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Figure 4. Center of mass (COM) distances between each Pt-based compound (labeled in each panel) and the lipid assemblies composed of DOPC
(violet), DPPG (orange), and DSPE (green). The data are only shown for 200 ns onward when micelle formation had occurred in all systems.

Figure 5. Representative snapshots illustrating the diverse internal conformations of Pt-based compound tails within the micelle-like structure.
From left to right, small compounds tend to adopt peripheral orientations with tails extended or slightly tilted, while long-chain fatty acid
conjugates exhibit a range of conformations, including extended, kinked, curled, or folded tails. Lipids are shown in stick representation with
phosphorus atoms as green spheres marking the headgroups, overlaid by a semitransparent white surface highlighting the micelle-like morphology.
The drug molecules are shown in VDW representation and colored by atom name.

and 1.32 nm, indicating the formation of a stable micelle-like
structure.

SASA analysis shown in Figure S4 provides complementary
insight into micelle stabilization. SASA values decreased during
the early stages of simulations, reflecting the shielding of
hydrophobic regions from the aqueous environment as the
aggregates matured. A stable plateau was reached around the

same time as R, stabilization occurred, further confirming
structural consolidation. In systems containing cisplatin, SASA
plateaued at approximately 61, 52, and 53 nm? for DOPC,
DPPG, and DSPE lipids, respectively. Slightly higher SASA
values were observed in systems containing Pt-based
compounds conjugated with saturated and unsaturated fatty
acids (SteariP, Elaid, and OleP). This increase reflects partial
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Figure 6. Total interaction energy (van der Waals + electrostatic) calculated between each Pt-based compound (labeled in each panel) and the

di erent lipid types: DOPC (violet), DPPG (orange), and DSPE (green).

surface exposure of the hydrophilic moiety of Pt-based
compounds, despite stronger hydrophobic interactions medi-
ated by their fatty acid tails. As a result, these systems exhibited
more dynamic and less compact micelle-like structures.

Spatial Proximity and Interaction Strength

Clustering analysis revealed that, unlike cisplatin, the Pt-based
compounds were consistently incorporated into the lipid
aggregates. To further characterize these interactions, we
analyzed the center-of-mass (COM) distances between each
compound and the micelle-like structures throughout the
simulation (see Figure 4). In the cisplatin systems, the COM
distances remained around 5 nm, indicating no stable
association with lipid assemblies. Cisplatin moved freely within
the simulation box and did not show preferential localization
near the micelle-like structure for any of the lipid types,
consistent with the clustering results. In contrast, the fatty acid
conjugated Pt-based compounds showed significantly shorter
and more stable COM distances relative to the lipid
assemblies. Long-chain conjugates (SteariP, ElaidP, OleP)
maintained COM distances around 1.2 nm. Given that the
micelle radius ranged from 1.6 to 1.7 nm (see Table S1), these
values suggest that the compounds are embedded well within
the micelle-like structure. The shorter-chain analogs (CapryP,
ArP) exhibited slightly larger COM distances (=1.4 nm),
suggesting a peripheral localization. ArP showed transient
excursions to 1.6 nm, implying brief dissociation, but
consistently returned to the micelle interface, reflecting a
weaker yet preferential association.

To better characterize the embedding geometry for
compounds closely interacting with the micelle-like structure,
we calculated the angle between each drug’s molecular axis
(head to tail) and the vector connecting its COM to that of the
micelle-like structure (Figure S5). Long-chain conjugates had
low angles (30—45°), indicating deep insertion; shorter
analogs showed intermediate angles (50—60°), consistent

with interfacial binding. However, the orientation angle alone
does not fully capture the internal conformation of the fatty
acid tails, which can vary. As illustrated by the snapshots in
Figure 5, one or both tails can be extended, folded, or curled
within the micelle-like structure and are not necessarily fully
extended. To quantify this, we calculated the end-to-end
distance between the terminal carbon atom of each fatty acid
tail and the platinum atom in the headgroup, and then plotted
the di erence, AD, between these two distances (see Figure
S5). Short-chain analogs showed near-zero AD, indicating
stably extended tails. Long-chain conjugates exhibited AD
fluctuations (—0.2 to 0.2 nm), reflecting bending or curling of
one tail while the other remains extended, suggesting talil
flexibility and possible intramolecular interactions or "breath-
ing motion” with transient exposure to the aqueous environ-
ment.

To rationalize these findings, we analyzed the total
interaction energies between each Pt-based compound and
the lipids, as shown in Figure 6. These energies were
decomposed into van der Waals and electrostatic contributions
(see Figures S6 and S7). As expected, cisplatin showed
negligible interaction energy (Figure 6), consistent with its lack
of association. In contrast, all fatty acid conjugated compounds
showed negative total interaction energies, confirming that
their association with lipid assemblies was energetically
favorable.

Notably, long-chain conjugates (SteariP, ElaidP, OleP)
exhibited the strongest interaction energies with the lipids,
primarily due to van der Waals contributions (see Figure S6).
This underscores the role of hydrophobic insertion in
stabilizing lipid association. Electrostatic contributions were
significantly weaker, being about 5-fold lower for CapryP and
ArP, and about 10-fold lower for SteariP, ElaidP, and OleP.
SteariP, with its saturated fatty acid tails, exhibited the
strongest van der Waals interactions due to tighter, more
ordered packing with the lipid hydrocarbon chains, which
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Figure 7. (a) Heatmap of the distance matrix showing contacts between functional groups of the di erent Pt-based compounds (x-axis) and the
tails of di erent lipid types (y-axis). The color bar below represents average distances (in nanometers). (b) Average number of heavy atom contacts
between each Pt-based compound (x-axis) and lipid tails. (c) Average number of hydrogen bonds formed between each Pt-based compounds (x-
axis) and water molecules. In panels (b,c), lipid types are colored: DOPC (violet), DPPG (orange), and DSPE (green).

maximizes van der Waals contacts. In contrast, the unsaturated
tails of ElaidP and OleP introduced conformational kinks that
slightly disrupted packing e ciency and reduced hydrophobic
contacts.

Molecular Level Analysis: Distance Map, Contacts and
Hydrogen Bonding

To further deepen our understanding of the molecular-level
interactions between the Pt-based compounds and lipid
assemblies, we analyzed distance maps and contact patterns
focusing on specific atomic groupings within the compounds
and lipids. The heatmaps in Figures 7 and S8 display average
minimum distances between functional groups of the Pt-based
compounds (Pt, N, H, CI, C O, Pt—0, alkyl chain) and
distinct lipid regions (headgroups and tails). Cisplatin,
consistent with previous findings, remained spatially distant
from lipid assemblies, showing minimal interactions with lipid
headgroups at distances of =2.5 nm and complete exclusion
from micelle-like structures.

In contrast, fatty acid conjugated compounds exhibited
significantly closer and more persistent interactions, partic-
ularly between their hydrophobic chains and lipid tails. The
Chlorine atoms maintained distances within 0.25 nm of the
lipid environment, while hydrogens from the ammonia groups
and oxygens from the carbonyl/carboxylate groups remained
within 0.4 nm (Figure 7a). The relatively rigid coordination
geometries around the platinum center appear to constrain the
interaction interface, favoring localized binding to specific
regions within the lipid core.

Contact analysis further confirmed these observations (see
Figure 7b). Cisplatin exhibited negligible lipid contacts (less
than one per molecule). In contrast, the fatty-acid conjugated
Pt-based compounds formed substantial contacts with the lipid
tails. SteariP, ElaidP, and OleP formed an average of more than
100 up to 120 atomic contacts (not counting H atom
contacts). This highlights the important role of the alkyl chain
length and hydrophobicity in promoting the deep embedding
of Pt-based compounds within the micelle-like structures.

Additional insight into the hydration and partitioning
behavior was obtained from the analysis of hydrogen bonding
with water (see Figure 7c). Cisplatin exhibited an average of
four hydrogen bonds with water, consistent with its small size
and limited number of polar groups. Pt-based compounds with
short alkyl chains or aromatic groups (CapryP and ArP)
showed the highest number of hydrogen bonds ( 9),
reflecting their greater ability to form H-bonds compared to
cisplatin and their greater surface exposure to the agqueous
environment and limited embedding within the lipid phase as
compared to the long-chain Pt-based compounds. The latter
(SteariP, Elaid, and OleP) formed slightly fewer hydrogen
bonds ( 8), indicating partial insertion of their hydrophobic
tails into the lipid core, with only their polar headgroups
accessible for water interactions. These trends, combined with
the contact analysis, provide a coherent picture of how
hydrophobic insertion and surface exposure balance to
determine the localization of Pt-based compounds within the
lipid assemblies.

Finally, lipid—water hydrogen bonding remained relatively
stable in all systems, following a consistent trend of DPPG >
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