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Background

Brownian dynamics simulations of intracellular transport constitute a powerful
computational tool for examining the motion and interactions of biomolecules within the highly
complex cellular environment. By applying principles of stochastic processes—particularly
fractional Brownian motion—these simulations enable researchers to reproduce the intricate
transport behaviors exhibited by proteins, vesicles, and other molecular structures in crowded
and viscous intracellular spaces. This approach is especially valuable because it captures both
sub-diffusive and super-diffusive movement patterns through the use of a tunable Hurst
exponent, allowing for realistic modeling of cargo transport by motor proteins along
cytoskeletal filaments as well as transport across the nuclear pore complex during
nucleocytoplasmic exchange.

The strength of Brownian dynamics simulations lies in their ability to reflect the true
physical constraints of intracellular environments, where classical diffusion models often fail
to describe the heterogeneous and dynamic nature of molecular motion. These simulations
have been used to explore a range of factors that shape intracellular transport, including
binding interactions, crowding effects, molecular size, and hydrodynamic forces. More recently,
the integration of deep learning methodologies—such as feedforward neural networks
designed for trajectory classification—has substantially improved the analysis of particle
motion by enabling precise estimation of local Hurst exponents and more accurate
segmentation of transport states.

Despite their utility, Brownian dynamics simulations also encounter several limitations.
Challenges arise from noise in experimental trajectory data, the computational burden of
modeling large molecular assemblies, and the inherent complexity of biological systems, all of
which can hinder the precision and scalability of simulations. Nevertheless, ongoing
developments in computational modeling, machine learning, and biophysical theory continue
to expand the potential of Brownian dynamics. As these tools evolve, they are expected to
provide increasingly detailed insights into the fundamental mechanisms of intracellular
transport and their broader implications for cellular function, pathology, and therapeutic
innovation.

Theoretical Framework

Brownian dynamics simulations offer a powerful and flexible theoretical foundation for
investigating intracellular transport at the molecular scale. This approach relies on stochastic
process theory, with fractional Brownian motion serving as a key model for describing the non-
classical, anomalous behaviors frequently observed in living cells. Unlike simple diffusion,
intracellular particle movement often displays memory effects, directionally biased motion,
and fluctuating transport regimes. The incorporation of a stochastic Hurst exponent enables
the detailed characterization of these complex, multi-scale dynamics, allowing researchers to
differentiate between the transport behaviors of closely related vesicles, endocytic
compartments, and other subcellular cargo.

Fractional Brownian Motion
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Fractional Brownian motion (fBm) is distinguished by its ability to model long-range
temporal correlations in particle movement. Its defining parameter, the Hurst exponent (H),
ranges from 0 to 1 and determines the nature of the transport:

o Sub-diffusive motion (H < 0.5) reflects hindered or restricted particle movement, often
due to molecular crowding, cytoskeletal barriers, or intermittent binding.

e Super-diffusive motion (H > 0.5) indicates persistent, directed transport, typically
produced by active processes such as motor-protein-driven movement along
microtubules.

This dual capability allows fBm to describe both passive and active intracellular transport
within a single mathematical framework. Importantly, many intracellular trajectories do not
maintain a constant Hurst exponent over time. Cargo frequently alternates between persistent
and anti-persistent states as it binds to or detaches from cytoskeletal tracks or encounters local
obstacles. By allowing the Hurst exponent to vary locally along a trajectory, researchers can
capture this dynamic switching behavior with remarkable precision.

Anomalous Diffusion Models

Although several models exist to describe anomalous diffusion, many do not adequately
reflect the complexity of intracellular systems. Approaches such as scaled Brownian motion and
continuous-time random walk models often fail to reproduce key features of real biological
trajectories, such as correlated motion or rapid switching between diffusion regimes. In
contrast, fractional Brownian motion accommodates these intricacies by providing a
framework that naturally incorporates memory effects and long-range correlations. Its ability
to produce realistic mean-squared displacement curves makes it one of the most effective tools
for investigating how cargo navigates through the densely crowded cytoplasm.

Computational Considerations

Incorporating Brownian dynamics into a simulation requires advanced computational
techniques that accurately model the physical forces governing intracellular motion. These
simulations typically solve the Langevin equation, which describes how particles move under
the combined influence of stochastic Brownian forces and viscous drag, consistent with Stokes'
law. To reproduce the effects of molecular crowding, repulsion, and steric hindrance, potential
energy functions such as Lennard-Jones and Morse potentials are employed to mimic particle-
particle interactions. These computational elements ensure that the simulated environment
closely resembles the physical reality of the cell, where macromolecular crowding, binding
events, and hydrodynamic interactions all shape particle trajectories. By integrating these
biophysical constraints, Brownian dynamics simulations offer a highly realistic platform for
exploring the mechanisms of intracellular transport.

Methodology

Overview of Brownian Dynamics Simulations

Brownian dynamics (BD) simulations serve as a fundamental computational tool for
exploring intracellular transport, particularly in systems involving intrinsically disordered
proteins (IDPs) and other biomolecules operating under diffusion-dominated conditions. By
adopting a coarse-grained modeling approach, these simulations significantly reduce atomic
complexity, enabling efficient analysis of protein dynamics, transient interactions, and large-
scale conformational fluctuations that would be computationally prohibitive in fully atomistic
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models. This method captures the essential physics governing molecular motion while allowing
investigation of emergent behaviors arising in crowded or heterogeneous cellular
environments.

Simulation Parameters

To model the behavior of eight naturally occurring intrinsically disordered proteins, an
extensive BD simulation protocol was implemented. Each simulation was performed for up to
80 million BD time steps, using a fixed integration step of 0.05 picoseconds. Bond constraints
were deliberately excluded to ensure that all protein segments and coarse-grained beads were
able to move freely, thereby mimicking the inherent flexibility of IDPs.

For statistical robustness, ten independent trajectories were generated per system and
per interaction potential. Snapshot configurations were recorded every 200,000 steps to
monitor temporal evolution, conformational sampling, and dynamic transitions. The
hydrodynamic radius (Rh) of each protein model was computed by scaling non-bonded
interaction parameters using factors ranging from 0.5 to 1.0, incremented by O0.1.
Hydrodynamic interactions—critical for accurately representing solvent-mediated effects—
were recalculated every 400 steps to capture changes in local crowding or molecular
configuration as the simulation progressed.

Coarse-Grained Modeling of the Nuclear Pore Complex (NPC)

Recent computational advances have facilitated the construction of a coarse-grained
model of the nuclear pore complex (NPC), one of the most intricate and essential cellular
structures responsible for nucleocytoplasmic transport (NCT). This model integrates insights
from polymer physics, experimental biochemical data, and previously validated simulation
frameworks to reproduce the dynamic organization of nucleoporins and the selective barrier
properties of the NPC.

Using this model, researchers can probe how molecular characteristics—such as size,
geometry, flexibility, and hydrophobicity—affect transport efficiency and selectivity. The
framework also allows evaluation of competing hypotheses regarding the mechanism of
selective gating, including the polymer brush model, virtual gating, and cohesive interaction
networks. Such coarse-grained NPC simulations provide a powerful platform for studying
transport bottlenecks, barrier permeability, and cargo-nucleoporin interactions under
physiologically relevant conditions.

First-Passage Time Distribution Analysis

Analysis of transport dynamics revealed that the first-passage time distribution of cargo
complexes follows an inverse Gaussian profile. This distribution is characteristic of systems in
which particles undergo Brownian motion supplemented by a directional drift. In the context
of nucleocytoplasmic transport, such a drift reflects the tendency of cargo complexes to move
toward the nuclear envelope, particularly when not hindered by competing molecular traffic.

These findings underscore the role of structural and energetic features of the NPC in
shaping transport kinetics. The presence of a positive drift suggests that the architecture of the
pore—such as gradients in nucleoporin density or hydrophobic interactions—facilitates
directional motion even in stochastic environments.

Comparison with Traditional Analytical Methods

Modern analytical frameworks such as the Deep Learning-Based Framework for
Nonlinear Dynamics (DLFNN) have demonstrated clear advantages over classical approaches
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like mean squared displacement (MSD) analysis. MSD techniques often struggle to accurately
characterize trajectories displaying heterogeneous or non-stationary diffusion properties,
particularly in crowded cellular environments.

In contrast, DLFNN directly estimates local Hurst exponents from positional data,
enabling fine-grained segmentation of trajectories into persistent (directed) and anti-
persistent (reversing) motion phases. This segmentation reveals dynamic transitions that
would otherwise remain obscured using conventional diffusion metrics. Furthermore, DLFNN
is capable of processing transport paths with spatially varying diffusion coefficients and
identifying abrupt shifts in motion regimes, providing deeper insight into how organelles and
macromolecular complexes navigate the cytoplasmic landscape.
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