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Lithocholic acid (LCA), a bile acid metabolite with demonstrated lifespan-extension capabilities, holds considerable
biomedical promise. The development of nano-enabled platforms, such as those based on two-dimensional (2D) materials,
is crucial to empower its future applications in drug delivery and sensing. For fundamental mechanistic studies, graphene
serves as an ideal model system owing to its structural simplicity and computational tractability, which allow for precise
control and reliable simulation of its surface properties, such as through defect engineering. However, the adsorption
behavior of LCA on graphene surfaces, particularly the mechanistic role of surface defects that are central to tailoring
material properties, remains inadequately characterized. To elucidate the underlying physical principles governing this
interaction, we employed molecular dynamics simulations to systematically compare LCA binding on ideal graphene (I-
Gra) and a series of defective graphene (D-Gra) models with varying defect sizes and edge chemistries. Our results reveal
that the binding free energy of LCA converges to a similar value across all surfaces, indicating a limited impact of nanoscale
defects. Structural analysis shows that while hydrophilic defect edges form strong, localized hydrogen bonds with water,
the overall architecture of the interfacial hydration layer remains largely preserved. This confinement of defect influence
leads to minimal variation in the non-polar solvation free energy, the key thermodynamic term governing hydrophobic
adsorption. Consequently, the adsorption strength exhibits remarkable robustness against the investigated defects. These
findings elucidate a defect-insensitive adsorption mechanism, highlighting that the continuous hydrophobic graphene plane,
not localized defect features, dominates the interaction. This insight provides a crucial theoretical foundation for predicting
the performance of realistic, non-ideal graphene interfaces in LCA-related biomedical applications.
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1. Introduction

Lithocholic acid, a key member of the bile acid fam-
ily, plays critical physiological roles in biological systems,
including cholesterol metabolism regulation and bile acid
homeostasis.!'"% Notably, breakthrough studies have recently
revealed that LCA mimics caloric restriction effects, with ex-
perimental validation demonstrating its lifespan-extending ca-
pabilities in model organisms such as mice, nematodes, and
fruit flies.[”8! To realize the biomedical potential of LCA,
efficient platforms for its delivery and sensing are essential.
Two-dimensional (2D) materials have emerged as a unique
class of nanomaterials for such applications, owing to their ex-
ceptional properties including ultra-high surface area, tunable
surface chemistry, and outstanding mechanical strength.[®-13]
Among these, graphene represents a paradigmatic 2D ma-
terial. Its well-defined, atomically flat structure and exten-
sive history in both experimental and computational studies of
biomolecular interactions make it a highly suitable and widely
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adopted model system for investigating fundamental inter-
facial phenomena at solid—liquid interfaces.!!*! Critically,
defect engineering enables precise modulation of graphene’s
physicochemical characteristics, such as surface hydrophilic-
ity/hydrophobicity and charge distribution, thereby creat-
ing new opportunities for expanded biomedical utility.?>~27]
However, the extent to which such nanoscale modifications
translate into measurable changes in the adsorption thermody-
namics of small biomolecules remains a fundamental question,
crucial for predicting the behavior of real, non-ideal graphene
surfaces.

While graphene interactions with biomacromolecules
(such as proteins and DNA) have been systematically inves-

[28-351 for instance, Li et al. employed molecular dy-

tigated,
namics simulations to elucidate the role of defects in protein
adsorption,*®! and Gao et al. explored mechanisms govern-
ing dsDNA interactions with ideal and defective graphene, >3]

the dynamic adsorption behavior of small biomolecules at
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graphene interfaces remains inadequately characterized. Un-
derstanding the adsorption behavior of LCA on pristine and
defective graphene surfaces is essential to elucidate interfa-
cial interaction mechanisms in biological systems and develop
graphene-based drug delivery systems and biosensors. Specif-
ically, a detailed understanding of LCA—graphene binding at
the molecular level is crucial. Equally important is to quantify
how nanoscale defects, varying in size and edge chemistry, af-
fect the adsorption strength and mechanism. This knowledge
is pivotal for advancing reliable graphene-based platforms, es-
pecially for applications like drug delivery where material im-
perfections are intrinsic.

This study employs molecular dynamics simulations and
free energy calculations to systematically investigate the ad-
sorption of LCA on I-Gra and a series of D-Gra models with
controlled pore sizes and edge chemistries, aiming to eluci-
date the extent to which such nanoscale defects modulate the
adsorption thermodynamics and mechanism. Based on 400-
ns simulations, we analyzed the binding kinetics, contact area,
and interaction energy for the representative I-Gra and a spe-
cific defect model, D-Gral.0. To comprehensively assess the
thermodynamic impact of defects, we further computed the
binding free energy and its components for a total of five sys-
tems, including I-Gra, D-Gral.0, and three additional variants:
D-Gra0.5, D-Gral.5, and D-Gral.Oh. The results quantify the
contribution of various energy terms and reveal how the inter-
facial hydration structure responds to defects. This work pro-
vides a systematic assessment of how different defect param-
eters, size and edge chemistry, govern the adsorption of LCA
on graphene, offering crucial insights for predicting the per-
formance of graphene-based materials with inherent nanoscale
imperfections.

2. Model and method

The graphene systems comprising five distinct models,
I-Gra and four D-Gra variants with systematically varied
pore sizes and edge chemistries, were constructed as follows
(Fig. 1). I-Gra, which measured 3.7 nm X 4.4 nm (662 car-
bon atoms), was modeled with uncharged Lennard—Jones par-
ticles, and the van der Waals parameters were set as ¢ =
0.34 nm, & = 0.36 kJ/mol.’”] The primary defective model,
D-Gral.0, was engineered by introducing a 1-nm diameter cir-
cular pore at the center of the I-Gra lattice, with the pore pe-
riphery comprising 12 carbon atoms. To passivate edge dan-
gling bonds and impart specific chemical functionalities, these
peripheral carbon atoms were terminated with charged car-
boxyl groups (-COO™) and hydrogen atoms (—H) in alternat-

5.3 To comprehensively investigate the effect of

ing position
defect geometry and chemistry, three additional variants were
constructed based on the same modeling approach: D-Gra0.5,

featuring a 0.5-nm diameter pore with its 6 peripheral atoms

passivated by one -COO™ and five —H atoms; D-Gral.5, fea-
turing a 1.5-nm diameter pore with its 18 peripheral atoms
alternately terminated with -COO™ and —-H; and D-Gral.Oh,
featuring a 1.0-nm diameter pore with all 12 peripheral atoms
terminated solely by —H atoms, creating a purely hydrophobic
defect edge. Following molecular modeling, LCA underwent
structural optimization and subsequent RESP (restrained elec-
trostatic potential) atomic charge computation to achieve force

field parameterization. 3840l
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Fig. 1. Atomic configurations of all simulated systems. (a) LCA molecule,
(b) I-Gra, (c)—(f) defective graphene models with systematically varied pore
sizes and edge chemistry: (c) D-Gral.0 (1.0 nm pore, -COO~/-H edges),
(d) D-Gra0.5 (0.5 nm pore, one -COO™), () D-Gral.0h (1.0 nm pore, fully
hydrogenated edges), and (f) D-Gral.5 (1.5 nm pore, -COO~/-H edges).

All simulations were performed using the GRO-
MACS package and the force field was described using
AMBER99SB.[*#2l VMD software was utilized for visual-
izing the structure.*3! For each system, a simulation box of
dimensions 6 nm X 5.5 nm X 6 nm was constructed. The
graphene sheet was centered in the xy-plane, with the LCA
molecule initially placed 1.5 nm above it. Systems were
solvated with TIP3P water.[**! Periodic boundary conditions
were used in the simulation process. To maintain electrical
neutrality, sodium ions (Na™) were added to neutralize the net
negative charge carried by the deprotonated carboxyl groups
on the graphene edges where applicable. Specifically, 6 Na™
ions were added to the D-Gral.0 system to neutralize its six —
COO™ groups. Similarly, 1 Na* and 9 Na™ ions were added to
neutralize the single -COO™ in D-Gra0.5 and the nine -COO™
groups in D-Gral.5, respectively. The electrically neutral I-
Gra and D-Gral.0h systems did not require additional ions for
charge neutralization. Covalent bond lengths involving hy-
drogen atoms were constrained by the LINCS algorithm. 43!
Remote electrostatic interactions were calculated by the par-
ticle mesh Ewald (PME) method, and van der Waals inter-
actions used a 1.2-nm cutoff.[**47] The time step was set to
2.0 fs, and data were collected every 100 ps. After energy
minimization, each system was pre-equilibrated for 1000 ps
using the Berendsen coupling method at a constant tempera-
ture of 300 K. Following energy minimization, all simulated
systems underwent equilibration within the NVT ensemble,
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maintaining temperature at 300 K via the v-rescale thermo-
stat while regulating system pressure to 1 bar (1 bar = 10° Pa)
using the Parrinello-Rahman barostat.[*84% Subsequently, a
production simulation was performed for 400 ns in the NVT
ensemble. The binding free energies were calculated using the
MM-PBSA approach as implemented in the gmx_MMPBSA
tool.’% The simulation protocols described above apply to the
five primary systems in pure water. Additional control simu-
lations, including those at physiological ionic strength (0.15-
M NaCl) and with hydrogenated outer edges of the graphene
sheet, were performed to test the robustness of the findings;
their specific setups are detailed in the supporting information
(Sections S4 and S5).

3. Results and discussion
3.1. The interaction between LCA molecules and I-Gra

Based on the analysis of configuration diagrams at key
time points during the simulation (as shown in Fig. 2), we ex-
amined the dynamic adsorption process of LCA molecules on
the I-Gra surface. Initially (r = O ns), the molecules were po-
sitioned 1.5 nm above the center of the I-Gra plane. Over
the 400-ns simulation period, continuous migration of the
molecules across the I-Gra surface was observed.

(a) (®)
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Fig. 2. Conformational diagrams of LCA molecules and I-Gra at different
critical moments during the simulation process: (a) 0 ns, (b) 100 ns, (c)
400 ns.
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Fig. 3. (a) Time evolution of the vertical distance between LCA centroid and
I-Gra plane, (b) time evolution of the contact area between LCA molecule
and the I-Gra plane, and (c) time evolution of the van der Waals interaction
energy between LCA molecule and the I-Gra plane.

The analysis of the vertical distance between the molec-
ular centroid and the I-Gra plane (shown in Fig. 3) revealed
a rapid decrease in the early simulation stage, followed by
gradual stabilization. Concurrently, the contact area between
the molecule and I-Gra increased sharply from 0 nm? to ap-
proximately 2.1 nm? within the initial simulation phase before
reaching equilibrium. Correspondingly, the van der Waals in-
teraction energy decreased rapidly from 0 kJ/mol to approx-

imately —108 kJ/mol and subsequently stabilized. These ki-
netic data collectively demonstrate that LCA molecules un-
dergo rapid initial adsorption on the I-Gra surface, followed
by stabilization while retaining migration capability post-
adsorption, characteristic of a dynamic adsorption process.

3.2. The interaction between LCA molecules and D-
Gral.0

Based on the same analytical methodology, we investi-
gated the adsorption behavior of LCA on the D-Gral.0 sur-
face. The analysis of the system conformation at distinct sim-
ulation time points (see Fig. 4) revealed that at the initial stage
(t = 0 ns), LCA molecules were positioned approximately
1.5 nm above the center of the D-Gra plane. Throughout the
subsequent 400-ns simulation, the molecules exhibited contin-
uous migration across the D-Gra surface. Analysis of the time
evolution of the vertical distance between the LCA molecu-
lar centroid and the D-Gra plane (see Fig. 5) revealed that this
distance exhibited brief initial fluctuations, followed by a rapid
decrease, and subsequently approached a relatively stable state
with persistent minor oscillations, similar to the behavior ob-
served on [-Gra. The adsorption process was predominantly
stable, with a transient event occurring around 91 ns.

(a) (b) (©
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Fig. 4. Conformational diagrams of LCA molecule and D-Gral.0 at differ-
ent critical moments during the simulation process (a) O ns, (b) 100 ns, and
(c) 400 ns.

At this time, a synchronous decrease in contact area (from
2.65 nm? to 2.25 nm?) and a corresponding weakening of
the van der Waals interaction energy (from —145 kJ/mol to
—105 kJ/mol) were observed (Fig. 5).
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Fig. 5. (a) Time evolution of the vertical distance between LCA centroid and
D-Gra plane, (b) time evolution of the contact area between LCA molecule
and the D-Gra plane, (c) time evolution of the van der Waals interaction
energy between LCA molecule and the D-Gra plane.

Structural snapshots and root-mean-square deviation
(RMSD) analysis (see Figs. 6 and 7) indicate that this cor-
responds to a transient conformational folding rearrangement
of the LCA molecule. This rearrangement led to a more com-
pact LCA structure, temporarily reducing its contact interface
with the graphene. Notably, after this short-lived event, the
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molecule quickly re-established a stable adsorbed state, and
both the vertical distance and interaction energy remained sta-
ble for the remainder of the simulation. The final contact
area (2.25 nm?) and interaction energy level are comparable to
those on I-Gra, suggesting a similar overall strength of physi-
cal adsorption. This indicates that while local molecular rear-
rangements can occur, they do not compromise the long-term

stability of adsorption on the graphene surface.

0.25 0.25 '
(@ (b)
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0.05 0.05

0

100 200 300 400
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0
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Fig. 6. (a) The relationship between the root-mean-square deviation of LCA in
the I-Gra system and time, (b) The relationship between the root-mean-square
deviation of LCA in the D-Gral.0 system and time.

Fig. 7. (a) The structural diagram of the LCA molecule at the 90-ns time point,
(b) the structural diagram of the LCA molecule at the 100-ns time point.

3.3. Convergence of binding free energy across diverse
graphene defects

To quantitatively elucidate the thermodynamic driving
forces for LCA adsorption and to probe the generalizability
of defect effects, we calculated the binding free energy us-
ing the MM-PBSA method for five graphene systems: I-Gra,
D-Gral.0, D-Gra0.5, D-Gral.5, and D-Gral.0h. The calcula-
tions were performed using trajectories from the stable bind-
ing phase (100 ns—200 ns). The binding free energy is decom-
posed into molecular mechanics terms (van der Waals energy
and electrostatic interaction energy) and solvation terms (po-
lar solvation free energy, and non-polar solvation free energy).
Key results for all systems are summarized in Fig. 8(a).

The analysis of the decomposed terms reveals consistent
patterns. The van der Waals interaction provides the domi-
nant favorable contribution across all systems. As expected,
systems with carboxylated edges (D-Gral.0, D-Gra0.5, D-
Gral.5) exhibit additional favorable electrostatic interactions,
which are largely absent in I-Gra. A minimal electrostatic
contribution (—0.07 kcal/mol) is also observed in D-Gral.0h,
likely arising from the subtle polarization of the C—H bonds

at the defect edge. However, these electrostatic gains are con-
sistently counterbalanced by more unfavorable polar solvation
penalties.

The most critical finding is the near invariance of the non-
polar solvation free energy, which fluctuates within a negli-
gible range of —1.82 kcal/mol to —1.87 kcal/mol across all
five systems (see Fig. 8(a)). This term, which encapsulates the
thermodynamic cost of dehydrating the hydrophobic interface
upon adsorption, is remarkably insensitive to the presence,
size, or chemical termination of the nanoscale defects. Con-
sequently, the total binding free energies for all systems con-
verge to a highly similar value, ranging from —26.5 kcal/mol
to —27.8 kcal/mol. This convergence indicates a saturation ef-
fect in adsorption strength, governed by a common thermody-
namic bottleneck. The structural origin of this invariant non-
polar solvation free energy is investigated in the following sec-
tion.

3.4. Analysis of interfacial hydration structure reveals lo-
calized defect effects

To uncover the structural origin of the invariant non-polar
solvation free energy observed in Subsection 3.3, we analyzed
the organization of interfacial water by calculating the radial
distribution function (RDF) between all atoms of the graphene
sheet (including edge functional groups) and water oxygen
atoms.

The radial distribution functions (RDFs) for I-Gra and the
fully hydrogenated defect model D-Gral.Oh are nearly super-
imposable, particularly at distances beyond the first hydration
shell (r > 0.35 nm), as shown in Fig. 8(b). This close over-
lap demonstrates that a nanoscale pore with a hydrophobic
edge does not disrupt the overall architecture of the interfa-
cial water layer adjacent to the extended graphene plane. The
structural preservation is consistent with the nearly identical
non-polar solvation free energy observed for these two sys-
tems. The detailed adsorption dynamics and conformational
evolution of LCA on D-Gral.Oh, which further confirm its be-
havioral similarity to I-Gra, are provided in the supporting in-
formation (Section S2).

In contrast, defects with charged edges introduce a dis-
tinct structural feature: a sharp peak at approximately r ~
0.25 nm (the inset of Fig. 8(b)). This peak is unambiguously
attributed to water molecules forming strong, localized hy-
drogen bonds with the edge -COO™ groups. The intensity
of this characteristic peak scales directly with the number of
hydrophilic sites. It is most pronounced for D-Gral.5 (nine
—COO™ groups; Fig. S9(b)), clearly visible for D-Gral.0 (six
groups; Fig. 8(b)), and subtle for D-Gra0.5 (a single group;
Fig. S3(b)). This systematic variation underscores the highly
localized nature of the defect’s influence. The complete ki-
netic profiles and structural analyses for the D-Gra0.5 and D-
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Gral.5 systems are documented in Sections S1 and S3 of the
supporting information, respectively.

This contrast provides direct structural evidence that the
influence of hydrophilic defects is confined to the immediate
vicinity of the defect edges. While these edges create a sig-
nificant local perturbation in water structure, this perturbation
decays rapidly with distance and does not propagate to reorga-
nize the broader interfacial water network responsible for the
hydrophobic effect. Therefore, the thermodynamic cost of de-
hydrating this predominant interface, the non-polar solvation
free energy, remains unchanged, leading to the convergence
in total binding affinity. In summary, the adsorption is dom-
inated by the continuous hydrophobic plane, with nanoscale
defects exerting only a local, thermodynamically insignificant

influence.
-' I-(im' \:‘l D-(i‘ml)j j ' 10
10 B D-Gral.0 B8 D-Gral .Oh -Gra
B D-Gral.5 —— D-Gral.0
— D-Gral.Oh
0.8
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MMPBSA binding free energy

Fig. 8. (a) The binding free energy of LCA with the five graphene systems
and its decomposed components, (b) radial distribution functions between
atoms of the graphene sheet and water oxygen atoms for I-Gra, D-Gral.0,
and D-Gral.0h.

4. Conclusions

Through systematic molecular dynamics simulations, we
investigated the adsorption of LCA on ideal and defective
graphene, varying defect size and edge chemistry. The bind-
ing free energy of LCA converges to a similar value across all
surfaces, demonstrating remarkable insensitivity to nanoscale
defects. This convergence is primarily dictated by the near-
invariance of the non-polar solvation free energy, the key ther-
modynamic term governing hydrophobic interactions. Struc-
tural analysis of the interfacial water layer via radial distri-
bution functions provides the foundation for this observation:
while hydrophilic defect edges form strong, localized hydro-
gen bonds, the global architecture of the hydration layer adja-
cent to the extended graphene plane remains preserved. Con-
sequently, the thermodynamic cost of dehydrating this inter-
face, the non-polar solvation free energy, shows negligible
variation, leading directly to the observed convergence in over-
all binding affinity. The robustness of this defect-insensitive
adsorption mechanism is further confirmed by control sim-
ulations under physiologically relevant ionic strength (0.15-

M NaCl) and with hydrogenated outer sheet edges, both of
which yield virtually identical binding thermodynamics (see
supporting information). In summary, our work elucidates an
adsorption mechanism on graphene that is intrinsically robust
to common nanoscale imperfections. The binding of small hy-
drophobic molecules like LCA is dominated by the continu-
ous hydrophobic surface, with defect perturbations being too
localized to alter the global interfacial water structure and its
associated thermodynamics. This insight provides a crucial
guideline for designing graphene-based biomedical interfaces:
predictable adsorption performance can be expected even for
materials with inherent nanoscale defects, significantly simpli-
fying their practical application.
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