model, the embedded atom method for Pt—Pt interactions, and L.ennard-Jones and Coulombic terms
for interfacial interactions. After 10 ns of canonical equilibration at 300 K, the system underwent a 20 ns
force-driven production stage. Roughness sizes of 35, 37, 40, and 43 A were investigated. Among the four
simulated configurations, the 40 A roughness case produced the largest maximum density (0.187 atom/A3),
the lowest maximum velocity (0.006 A/ps), the largest retained surface-mesh volume (31,118 A3), and the
most negative reduced-model-Pt interaction energy (—469.91 kcal/mol). The simulation-defined retained
fraction for the reduced construct reached 95% at 20-ns. The weaker responses at 43 A indicated a non-
monotonic dependence on roughness size within this model and the investigated geometries. These results
characterized the force-driven behavior of a specific 4-nm construct under the stated simulation conditions;
they did not establish roughness-dependent capture behavior for intact rabies virions or predict experimental
device performance.

Keywords: Reduced Rabies-Virus Model; Molecular Dynamics; Nanochannel; Surface Roughness;
Nanoscale Confinement; Platinum.

1. Introduction

Viral diseases represent and will remain a significant issue for global public health with a range of
transmission routes, ongoing evolution, and the potential to cause significant morbidity and
mortality [1]. Effective management of viral infections depends not only on therapeutic and
vaccination strategies, but also on sensitive detection and, for many analytical platforms, the ability
to capture, enrich, isolate, and characterize viral particles, particularly when their abundance in the
analyzed sample is low [2,3]. Rabies is a special case in that it is inevitably fatal after the onset of

clinical signs, and there is degeneration of the nervous system which spreads relentlessly [4].
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Consequently, rapid identification of viral particles and development of efficient approaches for
their physical separation and capture remain important components of diagnostic and biosensing
research [5]. Given the specific challenges at the nanoscale, interest has grown in nanostructured
devices that can manipulate biomolecules through confinement, interfacial interaction,
electrostatic interaction, and size-filtering transport [6].

Recent developments in viral diagnostics demonstrated that nanoscale materials can considerably
improve the sensitivity and selectivity of conventional detection platforms. For instance, Zeng et
al.[7] also constructed a signal-enhanced lateral-flow immunoassay using core-shell quantum dots
for highly sensitive protein detection, showing the efficacy of hanostructured labels in improving
sensitivity for bioanalyses. Beyond conventional biochiemical analyses, advances in medical
Internet-of-Things technologies opened new ways to acquire, transmit, and process biomedical
information safely. For example, Jin et al. [8] proposed a dynamic encryption scheme for the
medical Internet of Things, highlighting the combined trend of sensing, computation, and secure
medical data storage. It showed that future diagnostic systems combined nanoscopic
capture/recognition principles with intelligent downstream data-processing technologies.

The biological relevance of virus-related technologies extended beyond direct detection because
infection, vaccination, and host immune responses were strongly interconnected. Recent studies
demonstrated that vaccine-induced immune activation can occasionally produce complex systemic
responses. Jia et al. [9] systematically evaluated reported cases of Sweet syndrome following
severe acute respiratory syndrome coronavirus 2 vaccination and discussed possible links with
innate immune activation. Xu et al. [10] similarly investigated the clinical characteristics,
diagnosis, and management of vaccine-associated Vogt-Koyanagi-Harada disease. Zhang et al.

[11] examined reported cases of coronavirus disease vaccine-induced hemophagocytic
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lymphohistiocytosis, further illustrating the multifaceted nature of immune responses to viral
antigens and vaccination. While these works focused on clinical immunology instead of virus
confinement, they illustrated the general biomedical imperative of precise viral detection and the
interaction between biological systems and engineered diagnostic and therapeutic platforms.

Nanotechnology provided an important bridge between such biological requirements and
engineering-based virus management. The sizes of nanoparticles, nanostructured interfaces,
nanopores, and nanochannels were comparable to those of many biological macromolecules and
can therefore lead to significant confinement and surface-interaction effects. Wang et al. [12]
recently developed macrophage-derived biomimetic nanoparticles for light-driven theranostics
against Mpox. Their findings suggest that nanoscale materials can be designed as functional
interfaces that not only passively host viruses but also interact specifically with the biological
context surrounding the virus. Related studies on naturally derived compounds and molecular
bioactivity illustrated the continuing search for molecular structures with biologically relevant
interactions [13]. Collectively, these investigations demonstrated that controlling interactions at
biological interfaces was increasingly important for virus detection, treatment, and nanomedicine.
Nanostructured platforms, particularly nanochannels, were of particular interest because their
confined dimensions enable control of particle transport through steric confinement, surface
forces, local hydrodynamics, and physicochemical interactions [6]. Indeed, recent advances in
nanochannel electrochemical sensing suggest that nanochannels can enhance selective transport
and surface interfacial recognition events, which are key elements of highly sensitive sensing
systems. The interplay among channel geometry, surface topography, and transported species was
particularly interesting because small nanoscale departures from an ideal smooth surface can

significantly alter local fluid flow paths and particle-surface interactions. Surface roughness may
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create a more favorable adsorption area, increase contact likelihood, modify local residence times,
and therefore alter the likelihood that a carried biological species stays in the nanochannel. As a
functional parameter, surface roughness should be included in a device design.

Experimental characterization of these mechanisms was challenging because many events
responsible for nanoscale trapping occur over molecular dimensions and very short time scales.
Molecular dynamics (MD) simulation provided a useful complementary approach because it can
resolve atomic trajectories directly, and quantities such as interaction energy, density distribution,
molecular velocity, temperature (T), radial distribution functions (RDF), and particle displacement
can be determined from simulated trajectories. Previous MD investigations demonstrated the
sensitivity of confined systems to channel geometry and interfacial structure. Zhang et al. [14]
investigated how nanochannel size and structural characteristics affected confined materials and
showed that modifying nanoscale channel geometry can substantially change atomic organization
and transport behavior. MD studies by Cai et al. [15] analyzed molecular behavior around metallic
interfaces and showed that solid-fluid interfacial interactions significantly affect localized
structural and transport properties. These studies focused on nonbiological systems but laid the
foundation for atomic-level studies of how solid-fluid interactions and solid geometry regulated
nanoscale transport.

Despite these advances, the microscopic mechanisms governing virus retention inside non-ideal
nanochannels remained insufficiently understood. Most virus-detection studies focused on
biochemical recognition, optical signals, electrochemical responses, or macroscopic capture
efficiency, whereas the atomic-scale evolution of a virus-like biological structure during
confinement received considerably less attention. Relatively little information exists on how

atomistic-scale surface roughness affects virus-surface interaction, molecular arrangement,
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translation, and residence inside a water-filled nanochannel, or on the optimal roughness, assuming
greater surface irregularity leads to higher binding affinity. However, large geometrical
irregularities may not be preferable, as they may reduce confined-space volume or disrupt fluid
dynamics; they may also create a geometrical barrier to an incoming particle or its transport. A
molecular approach was needed to correlate roughness dimensions with confinement behavior.
For these reasons, the present study investigated how rectangular atomistic surface roughness
affected the force-driven motion and retention of a reduced rabies-virus model with a characteristic
size of approximately 4 nm in a water-filled platinum nanochannel. The molecular construct was
developed using reported rabies-virus structural information, but it was not intended to reproduce
the dimensions, morphology, envelope, genomic content, or complete biological complexity of an
intact rabies virion. Surface roughness was evaluated as an atomistic design parameter by
examining changes in spatial distribution, translational mobility, interaction energy, retained
volume, and residence within the roughness region. Accordingly, the analysis aimed to identify
comparative molecular mechanisms among the simulated geometries rather than predict the
quantitative capture efficiency of a full-size rabies virion.

The resulting molecular information provides a mechanistic basis for understanding how surface
irregularities can alter thie confinement of reduced nanoscale biological models. These comparative
trends may support design hypotheses for nanostructured capture, separation, and biosensing
platforms. However, the dimensions and biological complexity of an intact rabies virion
substantially exceed those of the present 4-nm construct. Therefore, the reported roughness-
dependent responses should be treated as atomistic proof-of-concept observations that require
multiscale modeling and experimental validation before applying them to full-size viruses or

practical nanofluidic devices.
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2. Computational Method

MD simulations were performed using Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS, Version 2020) [16-18] to investigate how atomic-scale surface roughness
affected the force-driven retention of a reduced rabies-virus model in a water-filled platinum
nanochannel. The simulated biological construct had a characteristic size of approximately 4 nm
and served as a computational probe of confinement rather than a dimensionally complete
representation of a natural rabies virion. Avogadro and Packmol were used to prepare the
molecular structure and initial simulation system [19, 20]. The computational procedure included
system construction, definition of atomic interactions, thermodynamic equilibration, force-driven

transport, and trajectory-based characterization of the reduced model.

2.1.System Construction and Simulation Mode!

The simulated system consisted of a reduced rabies-virus model, water molecules, and a non-ideal
nanochannel constructed from Pt atoms. The biological component had a characteristic size of
approximately 4 nm and was developed using the structural information reported previously [21,
22]. Because this construct was substantially smaller and structurally simpler than an intact rabies
virion, we used it only to examine the molecular effects of hydration, confinement, surface contact,
and roughness-dependent retention. It did not reproduce the complete bullet-shaped morphology,
envelope, surface-protein distribution, genomic content, or biological functionality of a natural
virion. The complete system was placed in a rectangular simulation box (100 x 100 x 200 A3), and
periodic boundary conditions were applied in all three spatial directions, as shown in Fig. 1. The
aqueous phase was represented by explicit three-site TIP3P water molecules surrounding the

reduced viral model. The Pt nanochannel had dimensions of 100 x 100 x 75 A3 and contained four
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Pt atoms per unit cell. Rectangular surface irregularities were introduced into the Pt wall to
represent atomic-scale roughness. Roughness sizes of 35, 37, 40, and 43 A were investigated while
the other modeled parameters were held constant. This comparison tests how roughness size
affected the motion, surface contact, and retention of a particular 4-nm construct in the simulated
channel. Because the construct lacked the complete virion morphology, envelope, glycoprotein
distribution, and genomic components, the comparison could not establish how an intact rabies

virion would respond to these roughness geometries.
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Fig. 1. Atomic structures of (a) the reduced 4-nm rabies-virus-model-H.O-nanochannel system inside the
simulation box and (b) the reduced rabies-virus-model-H-O system.

2.2.Force Fields and Interatomic Interactions

The accuracy of an MD simulation depended strongly on potential-energy functions used to
represent bonded and non-bonded atomic interactions. In the present system, DREIDING and
Universal Force Field descriptions, the TIP3P water model, and the embedded atom method were
used for different components of the reduced-model-H.O—Pt nanochannel system [23-26]. These
classical interaction models were used to compare the confinement behavior of reduced constructs
and were not intended to reproduce the full molecular complexity of an intact virion. Non-bonded

van der Waals interactions involving the molecular components were described using a 12-6

Lennard-Jones (LJ) potential (Eq. (1)) [27],

¢ (1) =4¢ {%J {f_j = 1)

10
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where € represents the depth of the potential-energy well, o is the characteristic distance at which
the LJ potential becomes zero, and r;; is the distance between interacting atoms i and j. Table 1
summarizes elemental LJ parameters used in the simulations. A cutoff radius of 12 A was applied
to LJ interactions. This cutoff was selected because the dispersion contribution decreases rapidly
with intermolecular distance according to r° term and becomes relatively small at sufficiently
large separation [23,24]. We retained the same cutoff throughout the simulations to provide a
consistent numerical description of relevant short-range non-bonded interactions [28]. Bond
stretching within the molecular structures was represented using a harmonic potential (Eg.(2))
[29,30]:

Eame = %2k (r=1,)° @)
where k; is the bond force constant, r is the instantaneous bond length, and r, is the corresponding
equilibrium bond length. Bond-angle deformation was similarly described by a harmonic angular
potential (Eq.(3)):

Eangular =% kH (0 - 00 )2 (3)

where ko is the angular force constant, 0 represents the instantaneous bond angle, and 0, is the
equilibrium angle. The corresponding bonded parameters were assigned according to the
DREIDING force field. Water molecules were represented using the TIP3P model. In this three-
site representation, partial atomic charges were assigned to the oxygen and hydrogen sites, with a
negative partial charge of 0.834 e assigned to the oxygen atom and a positive partial charge of
0.417 e assigned to each hydrogen atom. TIP3P model was selected because of its computational
efficiency, compatibility with conventional all-atom biomolecular MD simulations, and suitability
for systems containing large numbers of explicit water molecules.

Electrostatic interactions among charged atomic sites were evaluated according to the Coulomb

11
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potential (Eq.(4)):

Uelh) = ey @
where q; and qj denote the partial charges assigned to atoms i and j, respectively, €o is the vacuum
permittivity, and rj is their separation distance. The partial charges assigned to the atoms of the
modeled viral structure were obtained from the ACC online calculator. The electrostatic
interactions were treated using Coulomb's relation, with a real-space Coulomb cutoff of 10 A.

Interactions among Pt atoms constituting the nanochannel were represented using an EAM

potential, which accounts for the many-body character of metallic bonding. The total EAM energy

can generally be expressed as (Eq. (5)):

E:zlzi(pi)+%zz¢|j(nj) (5)

i ji
where F; is the embedding energy of atom i as a function of local electron density pi, and @ijj
represents the pair contribution between Pt atoms i and j. Because the EAM potential described
Pt-Pt interactions but did not independently define Pt-water or Pt-virus interactions, the cross
interactions between Pt atoms and the molecular species were represented through the LJ

description using the Pt parameters reported in Table 1.

Table 1. LJ parameters employed for the different atomic species in the MD system [23].

Atom type ¢ (A) ¢ (kcal/mol)
N 3.660 0.069
C 3.851 0.105
H 2.886 0.044
O 3.500 0.060
Pt 2.754 0.080

The Pt-O, Pt—H, Pt-C, and Pt-N cross-interaction parameters were determined using the default

12
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mixing rule in the LAMMPS package used in the simulations. These mixing rules are implemented

as follows (Egs. (6) and (7)),
O-ij = O'iO'j (6)

& = \J&i€; (7

In these relations, i and j represent the types of elements that interacted. Accordingly, the resulting
o;and g;j values for Pt—O, Pt—H, Pt-C, and Pt—N were calculated by assuming a 2.754 A and 0.080
kcal/mol ratio for sigma and epsilon parameters for Pt atoms as listed in Table 2. We explicitly
defined these cross-interaction parameters through the pair_style and pair_coeff command/settings
in LAMMPS and kept them unchanged throughout the simulations [31].

Table 2. LJ parameters employed for the different cross-interaction parameters in the modeled MD
system in the LJ formalism [23].

N-C 3.754 0.085 C-H 3.334 0.068
N-H 3.250 0.055 C-O 3.671 0.079
N-O 3.579 0.064 C-Pt 3.257 0.092
N-Pt 3.175 0.074 H-O 3.178 0.051
O-Pt 3.105 0.069 H-Pt 2.819 0.059

2.3.Simulation Protocol and Numerical Settings

The reduced-model-H.O-Pt system was initially equilibrated in the canonical ensemble (NVT) at
300 K for 10 ns. T was controlled using a Nosé—Hoover thermostat with a damping parameter of
10 fs [30-32]. No barostat was used during this stage because pressure-controlled equilibration
caused instability in the confined model. Atomic trajectories were integrated using the velocity-

Verlet algorithm [32-34] with a timestep of 0.1 fs. This stage relaxed the initial molecular

13



Journal Pre-proof

configuration and established a thermally stable state before the force-driven retention simulation.
After 10 ns of canonical equilibration, we removed the thermostat and propagated the system for
an additional 20 ns using microcanonical (NVE) integration [35]. During this production stage, we
applied a constant external force of 0.01 kcal/(mol-A) in the X direction to the water molecules
and the atoms of the reduced viral model using the LAMMPS addforce command. The force was
applied throughout the 20 ns production run to drive the reduced construct through the
nanochannel and examine its subsequent confinement. Thus, 10 ns and 20 ns periods represented
two physically distinct stages: thermodynamic equilibration. and force-driven production,
respectively. The resulting trajectories described the nonequilibrium transport of a reduced 4-nm
model within the finite nanochannel and did not represent the hydrodynamic transport of a full-
size rabies virion. We performed all MD simulations using the described method and repeated

each 5 times; we report average values.

2.4.Model Limitations

The present MD simulations were subject to several limitations that define the scope of reported
findings. First, the accessible timescale was restricted to 10 ns of equilibration followed by 20 ns
of force-driven production. This duration allowed examination of short-timescale hydration,
interfacial contact, molecular transport, and confinement within the simulated system, but it was
insufficient to represent macroscopic virus transport, rare retention events, or the long-term
performance of an experimental device. Second, the biological object was represented by a reduced
rabies-virus model with a characteristic size of approximately 4 nm. This construct was
considerably smaller and structurally less complex than an intact natural rabies virion. It did not

reproduce the full virion dimensions, bullet-shaped morphology, lipid envelope, complete

14
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distribution of surface glycoproteins, genomic content, or biological activity. Consequently, the
calculated retained fraction, volume, velocity, density, T, and interaction energies applied only to
this reduced model. These quantities must not be interpreted as quantitative estimates of capture
efficiency or binding behavior of a full-size rabies virion. Third, the interactions were represented
using classical force fields, including DREIDING and Universal Force Field terms for the
molecular structure, TIP3P for water, and an embedded atom method potential for Pt-Pt
interactions. These descriptions did not explicitly account for electronic polarization, charge
transfer, chemical reactions, or bond breaking and formation. The reported interaction energies
therefore represented effective classical energetic descriptors of a reduced model, not
electronically resolved binding free energies for an intact virus. Finally, the Pt nanochannel wall
was maintained using a fixed-geometry approximation. This treatment isolated the effect of surface
topography but excluded Pt lattice vibration, surface reconstruction, deformation, and other
dynamic interfacial responses. Accordingly, these results establish comparative atomistic trends
among the examined roughness geometries. Extending these findings to natural rabies virions or
fabricated capture devices requires larger-scale models, longer simulations, deformable surfaces,

independent replicas, and experimental validation.

3. Results and discussion

3.1.Equilibration and Structural Stability

Before examining the force-driven retention of the reduced model, the thermal and energetic
stability of the reduced-model-H.O—nanochannel system was assessed during a 10 ns canonical
(NVT) equilibration. This step ensured the system reached a thermodynamically stable

configuration before applying the external driving force. Fig. 2a presents the temporal evolution
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of T, confirming that the thermostat maintained the system at the prescribed 300 K throughout the
equilibration interval. The absence of systematic T drift indicated that the system reached a stable
thermal state. Fig. 2b shows the corresponding potential energy, which decreased during the initial
relaxation period and plateaued after approximately 3 ns, remaining nearly stationary thereafter.
For the 35 A roughness configuration, the potential energy reached approximately —2219.72
kcal/mol at the end of the 10 ns stage. The initial decrease reflected relaxation of atomic
coordinates from the constructed geometry toward lower-energy configurations, driven by
optimization of interatomic distances and the formation of favorable hydration contacts. Once the
system settled into a locally stable arrangement, the potential energy changed little. The
convergence of both T and potential energy therefore confirmed that the reduced computational

system reached thermal and energetic equilibrium under the adopted conditions.
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Fig. 2 Temporal evolution of (a) T and (b) potential energy of the reduced rabies-virus-model-H-O-
nanochannel system during the 10 ns canonical equilibration stage.

The structural quality of the aqueous phase surrounding the reduced model was further examined
using the oxygen—oxygen radial distribution function (O-O RDF), shown in Fig. 3. The RDF
characterized the local ordering of water molecules around the reduced construct and served as a
diagnostic of the equilibrated liquid state. The pronounced first peak corresponded to the first
hydration shell, reflecting short-range O-O correlations at hydrogen-bonding distances. The
subsequent minimum separated the first and second coordination regions, while at larger distances
the RDF approached unity with progressively weakening oscillations, the signature of a disordered
liquid with no long-range positional order. This behavior was consistent with the well-established
structural characteristics of liquid water described by the TIP3P model and agreed closely with the
reference system [36]. The RDF profile therefore confirmed that an equilibrated aqueous

environment surrounded the reduced model before the force-driven production stage. Together,
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the potential-energy plateau and the physically expected RDF profile provide two consistent

indicators of thermodynamic equilibration.
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Fig. 3. RDF of oxygen atoms in the aqueous phase surrounding the reduced model after NVT
equilibration.

3.2.Density, Velocity, and Temperature Profiles During Retention of the Reduced Model
Following equilibration, the thermostat was removed, and an external force was applied to the
water molecules and the reduced model, initiating a 20 ns force-driven nonequilibrium production
stage. The external force drove the reduced construct through the nanochannel toward the rough
Pt region, where geometric wall irregularities impede further translational motion. To characterize
this process, the simulation box was divided into 60 bins along the Z direction, and local density,
velocity, and T profiles were evaluated as complementary descriptors of the reduced construct's

spatial localization and kinetic response. Fig.4a represents the schematic representation of the

18



Journal Pre-proof

external driving force applied to the H.O—reduced-model system during the production stage. Fig.
4b presents the density profile obtained after 20 ns of force-driven production for the 35 A
roughness configuration. The maximum local density increased from 0.174 atom/A3 before
retention to 0.181 atom/As after retention. This increase indicated atom accumulation within the
confined rough region, where the geometric features of the Pt wall restricted the available volume
and promoted spatial localization of the reduced construct. The density enhancement alone
provided an initial indication of localization; therefore, it was examined alongside the velocity,
structural, volumetric, and energetic descriptors to obtain a comprehensive picture of retention

behavior.
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Fig. 4. (a) Schematic representation of the external driving force applied to the H.O—reduced-model
system during the production stage and (b) its density profile after 20 ns.

Fig. 5 shows the velocity profile of the H.O-reduced-model system after 20 ns of the production
stage. The maximum local velocity decreased from 0.009 A/ps before retention to 0.008 A/ps after
retention. The velocity profile showed a parabolic-like distribution, with the largest values near
the channel center and substantially smaller values near the boundaries. This spatial pattern arose
because the Pt wall atoms imposed a no-slip-like condition at the interface, reducing the
translational motion of nearby water molecules and the reduced construct. The overall reduction
in maximum velocity after retention indicated the suppression of the reduced model's translational
mobility upon contact with the rough Pt region. This dynamic response complemented the density

increase and supported the interpretation of greater localization within the nanochannel.
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Fig. 5. Velocity profile of the H.O-reduced-model system after 20 ns of force-driven production.

Fig. 6 presents the local T profile during the force-driven production stage. For the 35 A roughness
case, the maximum local T decreased from 437.28 K before retention to 409.11 K after retention
(Table 3). The elevated local Ts relative to the equilibration value of 300 K arise from the
conversion of externally imposed mechanical work into Kkinetic energy of atoms during the
nonequilibrium driving process. The subsequent decrease in maximum local T after retention
shows dissipation of excess kinetic energy as the reduced construct's translational motion is
restricted by the rough Pt geometry. The T reduction therefore accompanied reduced mobility and

increased spatial localization of the reduced model.
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Fig. 6. Local T profile of the H.O—reduced-model system after 20 ns of force-driven production.

Table 3 summarizes the maximum density, velocity, and local T before and after retention of the
reduced model under 35 A roughness condition, providing a direct quantitative comparison of
three kinetic descriptors. The coordinated increase in density, decrease in velocity, and decrease
in T collectively characterized the force-driven retention of the reduced construct at this roughness

size.

Table 3. Maximum density, velocity, and local T before and after retention of the reduced viral model
under the 35 A roughness condition.

System Type Max D Max V Max T (K)
(atom/A?) (A/ps)
Before virus trapping 0.174 0.009 437.28
After virus trapping 0.181 0.008 409.11

Collectively, the increase in maximum density (before and after virus trapping) from 0.174 to

0.181 atom/A3 and the decrease in maximum velocity from 0.009 to 0.008 A/ps revealed a

22



Journal Pre-proof

coordinated response: the reduced construct became more spatially localized and kinetically
restricted as it interacted with the rough Pt surface. The T decrease further supported this
interpretation, as the kinetic energy dissipated through contact with the wall geometry contributes
to the observed thermal relaxation. These three descriptors provided a consistent picture of the

reduced model's force-driven retention behavior within the simulated nanochannel.

3.3.Effect of Atomic Roughness on Confinement and Retention of the Reduced Model

After establishing the retention behavior for a single roughness size, the investigation was
extended to examine how varying the roughness geometry affected confinement of the reduced
construct. Fig. 7 illustrates the initial and final configurations of the reduced 4-nm model during
the force-driven production stage. The snapshots show the reduced construct displacing from its
initial position toward the rough Pt region and then remaining localized within the nanochannel.
We compared four roughness sizes (35, 37, 40, and 43 A) while holding all other simulation

parameters constant, isolating the effect of surface geometry on the reduced model's confinement.
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Fig. 7. Representative initial and final configurations of the reduced 4-nm rabies-virus model during the
force-driven retention process.
Fig. 8 and Table 4 summarize the maximum density, velocity, and local T of the reduced model as
functions of atomic roughness size. As the roughness size increased from 35 to 40 A, the maximum
density increased from 0.181 to 0.187 atom/A3, while the maximum velocity decreased from 0.008
to 0.006 A/ps. The maximum local T also decreased from 409.11 to 399.17 K. These coordinated
trends indicated that, within this range, larger roughness features enhanced the spatial localization
of the reduced construct and more effectively suppressed its translational mobility. The physical
origin of this behavior lies in the geometric match between the reduced model and the roughness
features: as the roughness size increased toward 40 A, the Pt irregularities created deeper, more
accommodating cavities that increased the contact area with the reduced construct, thereby

strengthening the confining effect.
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Fig. 8. Maximum values of (a) density, (b) velocity, and (c) local T of the H.O-reduced-model system as
functions of atomic roughness size.

Table 4. Maximum density, velocity, and local T of the reduced model as functions of atomic roughness

size.
Atomic roughness Max density Max velocity Max T (K)
size(A) (atom/A3) (Alps)
35 0.181+0.001 0.008+0.001 409.11+2.88
37 0.183+0.001 0.007+0.001 401.02+1.15
40 0.187+0.002 0.006+0.001 399.1742.03
43 0.184+0.001 0.00740.002 400.73+1.43

When the roughness size was further increased to 43 A, the response reversed: the maximum
density decreased to 0.184 atom/As3, the maximum velocity increased to 0.007 A/ps, and the
maximum T increased slightly to 400.73 K. This reversal indicated that the roughness effect on
the reduced construct was non-monotonic. Beyond 40 A, the roughness features became too large
relative to the reduced model's characteristic size, reducing the effective contact area and
weakening geometric confinement. The reduced construct can no longer fully engage with the
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roughness cavities, leading to less efficient localization. The 40 A configuration therefore
produced the strongest confinement response of the reduced model among the four simulated
cases, representing the roughness size at which the geometric compatibility between the Pt features

and the reduced construct was maximized.

3.4.Retained Volume and Reduced-Model-Nanochannel Interaction

To further quantify retention behavior, we calculated the surface-mesh volume associated with the
retained reduced model using the Construct Surface Mesh module in OVITO [37]. As shown in
Fig. 9a, this volume increased from 24,691 A3 at a roughness size of 35 A to 31,118 A3 at 40 A.
At 43 A the retained volume decreased to 24,987 A3 The maximum retained volume at 40 A
showed the strongest spatial confinement of the reduced construct. This variation confirmed the
non-monotonic response observed from the density and velocity descriptors and indicated that
roughness size changes in the presence of different virus types directly affect adsorption of the

target molecule (virus), as expected in actual applications.

We calculated the simulation-defined retained fraction by counting the reduced-model structures
residing within the predefined roughness region at the end of the 20 ns production stage, relative
to the total number of modeled structures. This fraction reached 95% for the 40 A configuration,
representing a simulation-specific retained fraction of the reduced 4-nm construct within the finite
atomistic cell. The high retained fraction at 40 A further corroborated the optimal geometric
compatibility between the reduced construct and the roughness features at this size. We calculated
the reduced-model-Pt interaction energy as the energy difference between the reduced-model-
wall system after retention and the isolated arrangement, using the "compute group/group”

command in LAMMPS [38]. This energy quantifies the strength of interfacial contact between the
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reduced construct and the Pt surface.

As shown in Fig. 9D, the interaction energy changed from —441.33 kcal/mol at 35 A to —458.02
kcal/mol at 37 A, reaching its most negative value of —469.91 kcal/mol at 40 A. Within the adopted
classical force-field description, a more negative interaction energy indicated a more energetically
favorable contact between the reduced model and the Pt surface. The progressive strengthening of
interaction from 35 to 40 A reflects increasing contact area as the roughness features better
matched the size of the reduced construct, allowing more Pt atoms to interact with the reduced
model simultaneously. At 43 A, the interaction energy became less negative (—449.85 kcal/mol),
consistent with the reduced contact area when the roughness features exceeded the optimal
geometric match. This trend paralleled the retained volume behavior and reinforced the
interpretation that an appropriate geometrical relationship between the reduced construct and the
roughness region was required to maximize contact while preserving access to the retention site.
The nonequilibrium interaction energies served as comparative descriptors of the reduced model

across the investigated roughness conditions.
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Fig. 9. (a)Retained surface-mesh volume of the reduced viral model and (b) reduced-model-Pt interaction
energy as functions of atomic roughness size.

To visualize the retention outcome, Fig. 10 presents a representative snapshot of the reduced 4-nm
model after 20 ns of force-driven production. The reduced construct was localized within the rough
Pt region, confirming that the wall's geometric features successfully confined the reduced model
under the applied external force. This structural snapshot provided direct visual evidence that
complemented the quantitative descriptors above: the retained volume, interaction energy, and
95% retained fraction all corresponded to the configuration shown in this figure, where the reduced
model resides within the predefined roughness region of the nanochannel. The spatial
correspondence between the reduced construct and Pt roughness features at 40 A (the strongest
confinement case) was particularly evident, as the reduced model appeared to conform to cavities

created by surface irregularities, maximizing interfacial contact area.
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Fig. 10. Representative reduced 4-nm model retained after 20 ns of force-driven production.

3.5.Energetic Response of the Reduced Model

Fig. 11 and Table 5 present additional energetic descriptors calculated for the reduced model: a
free-energy descriptor and the internal interaction energy. We computed the free-energy descriptor
using the AH — TAS relation, where H, T, and S represent the enthalpy, temperature, and entropy,
respectively. The equilibrium phase of modeled samples served as the reference state (Ho and So)
in the free-energy formalism, while the final H, T, and S values were obtained after the retention
process of the reduced model. As shown in Fig. 11a, the free-energy descriptor increased from
12.39 kcal/mol at 35 A to 14.88 kcal/mol at 37 A, reached 18.92 kcal/mol at 40 A, and then
decreased to 16.03 kcal/mol at 43 A. Computationally, we calculated this energy type using the
AH-TAS relation, where H, T, and S represented the enthalpy, temperature, and entropy
parameters, respectively. We used the equilibrium phase of the modeled samples as the reference
state (HO and SO) in the free-energy formalism calculation. Thus, the numerical values of the
enthalpy and entropy parameters after 10 ns were taken as HO and SO, respectively. We calculated
the final H, T, and S values after the virus-trapping process in the final MD step under the NVE
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ensemble. Computationally, the system's enthalpy is defined as H=E+PV, where E is the sum of
Kinetic and potential energies, P is the instantaneous pressure (computed from the virial and kinetic
contributions), and V is the simulation box volume; this was a global, extensive thermodynamic

quantity updated each timestep from current atomic positions, velocities, and stresses.

Furthermore, entropy was calculated using a per-atom pair-entropy fingerprint based on the local
radial distribution function around each atom. The positive AG values reflected the combined
contributions of the imposed external driving force, the confinement-induced structural
rearrangement of the reduced construct, and the entropy variation associated with spatial
localization. As the reduced model was driven into the rough Pt region, the external work
performed on the system was converted into internal structural changes and entropic reduction due
to the loss of translational freedom. The maximumi free-energy descriptor at 40 A corresponded to
the roughness size at which the reduced construct underwent the greatest structural rearrangement,
consistent with the strongest confinement observed in the density, velocity, and volume analyses.

The decrease at 43 A showed weaker confinement when the geometric match was lost.

The internal interaction energy of the reduced model, shown in Fig. 11b, changed from —1.18
kcal/mol at 35 A to ~1.05 kcal/mol at 37 A and —0.91 kcal/mol at 40 A, before increasing to —1.02
kcal/mol at 43 A. The internal energy became less negative as the roughness size increased toward
40 A, indicating that the internal structure of the reduced construct becomes less energetically
favorable (a consequence of structural deformation and reorganization imposed by stronger
confinement). At 40 A, where the reduced model experienced the greatest spatial restriction, the
internal interaction energy reached its least negative value (—0.91 kcal/mol), corresponding to the

maximum structural perturbation. The slight recovery at 43 A (—1.02 kcal/mol) showed reduced
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confinement when the roughness features exceeded the optimal size. These trends show that the
internal energetic state of the reduced construct is sensitive to confinement geometry and varies

non-monotonically with roughness size, consistent with all previous descriptors.
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Fig. 11. Variation in (a) the free-energy descriptor and (b) the internal interaction energy of the reduced
viral model as functions of atomic roughness size.
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Table 5. Retained volume, reduced-model-Pt interaction energy, free-energy descriptor, and internal
interaction energy of the reduced viral model as functions of atomic roughness size.

Atomic Interaction Interaction
roughness Energy Free Energy Energy

size(A) Volume (A%) (kcal/mol) (kal/mol) (kcal/mol)

35 24691+23 -441.33+1.32 12.39+0.29 -1.18+0.01

37 25903+36 -458.02+0.89 14.88+0.35 -1.05+0.03

40 31118+11 -469.91+2.11 18.92+0.16 -0.91+0.02

43 24987+29 -449.85+1.77 16.03+0.22 -1.02+0.02

Taken together, five complementary descriptors (density, velocity, local T, retained volume,
and interaction energy) converged on a consistent physical picture: retention of the reduced 4-
nm model in the Pt nanochannel depended non-monotonically on atomic roughness size, with
the strongest confinement at 40 A. This behavior arose from geometric compatibility between
the reduced construct and the roughness features, maximizing interfacial contact area and
associated interaction energy at this size.
4. Conclusion
MD simulations were employed to investigate how rectangular atomic-scale roughness regulates
the force-driven transport and retention of a reduced 4-nm model in a water-filled Pt nanochannel.
The simulated construct, based on reported rabies-virus structural information, had a characteristic
size of approximately 4 nm and reproduced the scale and atomic composition of a biological
nanoparticle within a confined nanofluidic environment. The results therefore characterize
comparative confinement mechanisms of the reduced model under the stated force-field and
geometric conditions.
The initial 10 ns NVT equilibration produced a thermally relaxed configuration, as evidenced by
stabilized potential energy and short-range ordering of the aqueous phase consistent with the
TIP3P liquid structure. During the 20 ns production stage, the external driving force drove the

reduced construct toward the rough Pt region, where the wall's geometric irregularities impeded
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further translational motion. Increasing the roughness size from 35 to 40 A systematically
enhanced the localization of the reduced model: the maximum density increased from 0.181 to
0.187 atom/As3, the maximum velocity decreased from 0.008 to 0.006 A/ps, and the retained
surface-mesh volume increased from 24,691 to 31,118 A3. In parallel, the reduced-model—Pt
interaction energy became progressively more negative, changing from —441.33 to —469.91
kcal/mol, reflecting the increasing interfacial contact area as the roughness cavities became better
matched to the size of the reduced construct. The simulation-defined retained fraction reached 95%
at 20 ns for the 40 A configuration, representing the strongest confinement of the reduced model
among the four examined geometries.

Beyond 40 A, the confinement response weakened. At 43 A, the retained volume decreased to
24,987 A3, the maximum velocity increased to 0.007 A/ps, and the reduced-model—-Pt interaction
energy became less negative at —449.85 kcal/mol. The internal interaction energy of the reduced
construct followed the same non-monotonic trend, reaching its least negative value at 40 A (—0.91
kcal/mol) and recovering partially at 43 A (—1.02 kcal/mol). These coordinated changes across
five complementary descriptors (density, velocity, local T, retained volume, and interaction
energy) show that the influence of roughness size on the reduced model is non-monotonic, with
40 A representing the geometric condition that maximizes compatibility between the reduced
construct and Pt surface features. The physical origin of this non-monotonic behavior lies in the
geometric match between the reduced model and the roughness cavities: at 40 A, the cavities
accommodate the reduced construct effectively, maximizing contact and confinement; at larger
roughness sizes, the cavities exceed the construct dimensions, reducing the effective contact area
and weakening the retention.

Increasing the roughness size to 43 A did not further improve retention. The retained volume
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decreased to 24,987 A3, the maximum velocity increased to 0.007 A/ps, and the reduced-model—
Pt interaction energy became less negative at —449.85 kcal/mol. These coordinated changes
demonstrated that the influence of roughness was non-monotonic and that 40 A was the best-
performing roughness size among four examined configurations. This result should not be
interpreted as a universal optimum for full-size rabies viruses or practical nanochannels, and this
structural parameter can vary across biological systems.

Overall, the simulations show that nanoscale surface morphology regulates the localization of
reduced biological constructs through coupled geometrical confinement and interfacial
interactions. The findings provided an atomistic-level understanding of how roughness size
controlled the force-driven retention of a 4-nm construct in a Pt nanochannel, offering a
computational framework for investigating roughness-dependent confinement in nanofluidic
environments. The reported retained fraction, energetic values, and optimal geometry apply
exclusively to the present 4-nm reduced model under the specific simulation conditions adopted.
Extending these findings to quantitative prediction of natural rabies-virion capture will require
full-scale or multiscale viral representations, longer sampling periods, deformable channel

surfaces, independent simulations, and experimental validation.
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