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Abstract

The interaction between carbon-based nanomaterials and biological membranes represents a
critical frontier in nanomedicine, nanotoxicology, and bioengineering. Among these materials,
pristine and functionalized graphene exhibit unique physicochemical properties that drive complex
interfacial behaviors when exposed to lipid assemblies. This study presents a comprehensive
investigation into the ion-specific free-energy landscapes governing the nucleation and structural
evolution of graphene-lipid bicelles. Utilizing advanced computational frameworks, this research
systematically explores how different monovalent and divalent cations dictate the thermodynamic
pathways of lipid self-assembly on graphene surfaces. The findings reveal that ion specificity
significantly alters the hydration dynamics, interfacial electrostatic screening, and entropic
contributions during the nucleation process. Divalent cations such as calcium and magnesium are
shown to induce profound structural stabilization of the nascent bicelle through ion-bridging
mechanisms, whereas monovalent ions primarily modulate the solvent structure and hydrophobic
driving forces in accordance with their respective positions in the Hofmeister series. The extracted
[free-energy profiles provide quantitative insights into the activation barriers and metastable states
characteristic of these self-assembling systems. These insights offer fundamental guidelines for
designing graphene-based nanoscale delivery vehicles and evaluating their potential cyto-
compatibility in complex physiological fluid environments.
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1. Introduction

1.1 Background on Graphene and Lipid Interactions

The rapid advancement of nanotechnology has positioned graphene and its structural derivatives at the
forefront of biomedical applications, ranging from targeted drug delivery vectors and biosensors to
tissue engineering scaffolds. The unique two-dimensional atomic structure of graphene, characterized
by exceptional mechanical strength, electrical conductivity, and high surface area, makes it an ideal
candidate for interfacing with biological systems. However, the translation of graphene-based
technologies into clinical settings is heavily contingent upon a rigorous understanding of their
interactions with cellular boundaries, primarily the lipid bilayer membrane. When graphene sheets are
introduced into a physiological environment, they immediately encounter a complex milieu of lipids,
proteins, and electrolytes. The spontaneous adsorption of lipid molecules onto the hydrophobic basal
plane of graphene initiates a self-assembly process that can lead to the formation of hybrid
nanostructures, such as lipid-coated graphene or graphene-lipid bicelles. These bicelles are planar, disc-
shaped lipid assemblies that serve as excellent biomimetic models for cell membranes, offering
structural stability and retaining the lateral mobility of natural lipid bilayers. Understanding the
mechanistic details of how these bicelles nl.?:leate and grow on a graphene template is paramount for
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predicting the biological fate, potential toxicity, and therapeutic efficacy of these nanomaterials. Recent
investigations have demonstrated that the driving forces behind this self-assembly are predominantly
hydrophobic interactions between the lipid acyl chains and the non-polar graphene surface, coupled
with the complex interplay of solvent dynamics [1]. Nevertheless, the precise thermodynamic pathways
and the transient intermediate states involved in the initial nucleation phase remain largely obscured by
the rapid temporal scales and minute spatial dimensions characteristic of these interfacial phenomena
[2].

1.2 The Role of Ion Specificity in Self-Assembly

Biological fluids are essentially complex aqueous electrolyte solutions containing a variety of dissolved
ions, including sodium, potassium, calcium, magnesium, and chloride. These ions do not merely act as
passive bystanders that screen electrostatic interactions; rather, they actively participate in modulating
the structure and thermodynamics of biomolecular self-assembly. The phenomenon whereby different
ions exert distinct effects on the physical properties of macromolecules and interfaces is broadly
categorized under specific ion effects, often following the historical Hofmeister series. In the context
of graphene-lipid bicelle nucleation, the local ionic environment plays a transformative role. The
hydration free energy of the ions, their propensity to accumulate at or deplete from the liquid-solid
interface, and their specific interactions with the zwitterionic or charged headgroups of the lipid
molecules collectively dictate the overarching free-energy landscape of the system. For instance,
strongly hydrated kosmotropic ions and weakly hydrated chaotropic ions perturb the hydrogen-bonding
network of interfacial water molecules to varying degrees, thereby altering the hydrophobic effect that
drives lipid adsorption onto the graphene substrate [3]. Furthermore, multivalent ions such as calcium
have been shown to coordinate strongly with the phosphate moieties of phospholipid headgroups,
leading to structural dehydration and the formation of highly stable ion-bridged complexes [4]. These
ion-specific mechanisms suggest that the energy barriers for bicelle nucleation, as well as the
morphological characteristics of the resulting graphene-lipid hybrids, are exquisitely sensitive to the
background electrolyte composition. Despite the recognized importance of these effects, there is a
notable gap in quantitative thermodynamic studies that systematically map the free-energy landscapes
of these assemblies across a spectrum of biologically relevant ionic species [5].

1.3 Research Objectives and Scope

This paper aims to bridge the aforementioned knowledge gap by providing a detailed, quantitative
analysis of the ion-specific free-energy landscapes associated with graphene-lipid bicelle nucleation.
The primary objective is to elucidate how variations in cation identity and valency modulate the
thermodynamic driving forces, activation barriers, and stable intermediate states during the self-
assembly of dimyristoylphosphatidylcholine lipid molecules onto a pristine graphene nanosheet. By
isolating the effects of sodium, potassium, magnesium, and calcium ions, this research systematically
dissects the relative contributions of electrostatic screening, ion-lipid coordination, and solvent
structuring to the overall nucleation process. The scope of this study encompasses extensive
computational modeling and thermodynamic analysis, utilizing advanced enhanced sampling
techniques to reconstruct the free-energy surfaces along chosen reaction coordinates. The subsequent
sections will detail the theoretical underpinnings of specific ion effects at hydrophobic interfaces,
describe the rigorous methodological framework employed to extract the free-energy profiles, and
present a comprehensive discussion of the structural and energetic consequences of ion specificity.
Ultimately, this work seeks to establish a predictive mechanistic understanding of nanomaterial-lipid
interactions, providing essential theoretical guidelines for the rational design of safe and effective
graphene-based nanomedicines tailored for specific physiological environments.

2. Literature Review and Theoretical Background

2.1 Nanomaterial-Biological Interface Dynamics

The interaction between engineered nanomaterials and biological constituents forms the crux of the
rapidly evolving field of bio-nanotechnology. At the heart of this discipline lies the concept of the nano-
bio interface, a dynamic and highly complex boundary where synthetic surfaces meet the molecular
machinery of life. Historically, the evaluation of nanomaterial biocompatibility was largely
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phenomenological, relying on macroscopic assays to determine cellular viability or tissue-level
inflammation. However, a paradigm shift has occurred over the last decade, emphasizing the necessity
of understanding these interactions at the fundamental atomic and molecular levels [6]. Graphene,
owing to its prototypical two-dimensional geometry and profound hydrophobicity, has served as a
central model system in this theoretical advancement. When a pristine graphene sheet contacts a
biological membrane, it induces significant structural perturbations. Studies have shown that the strong
van der Waals dispersion forces between the carbon lattice and the hydrocarbon tails of lipid molecules
can overcome the cohesive forces holding the lipid bilayer together, leading to phenomena such as lipid
extraction, membrane thinning, and pore formation [7]. Conversely, under controlled conditions, lipid
molecules can cooperatively assemble onto the graphene surface to form stable, biologically inert
coatings that mitigate toxicity. The kinetics and thermodynamics of this phase transition from dispersed
monomeric lipids or spherical liposomes to flat, substrate-supported bicelles are governed by a delicate
balance of enthalpic interactions and entropic penalties [8]. Enthalpically, the system seeks to maximize
the contact between the lipid acyl chains and the graphene surface while minimizing the exposure of
hydrophobic regions to the aqueous solvent. Entropically, the self-assembly imposes severe
translational and conformational restrictions on the lipid molecules, which must be offset by the release
of structured interfacial water into the bulk solution. This delicate thermodynamic balance renders the
nucleation process highly susceptible to subtle environmental perturbations, particularly variations in
the composition of the surrounding fluid [9].

2.2 Lipid Bicelles and Membrane Models

To systematically investigate the complexities of the nano-bio interface, researchers rely on robust and
well-defined model membrane systems. While spherical liposomes and solid-supported lipid bilayers
have been extensively utilized, lipid bicelles have emerged as particularly advantageous models for
studying interactions with two-dimensional nanomaterials [10]. Bicelles are disk-shaped, self-
assembled structures composed of a planar central region formed by long-chain phospholipids,
bordered by a highly curved rim composed of short-chain lipids or specific detergents. This unique
geometry effectively segregates the planar bilayer properties from the highly curved edge defects,
providing a pristine, flat biological surface that closely mimics the lateral organization and fluidity of
intact cellular membranes without the topological constraints of spherical vesicles. When interacting
with graphene, the planar region of the bicelle exhibits a high degree of structural conformity with the
flat carbon lattice. The nucleation of a bicelle on graphene is essentially a surface-templated self-
assembly process. It begins with the adsorption of solitary lipid molecules, which act as initial
nucleation centers. As the local concentration of adsorbed lipids increases, lateral interactions between
the acyl chains drive the formation of small, disorganized clusters. These clusters subsequently undergo
structural rearrangements, transitioning from amorphous aggregates to highly ordered, bilayer-like
structures oriented parallel to the graphene substrate [11]. The critical nucleus size, defined as the
minimum number of associated lipid molecules required for the subsequent spontaneous growth of the
bicelle to be thermodynamically favorable, is a key parameter that dictates the kinetics of the assembly.
Previous theoretical models based on classical nucleation theory have suggested that the free energy of
forming this critical nucleus is determined by the interplay between the favorable volume free energy
of the condensed phase and the unfavorable interfacial tension at the edges of the growing cluster [12].
However, these continuum models often fail to capture the discrete molecular interactions, such as

hydrogen bonding networks and specific ion binding, which are critical at the nanoscale.
Table 1Physicochemical Classification and Hydration Properties of Analyzed Cations

Cation Species Tonic Radius Hydration Free  |Hofmeister Predominant
Energy Classification Interaction Mode
Potassium Large Weakly Chaotropic Weak
Exergonic electrostatic
screening
Sodium Intermediate Moderately Borderline Moderate
(

l132]



file:///C:/Users/Ahmad/Downloads/2415-5934
https://jcphs.com/

VOL. 6 ISSUR. 3 00§ E- 2415-5934 hitps://jcphs.com

Exergonic solvent
restructuring
Calcium Intermediate Highly Kosmotropic Direct lipid
Exergonic headgroup
bridging
Magnesium Small Extremely Kosmotropic Strong
Exergonic outer-sphere
coordination

2.3 Hofmeister Effects and Ion-Specific Phenomena

The concept of specific ion effects traces its origins back to the late nineteenth century when it was
observed that different salts exhibited vastly different efficiencies in precipitating proteins from
aqueous solutions. This ordering of ions, now known as the Hofmeister series, has since been found to
manifest in a multitude of physicochemical phenomena, including surface tension variations, colloidal
stability, and the phase behavior of lipid systems [13]. At the core of the Hofmeister effect is the ability
of ions to influence the structure and dynamics of the surrounding water molecules. Kosmotropic ions,
typically small and highly charged like magnesium and calcium, exhibit strong electrostatic fields that
tightly bind adjacent water molecules, thereby creating a well-defined, highly structured hydration
shell. In contrast, chaotropic ions, such as potassium, are larger and possess lower charge densities,
leading to weak interactions with water and a localized disruption of the hydrogen-bonding network
[14]. When translated to the graphene-lipid interface, these ion-specific hydration properties have
profound consequences. The hydrophobic surface of pristine graphene is inherently surrounded by a
layer of density-depleted, orientationally restricted water molecules. The arrival of specific ions can
either stabilize or disrupt this interfacial hydration layer, thereby altering the energetic penalty
associated with the desolvation process required for lipid adsorption [15]. Furthermore, specific ions
interact directly with the lipid headgroups. For zwitterionic lipids like phosphatidylcholine, the
negatively charged phosphate group and the positively charged choline group present binding sites with
distinct affinities for different ions. Calcium ions, for example, have a high propensity to bind strongly
to the phosphate oxygen atoms, displacing the hydration water and effectively neutralizing the local
charge. This ion-binding phenomenon can induce the cross-linking of adjacent lipid molecules,
drastically reducing the effective headgroup area and promoting the condensation of the lipid assembly.
Conversely, monovalent ions like sodium and potassium interact much more weakly, typically residing
in the outer coordination sphere and influencing the system primarily through generic electrostatic
screening and osmotic pressure effects [16]. The interplay between these macroscopic solvent effects
and microscopic ion-lipid coordination dictates the complex ion-specific free-energy landscapes of
bicelle nucleation.

3. Methodology and Computational Framework

3.1 Molecular Dynamics Simulation Protocol

To accurately capture the molecular nuances of ion-specific effects during graphene-lipid interactions,
this study employs extensive, fully atomistic molecular dynamics simulations. The utilization of
atomistic models is indispensable for this research, as it provides the necessary resolution to observe
specific ion-binding events, the precise orientation of interfacial water molecules, and the
conformational dynamics of individual lipid chains. The simulated systems consist of a pristine, defect-
free graphene nanosheet suspended in an aqueous solution containing varying concentrations of
dimyristoylphosphatidylcholine lipids and specific electrolyte compositions. The initial configurations
are generated by randomly distributing the lipid molecules in the bulk fluid above the graphene surface,
ensuring no initial bias toward assembled states. The intermolecular forces governing the system are
described using a widely validated empirical force field optimized for biological molecules and carbon
nanomaterials. The water molecules are represented by an explicit interaction model that accurately
reproduces the dielectric properties, surface tension, and hydrogen-bonding behavior of liquid water at
biological temperatures [17]. All simulations are performed in the isothermal-isobaric ensemble,
maintaining a constant physiological temperature and pressure using appropriate thermostat and

{133]



file:///C:/Users/Ahmad/Downloads/2415-5934
https://jcphs.com/

VOL. 6 ISSUR. 3 00§ E- 2415-5934 hitps://jcphs.com

barostat coupling algorithms. The integration of the equations of motion is executed with a small time
step to capture high-frequency bond vibrations, with covalent bonds involving hydrogen atoms
constrained to their equilibrium lengths. Long-range electrostatic interactions, which are critically
important in electrolyte solutions, are computed using a particle mesh based summation method,
providing high accuracy for the periodic boundary conditions applied in all three spatial dimensions.
Non-bonded van der Waals interactions are evaluated utilizing a standard distance cutoff, coupled with
long-range dispersion corrections to the energy and pressure to account for the truncation [18]. Prior to
data collection, each system undergoes a rigorous, multi-stage equilibration protocol to eliminate high-
energy steric clashes and allow the solvent and ion distributions to relax around the graphene and lipid

constituents.
Table 2System Composition and Equilibration Parameters

System Identifier [Lipid Count Water Molecules |Cation Type Simulation
Time
Grap-Lip-K 128 25000 Potassium Continuous
sampling
hase
Grap-Lip-Na 128 25000 Sodium Continuous
sampling
phase
Grap-Lip-Ca 128 25000 Calcium Continuous
sampling
hase
Grap-Lip-Mg 128 25000 Magnesium Continuous
sampling
phase

3.2 Free-Energy Calculation Techniques

The spontaneous nucleation of a lipid bicelle on a graphene surface is characterized by a significant
thermodynamic barrier, often rendering it a rare event that is difficult to observe directly within the
limited timescale of standard molecular dynamics trajectories. To overcome this fundamental sampling
limitation and quantitatively map the underlying thermodynamic landscape, this study utilizes
enhanced sampling methodologies, specifically the umbrella sampling technique. Umbrella sampling
artificially biases the simulation by applying a set of harmonic restraining potentials along a predefined
reaction coordinate, forcing the system to explore high-energy transitional states and metastable
intermediate configurations that would otherwise be inaccessible [19]. In the context of bicelle
nucleation, the optimal reaction coordinate must effectively describe the progress of the transition from
a state of dispersed, solvated lipids to a highly ordered, surface-adsorbed lipid disk. Therefore, the
reaction coordinate is defined as the number of heavy atoms of the lipid molecules located within a
specified spatial cutoff distance from the graphene basal plane, effectively representing the size of the
nucleating cluster. To construct the complete free-energy profile, the entire range of the reaction
coordinate, spanning from zero adsorbed lipids to a fully formed bicelle, is discretized into a series of
overlapping sampling windows. Within each window, a harmonic biasing potential is applied to restrain
the system near a specific target value of the reaction coordinate. Extensive simulation time is dedicated
to each individual window to ensure adequate conformational space sampling and complete relaxation
of the local solvent and ionic environments. The resulting biased probability distributions from all
overlapping windows are subsequently unbiased and seamlessly recombined using an iterative
statistical algorithm, yielding the continuous potential of mean force. This potential of mean force
represents the comprehensive free-energy landscape of the nucleation process, allowing for the precise
extraction of the activation barrier heights, the thermodynamic stability of the final assembled state,
and the location of critical intermediate minima [20].
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3.3 System Composition and Ion Parameterization

The fidelity of the molecular dynamics simulations relies critically on the precise parameterization of
the interaction potentials, particularly for the ionic species, as their interactions dictate the outcomes of
specific ion effects. Classical force fields often struggle to perfectly capture the subtle variations in
hydration and polarizability that define the Hofmeister series. To mitigate this, this research utilizes
optimized ion parameters that have been specifically calibrated to reproduce experimental bulk
properties, such as solvation free energies, radial distribution functions, and ion-pairing behavior in
aqueous solutions [21]. The study systematically compares four distinct cationic environments: sodium,
potassium, calcium, and magnesium. For each comparative system, the chosen chloride salt is added to
the aqueous phase to achieve an equivalent physiologically relevant ionic strength, ensuring that the
macroscopic electrostatic screening length remains consistent across all simulations. This careful
standardization allows for the isolation of the short-range, ion-specific interactions from the generic
effects of ionic strength. Furthermore, the selection of dimyristoylphosphatidylcholine as the model
lipid provides a structurally stable and well-characterized reference point. The zwitterionic nature of
the headgroup ensures that interactions are governed by localized dipole-ion interactions rather than
net charge attraction or repulsion. During the initialization of the umbrella sampling windows, specific
attention is directed toward the equilibration of the ionic atmosphere. lons are allowed to freely diffuse
and establish their equilibrium concentration gradients relative to the graphene interface and the local
lipid concentrations prior to the collection of production data. This ensures that the measured free-
energy barriers accurately reflect the true thermodynamic work required for nucleation in a fully
relaxed electrolyte environment, accounting for the dynamic partitioning of ions between the bulk fluid,
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Figure 1Schematic Overview of the Computational Assembly Framework

the membrane-water interface, and the confined regions near the carbon lattice [22].

Table 3Umbrella Sampling Window Discretization and Harmonic Biasing

Reaction 'Window Spacing Harmonic Force Convergence
Coordinate Range Constant Criteria
Initial  Dispersion Sparse intervals Moderate intensity Block
Phase averaging
variance
Transition State Dense intervals High intensity Histogram
Region overlap
verification
Post-Nucleation Moderate intervals Moderate intensity Block
Growth averaging
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variance
Final Bicelle State Sparse intervals Low intensity Histogram
overlap
verification

4. Results and Free-Energy Analysis

4.4 Ton-Dependent Nucleation Pathways

The quantitative analysis of the extracted free-energy landscapes reveals profound differences in the
thermodynamic pathways of graphene-lipid bicelle nucleation across the different ionic environments.
The potential of mean force profiles universally exhibit a distinct energy barrier separating the initial
state of dispersed lipids from the highly stable, energy-minimized state of the fully formed surface
bicelle. However, the magnitude of this activation barrier and the steepness of the energetic descent
vary significantly depending on the specific cation present in the system [23]. In the presence of the
chaotropic potassium ions, the nucleation process presents a relatively broad and high free-energy
barrier. The weak hydration and large atomic radius of potassium result in minimal direct interaction
with the lipid headgroups, leaving the thermodynamic driving force predominantly reliant on the
classical hydrophobic effect and the displacement of generic interfacial water. Consequently, the
individual lipid molecules exhibit high lateral mobility and a significant degree of structural fluctuation
during the initial clustering phase, leading to a delayed onset of ordered nucleation. Conversely, the
introduction of sodium ions, which are borderline in their Hofmeister classification, results in a
moderate reduction of the nucleation barrier. The stronger hydration shell of sodium compared to
potassium induces a more structured local solvent environment, which slightly facilitates the
cooperative assembly of the lipid monomers by constraining their orientational degrees of freedom near
the graphene surface. The most striking deviations in the thermodynamic pathways are observed in the
presence of the divalent kosmotropic ions, calcium and magnesium. For these systems, the free-energy
landscapes feature drastically lowered activation barriers and the appearance of distinct, highly stable
metastable intermediate states prior to full bicelle maturation [24]. This fundamental shift in the
thermodynamic profile indicates a mechanistically different nucleation pathway, where the self-
assembly is actively guided and stabilized by specific ion-lipid interactions rather than being solely
driven by passive hydrophobic exclusion.

4.2 Structural Evolution of Graphene-Lipid Complexes

The distinct thermodynamic landscapes observed are intrinsically linked to the underlying structural
evolution of the interacting molecular species. Detailed structural analysis of the molecular trajectories
along the reaction coordinate provides critical mechanistic insights into these ion-specific variations.
By calculating the radial distribution functions between the specific cations and the lipid headgroup
oxygen atoms, the contrasting binding modalities are clearly elucidated. Potassium and sodium ions
predominantly populate the outer hydration sphere of the lipid headgroups, separated from the atomic
binding sites by at least one layer of water molecules. This solvent-separated interaction mode confirms
their role as primarily general electrostatic screeners that exert influence through long-range
modulation of the solvent structure rather than direct chemical coordination. In stark contrast, calcium
ions exhibit a pronounced peak in the radial distribution function corresponding to the inner
coordination sphere, indicating direct, desolvated binding to the phosphate oxygen atoms. This strong,
direct binding enables a single calcium ion to simultaneously coordinate with the headgroups of
multiple adjacent lipid molecules. This phenomenon, known as ion bridging, acts as an electrostatic
glue that dramatically enhances the cohesive lateral interactions within the nascent lipid cluster. As the
lipids aggregate on the graphene surface, the calcium bridges effectively reduce the energetic penalty
associated with the electrostatic repulsion between adjacent headgroup dipoles and tightly pack the acyl
chains together, solidifying the nucleus. Magnesium, despite its high charge density, interacts
somewhat differently due to its extremely high hydration energy. Magnesium ions strongly prefer to
maintain their primary hydration shell, often interacting with the lipid headgroups via water-mediated
hydrogen bonding networks rather than direct contact. This leads to a rigid, extended coordination
complex that stabilizes the lipid assembly, albeit through a slightly different structural mechanism
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compared to calcium bridging [25]. Furthermore, the conformational order of the lipid acyl chains,
quantified through standard order parameters, demonstrates that divalent ions induce a significantly
higher degree of structural rigidity and alignment parallel to the graphene plane much earlier in the
nucleation process compared to their monovalent counterparts.

— Divalent

—_— Divalent

Free Energy (kJ/mol)

lﬁﬁﬁéﬁéf—»mw—»

Cluster Size

Figure 2: Comparative Free

4.3 Thermodynamic Driving Forces and Entropic Contributions

Deconvoluting the total free-energy profiles into their respective enthalpic and entropic components
provides the final layer of understanding regarding the physical drivers of this process. The self-
assembly of the lipid bicelle on the highly hydrophobic graphene lattice is fundamentally an
entropically driven process at ambient temperatures. The primary thermodynamic impetus is the
substantial gain in solvent entropy resulting from the release of orientationally ordered water molecules
from both the graphene basal plane and the hydrophobic surfaces of the solitary lipid chains into the
bulk liquid phase. However, the magnitude of this entropic gain is highly modulated by the specific
ionic background. In systems dominated by kosmotropic ions like magnesium, the bulk water is already
significantly structured due to the extensive polarization induced by the high charge density of the ions.
Consequently, the entropic benefit of releasing interfacial water into this already ordered bulk
environment is slightly diminished compared to a chaotropic environment like potassium, where the
bulk water is relatively unstructured. Yet, this relative decrease in the classical hydrophobic entropic
driving force for divalent systems is more than compensated by the massive enthalpic gains achieved
through specific ion coordination. The formation of direct calcium-phosphate ionic bonds or the
establishment of strong, magnesium-centered water-mediated networks yields a substantial release of
interaction enthalpy that rapidly lowers the free energy of the assembling state. In contrast, for
monovalent systems where specific binding is negligible, the system must rely entirely on the slower,
fluctuation-dependent maximization of van der Waals contacts between the lipid tails and the carbon
lattice. This reliance on purely structural relaxation without the aid of strong intermolecular cross-
linking explains the broader, higher activation barriers observed in the presence of sodium and
potassium. Ultimately, the free-energy landscapes demonstrate that ion specificity effectively shifts the
balance of the driving forces, transitioning the assembly mechanism from an entirely entropy-
dominated hydrophobic aggregation to a synergistically driven process where powerful electrostatic

and specific coordination enthalpies actively direct and stabilize the evolving nanostructure.
Table 4Extracted Thermodynamic Parameters from Free-Energy Landscapes

lonic Environment Nucleation Activation |Global Minimum Energy/Predominant
Barrier Depth Thermodynamic
Driver
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Potassium System High magnitude Shallow depth Entropic
solvent release
Sodium System Moderate Moderate depth Entropic
magnitude solvent release
Calcium System Low magnitude Deep depth Enthalpic
specific
binding
Magnesium System Very low magnitude Deep depth Enthalpic
specific
binding

5. Conclusion and Future Directions

5.1 Summary of Key Findings

This extensive computational investigation has elucidated the complex, ion-specific free-energy
landscapes that govern the nucleation of lipid bicelles onto pristine graphene surfaces. By
systematically varying the cationic environment and employing advanced enhanced sampling
techniques, the study has provided a quantitative thermodynamic rationale for the diverse structural
behaviors observed at the nanomaterial-biological interface. The central conclusion of this research is
that specific ion effects, manifesting through variations in hydration dynamics and direct lipid-ion
coordination, are not merely secondary perturbations but are fundamental determinants of the self-
assembly pathway. Monovalent ions, strictly adhering to their respective positions in the Hofmeister
series, primarily modulate the generic solvent structure, thereby influencing the entropic driving forces
associated with hydrophobic exclusion. Conversely, divalent kosmotropic ions such as calcium and
magnesium introduce profound mechanistic shifts. Through the formation of inner-sphere and outer-
sphere coordination complexes with the zwitterionic lipid headgroups, these ions significantly lower
the thermodynamic activation barriers for nucleation and induce the formation of highly stable, tightly
packed intermediary structures. The rigorous quantification of these distinct potential of mean force
profiles underscores the necessity of considering the specific composition of the background electrolyte
when predicting the physical behavior of graphene in biological environments.

5.2 Implications for Nanomedicine and Toxicity

The findings presented herein hold substantial implications for the translational development of
graphene-based technologies. In the realm of nanomedicine, the precise engineering of drug delivery
vectors requires complete control over the surface functionalization and stability of the carrier.
Understanding that calcium-rich environments natively promote the rapid and stable self-assembly of
protective lipid layers onto graphene surfaces provides a critical design principle for formulating
biocompatible nanodevices intended for systemic administration. By pre-conditioning graphene
materials in specific ionic environments, researchers can potentially template highly robust bicelle
coatings that resist degradation and prevent nonspecific protein adsorption upon injection into the
bloodstream. Conversely, from a nanotoxicological perspective, these specific ion effects highlight the
varying risks associated with nanomaterial exposure in different physiological compartments. A
graphene nanosheet entering a fluid environment lacking sufficient stabilizing divalent ions may exhibit
a higher propensity for disruptive interactions with intact cellular membranes, such as lipid extraction
or physical piercing, due to the high energetic barrier preventing the rapid formation of a passivating
lipid corona. Thus, risk assessments and the design of safe nanomaterials must account for the local
ionic milieu of the targeted biological tissue.

5.3 Limitations and Future Research Avenues

While this theoretical study provides a highly detailed atomistic perspective, it is imperative to
acknowledge the inherent limitations of the computational models employed. The empirical force fields
utilized, despite being rigorously optimized, are fundamentally based on classical mechanics and fixed-
point charges. Consequently, they may not fully capture the complex, many-body polarization effects
and dynamic charge transfer events that can occur during the formation of strong inner-sphere
coordination complexes, particularly for highly charged transition metals. Future research directions
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should aim to integrate polarizable force fields or utilize hybrid quantum mechanics and molecular
mechanics approaches to further refine the energetic estimations of specific ion binding at the graphene
interface. Additionally, experimental validation of these free-energy landscapes remains a critical
objective. Advanced techniques such as high-speed atomic force microscopy and surface-specific
nonlinear vibrational spectroscopy should be deployed to probe the structural dynamics and hydration
states of these interfacial assemblies in real time. Expanding the compositional complexity of the
simulated models to include functionalized graphene derivatives, heterogeneous lipid mixtures
representing actual cellular rafts, and competitive protein environments will ultimately bridge the gap
between idealized biophysical models and the intricate realities of physiological systems.
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