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Micelle-based drug delivery systems offer a promising strategy for enhancing the solubility and

DOI: 00.0000/XXXXXXXXXX

bioavailability of poorly water-soluble therapeutics.

Among these, nonionic surfactants such as

Triton X-100 are particularly attractive due to their biocompatibility and capacity to encapsulate

structurally diverse small molecules.

In this work, all-atom molecular dynamics simulations were

employed to investigate the encapsulation of three drugs (aspirin, atenolol, and felodipine) within
Triton X-100 micelles. The selected molecules span a broad range of hydrophobicities and hydrogen-
bonding capabilities, enabling a systematic comparison of how physicochemical properties influence

solubilisation behaviour and micelle morphology.

The simulations reveal that drug—micelle interactions are dominated by the hydrophilic ethylene-

oxide headgroups, with limited penetration into the hydrophobic core.

Hydrophobicity correlates

positively with total drug loading; however, deviations from this trend highlight the competing roles
of polarity and conformational flexibility. Atenolol, the most polar compound, penetrates deepest
into the micelle core and induces the greatest deformation, whereas felodipine's extended aromatic
surface stabilises more spherical aggregates.

Overall, this work demonstrates that Triton X-100 micelles adapt dynamically to chemically diverse
guest molecules. The results establish quantitative structure—property relationships linking molecu-

lar features, including hydrophobicity, polarity and topology, to encapsulation efficiency and micelle

shape. These insights provide molecular-level understanding of the physicochemical principles gov-
erning solubilisation in nonionic micellar systems and support the broader application of molecular
simulation as a predictive tool for micelle-based drug delivery formulations.

1 Introduction

Surfactants play a pivotal role in modern drug delivery system de-
sign due to their capacity to modulate key physicochemical prop-
erties of pharmaceutical formulations. Their amphiphilic nature
allows them to interact effectively with both hydrophilic and hy-
drophobic components, facilitating improved solubility, bioavail-
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ability, and stability of drug compounds. These properties are
particularly beneficial for hydrophobic drugs, where surfactants
serve as solubilising agents by reducing interfacial tension and
encapsulating drug molecules within micelles. Beyond solubility
enhancement, surfactants contribute to controlled drug release,
increased permeability across biological membranes, and even
modulation of drug distribution and toxicity profiles. Some sur-
factants also exhibit intrinsic antimicrobial activity, which adds
value by protecting formulations from microbial contamination.”

Among the array of surfactants utilised, nonionic types like Tri-
ton X-100 (TX-100) have garnered significant attention. TX-100 is
either a nonionic surfactant known for its ability to self-assemble
into micellar structures in aqueous environments23, making it
a promising candidate for enhancing the oral delivery of poorly
water-soluble drugs™™. Its molecular architecture comprises a
hydrophilic polyethylene oxide chain and a bulky hydrophobic
p-tert-octylphenyl group, allowing it to form micelles that can
encapsulate hydrophobic drug molecules and improve their aque-
ous solubility”Z.
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The critical micelle concentration (CMC) of Triton X-100 at
25 °C is typically reported between 0.2 and 0.31 mM, with slight
variation depending on the experimental method and drug pres-
ence®. For instance, in the presence of nimesulide, the CMC has
been determined to be approximately 0.25 mMZ. Despite exten-
sive study, the precise morphology of Triton X-100 micelles re-
mains under discussion®. While traditional models depict a well-
defined core-shell structure, more complex descriptions, featuring
diffuse boundaries, multilayered configurations, and polydisper-
sity, may more accurately represent their aggregation behavior®,
The relatively short hydrophobic tail and the extended ethylene
oxide chain may result in micelles with less distinct core-shell sep-
aration or favor oblate morphologies®. Molecular dynamics sim-
ulations further suggest that Triton X-100 micelles deviate from
spherical geometry as their aggregation number increases=2110,

A primary application of Triton X-100 micelles lies in enhancing
the solubility and, consequently, the bioavailability of lipophilic
drugs?# 154 Hydrophobic drug molecules partition into the
micellar core, while the hydrophilic shell interfaces with the aque-
ous environment12, This property has been explored using a
variety of poorly water-soluble compounds. For example, nons-
teroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen and
indomethacin have been extensively studied in Triton X-100 mi-
cellar systems. Triton X-100 micelles can significantly enhance the
solubilisation of these agents, with indomethacin exhibiting ap-
proximately twice the solubility of ibuprofen at equivalent aggre-
gation numbers. Indomethacin’s tendency for n-x stacking leads
to dense aggregation within the micelle core, which can cause mi-
cellar destabilisation and fission into smaller daughter micelles.
In contrast, ibuprofen yields more stable, albeit elongated, mi-
celles. Notably, Triton X-100 outperforms its TX-114 counterpart
in solubilising ibuprofen=L,
gated, with UV-Vis spectroscopy indicating its incorporation into
Triton X-100 micelles, although the interaction appears weaker
than with cationic micellesZ. Another example is syringic acid,
whose partitioning into Triton X-100 micelles has provided fur-
ther insight into the micellar encapsulation of bioactive pheno-
lic compounds®. Beyond enhancing solubility, the nanoscale size
(typically 5-100 nm) of micelles enables deeper tissue penetra-
tion, increased retention, and potentially enhanced cellular up-
take via mechanisms such as transcytosis12.

Triton X-100 holds promise in improving the oral delivery of
poorly water-soluble drugs within drug delivery formulations by
enhancing solubility and potentially influencing tissue perme-
ability. Therefore, further investigation of the unique structural
characteristics and dynamic aggregation behavior of Triton X-100
micelles, along with the interactions of various small molecule
therapeutics, will be crucial in the further understanding of the
mechanisms that result in the demonstrated solubilisation ca-
pacity of these micelles™, which makes them a valuable plat-
form for drug delivery research. In this manuscript, we have
used all-atom molecular dynamics simulations to examine the in-
teractions of three small molecule drugs (aspirin, atenolol, and
felodipine) with Triton X-100 micelles. These drugs, selected
for their differing bioavailability and hydrophobicity, provide a
comparative framework to clarify how molecular properties af-

Nimesulide has also been investi-
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fect micelle solubilisation. While previous molecular dynamics
studies have provided valuable insight into the self-assembly and
solubilisation mechanisms of Triton X-100 micelles, most have
focused on individual drugs or on general micellar morphology
without systematically relating molecular structure to encapsula-
tion behaviour®®1, In contrast, the present work offers a com-
parative framework that directly examines how distinct physico-
chemical and structural features (e.g. aromaticity, polarity, and
hydrogen-bonding capability) govern drug-micelle interactions
under identical simulation conditions. By investigating three
therapeutically relevant small molecules (aspirin, atenolol, and
felodipine) that span a broad range of log P values and hydrogen-
bond donor/acceptor profiles, we uncover how subtle variations
in molecular topology influence encapsulation depth, micelle de-
formation, and interfacial hydration. This systematic, cross-drug
comparison extends beyond prior work on single-drug systems
and provides new molecular-level insights into how nonionic sur-
factant micelles accommodate chemically diverse cargo. These
findings advance the physicochemical understanding of solubil-
isation in nonionic surfactant systems and contribute to estab-
lishing quantitative structure—property relationships that under-
pin drug encapsulation in aqueous micellar environments.

2 Methods
v
(a) Aspirin (b) Atenolol
(c) Felodipine
Fig. 1 Molecular representations of the three small-molecule drugs

((a) aspirin, (b) atenolol and (c) felodipine), with atoms colour-coded by
element: carbon (black), oxygen (red), and nitrogen (blue). These rep-
resentations are shown to indicate the three-dimensional conformation
of each molecule as used in the simulations. The corresponding two-
dimensional chemical structures, with explicit depiction of aromaticity
and connectivity, are provided in Figure S3 of the Supporting Informa-
tion.

All-atom molecular dynamics simulations were performed
in this study using GROMACS version 2019.312 with the
CHARMMS36 force fieldl® chosen to model the interactions be-
tween Triton X-100 micelles,water and small molecule drugs (As-
pirin,Atenolol and Felodipine). The drug molecules were mod-
elled and parameterised using Charmm-Gui PDB reader.
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2.1 System Preparation

The pre-assembled Triton X-100 micelle used as the starting
configuration in all three systems was taken directly from the
equilibrated trajectory of our previous all-atom molecular dy-
namics study of TX-100 micelles loaded with ibuprofen and in-
domethacin®. In that study, a micelle of 150 TX-100 molecules
was constructed using Packmol!Z and equilibrated under iden-
tical force field conditions (CHARMM36, CHARMM-modified
TIP3P water!®12 310 K, 1.0 bar), resulting in a stable aggre-
gate with an average aggregation number of 147 molecules. The
use of this previously equilibrated micelle as the starting point
ensures consistency with our prior work and avoids any depen-
dence of the results on the initial self-assembly process. The drug
molecules were subsequently inserted into the aqueous environ-
ment surrounding this micelle using the gmx insert-molecules
tool, such that they were at least 1 nm from the micelle’s surface.
Water molecules were then added to fill the simulation box with
dimensions of 130 A x 130 A x 130 A for all systems.

2.2 Simulation Protocol

Energy minimisation was performed using the steepest descent
algorithm with an energy tolerance of 1000.0 kJ/mol'‘nm and a
maximum of 5000 steps. A Verlet cutoff scheme was applied, with
a cutoff radius of 1.2 nm for Lennard-Jones interactions. Equili-
bration was carried out under NPT (constant number of parti-
cles, pressure, and temperature) conditions to relax the systems
and achieve equilibrium. A Berendsen thermostat maintained
the temperature at 310 K for all components (Triton X-100, wa-
ter, and drug molecules) with a coupling time constant 7, of 1.0
ps. Isotropic pressure coupling was applied using the Berendsen
barostat with a reference pressure of 1.0 bar, a time constant 7, of
5.0 ps. Production simulations were conducted under NPT con-
ditions for 1 microsecond per system to capture the dynamics of
drug-micelle interactions. The Nose-Hoover thermostat was used
for temperature control, maintaining a stable temperature of 310
Kwith 7, = 1.0 ps. Isotropic pressure coupling was achieved using
the Parrinello-Rahman barostat with a reference pressure of 1.0
bar, 7, = 5.0 ps, and compressibility of 4.5 x 1073 bar~!.

To verify that the 0.5 ns equilibration period was sufficient to
achieve equilibrium prior to the production simulations, we mon-
itored the time evolution of the radius of gyration and the ellip-
ticity of the Triton X-100 micelle for each system. Both quantities
undergo an initial relaxation, after which they converge to stable,
fluctuating values with no systematic drift observed over the re-
mainder of the equilibration trajectory. This indicates that both
the micellar core dimensions and the overall micelle shape had
reached a stable equilibrium prior to the commencement of the
production simulations (see Figure S4).

3 Data Analysis

3.1 Interface

The hydrophobic core of the micelle was defined geometrically in
each trajectory frame by constructing a convex hull around the
head group atoms of TX-100 (atoms C19, C20, C21, C22, C23,
C24). The core radius was calculated as the mean distance from
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the centre of mass of all of the TX-100 atoms to the convex hull,
averaged across all trajectory frames. The interface of the entire
micelle was defined equivalently using a convex hull around all
TX-100 atoms.20

3.2 Hydration

To calculate the hydration of the drug molecules, a radial dis-
tribution function (RDF) was used to define the probability that
the oxygen atom in a water molecule (Ow) is found at a given
distance from the polar oxygen atoms (Ox) within the small
molecules (for aspirin, atenolol and felodipine, atoms 01, 02, 03
and 04%Y, The radial distribution function goy o, (r) is formulated

as:
~ Pox.ow(r)

gox,0ow(r) = o)
In this equation, poy ow(r) signifies the density of oxygen atoms
in the water molecules situated at a distance r from atoms of type
Ox. Meanwhile, (po,,) represents the mean density of the oxygen
atoms in the water molecules.

€3]

The first neighbour distance is defined as the distance at which
the first minimum after the first peak of the RDF occurs. The
number of water molecules in the first hydration shell of each of
these polar atoms is then determined by counting the number of
water molecules that are found within the first neighbour distance
of each oxygen and averaging over the number of drug molecules
and over time.

3.3 Density

The density distributions of each molecular species present in the
system were computed using the PUCHIK package?V. PUCHIK
fits an alpha shape surface to the micelle’s hydrophobic core and
then bins the atomic positions as a function of signed distance
from this intrinsic water-core interface.

3.4 Encapsulation
The encapsulation efficiency of drug molecules within the micelle
(E) was evaluated by counting the number of drug molecules lo-
cated within the micelle’s core. To calculate the core, we iden-
tified the center of mass of the Triton X-100 micelles using the
selected head groups22,

Nencapsulated and dividing it by the total number of drugs in the
simulation Nyg¢ar:

E— Nencapsulated % 100. 2)

Neotal

E was calculated for each configuration within the trajectory.

3.5 Micelle Shape Analysis
To characterise the shape of the micelle, we calculated the princi-
pal moments of inertia from the positions of the micelle’s convex
hull points. The convex hull is the smallest convex boundary that
encloses a set of points. Using coordinates of these hull points it
helps to calculate the moments of inertia.

The moments of inertia / were computed as:
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L=Y (y,-z +Z?) , L=Y (X? +Z?) , L=Y (ﬁﬂ?) 3)
1 1 1

where x;, y;, and z; are the coordinates of the convex hull points
relative to the micelle’s center of mass. The eigenvalues of the in-
ertia tensor were used to classify the micelle’s shape as spherical,
prolate, oblate or triaxial.

There are different methods to help determine the shape of the
micelle based on the ratios of the principal moments of inertia.
Let the three principal moments be ordered as I} < I, < I5. The
micelle shape is classified as spherical when all three moments
are approximately equal (within 5% deviation), prolate when I; ~
b, < Iy (with the two smaller moments differing by less than 10%
while being at least 15% smaller than the largest), and oblate
when I} < I ~ I; (with the two larger moments differing by less
than 10% while being at least 15% greater than the smallest). If
none of these criteria are met, the shape is classified as triaxial3.,

4 Results and discussion

4.1 Structural properties of Triton X-100 drug delivery vehi-
cles

In Figure [2] the distance axis is defined relative to the intrinsic
surface of the hydrophobic core of the micelle, as calculated using
the convex hull construction described in the Methods section. A
distance of 0 A corresponds to the convex hull surface itself; neg-
ative values indicate positions within the hydrophobic core inte-
rior, and positive values indicate positions within the hydrophilic
corona or the surrounding aqueous phase. The intrinsic density
profiles shown in Figure [2| provide insight into the internal and
interfacial structure of the Triton X-100 micelles loaded with the
various drugs. In each micelle, we find that the significant ma-
jority of the hydrophobic tails of the Triton X-100 surfactants are
within the core of the micelle. While the ethylene oxide chains
that form the hydrophilic head groups of surfactant molecules do
penetrate the core of the micelles, which we have seen in our pre-
vious studies as welll124 they are generally found interacting
with the aqueous environment of the micelles.

The three different small molecule therapeutics are generally
found at the interface of the hydrophobic core of the micelle, but
they are found to penetrate the hydrophobic core of the micelles
to varying degrees. The felodipine molecules are found to pen-
etrate a bit more than aspirin, while atenolol does not penetrate
deep into the hydrophobic core; instead, its density is concen-
trated at the core—corona interface, consistent with its low log P
value.

The general density profile of the water surrounding the mi-
celles is consistent for all three micelles. The density of the
water begins to decrease from the bulk density at a distance of
~ 18 A from the interface of the hydrophobic core of the micelle,
which corresponds to the maximum extent of the hydrophilic
head groups of the Triton X-100 molecules within the micelle.
The density of the water continues to decrease linearly as the den-
sity of the hydrophilic head groups of surfactants increases nearer
to the interface of the core of the micelle. Water is found to be
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present within the core of each micelle, with water penetrating
the micelle that has encapsulated aspirin the most, followed by
the micelle with atenolol.

Table [T] reports the size and shape of the Triton X-100 micelles
loaded with the three different small molecule therapeutics. It
is clear from these results that the encapsulation of the differ-
ent drugs affects the structure of the micelles in different ways.
The volumes of the three drug-loaded micelles are 80.3 +3.3 nm?
(aspirin), 80.7+ 1.5 nm? (atenolol), and 78.5 4+ 3.0 nm? (felodip-
ine). While the mean volume is marginally larger for the atenolol-
loaded system, the difference between the atenolol and aspirin
systems (0.4 nm?) is smaller than the standard deviation of either
measurement and is therefore not statistically significant. In con-
trast, the felodipine-loaded micelle has a measurably smaller vol-
ume than the atenolol-loaded micelle, consistent with the more
compact, spherical packing induced by felodipine’s extended hy-
drophobic surface area. The ellipticity values, which are more
sensitive indicators of morphological change, show a clearer
trend: the atenolol-loaded micelle (3.8+0.2) is substantially more
aspherical than the aspirin-loaded (1.9 +0.3) and felodipine-
loaded (1.640.1) systems. However, the overall shape of all three
drug-loaded micelles, as determined by the moments of inertia, is
the same (triaxial).

4.2 Solubilisation of small molecule therapeutics within Tri-
ton X-100 micelles

The solubilisation dynamics of aspirin, atenolol, and felodipine
in Triton X-100 micelles (Fig. [3) provide insight into the interac-
tions between each of the small molecule drugs and the micelles.
Generally, we observe that initially the drug molecules prefer to
be solubilised within the hydrophilic corona of the micelle as the
number of drug molecules solubilised within the whole micelle
(which counts those within the corona and within the hydropho-
bic core) is larger from the very start of the analysed simula-
tions than the number in the core of the micelle. The encapsu-
lation of drugs within the hydrophobic core proceeds at different
rates for each therapeutic. For aspirin, core occupancy reaches a
plateau of ~22 molecules reached at approximately r = 750 ns, af-
ter which the count remains stable for the remainder of the simu-
lation. Atenolol reaches a similar plateau value of ~35 molecules
by approximately r = 900 ns, whereas felodipine, reaches a stable
plateau at approximately r = 600 ns. The equilibration of the to-
tal micelle occupancy and core occupancy, which occur over the
same time scales, indicates that the partitioning of all three drugs
between the corona, core, and bulk aqueous phase has reached a
dynamic steady state over the timescale of the simulation.

As a result, the number of drugs solubilised within the hy-
drophobic core of the micelle and within the total micelle equili-
brates after approximately 600 ns. As summarised in Table[1} the
Triton X-100 micelle is able to encapsulate more atenolol within
its hydrophobic core (35 + 2.6 molecules) than either felodipine
(28 £1.7) or aspirin (22+1.9).

The elevated n,core value for atenolol (35+2.6) relative to
felodipine (28 4+ 1.7) and aspirin (22 + 1.9) may appear counter-
intuitive given atenolol’s low hydrophobicity (logP = 0.16). How-
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Fig. 2 Density profiles of small molecule drugs within Triton X-100 micelles. The density of the oxygen atoms in the water molecules (blue), the
carbon atoms in the hydrophobic tail (green) and hydrophilic head (red) groups of the Triton X-100 surfactant molecules, and each small molecule
drug ((a) aspirin, (b) atenolol and (c) felodipine) (orange) is plotted as a function of distance from the interface of the hydrophobic core of the micelle.
Panel (d) shows the corresponding density profile for the neat Triton X-100 micelle in the absence of any drug, reproduced from Ishkhanyan et al.2
under a Creative Commons Attribution 3.0 licence (CC BY 3.0), and is provided as a structural reference against which the effect of drug loading on

the internal organisation of the micelle can be assessed.

ever, this reflects the geometric definition of the core boundary:
molecules residing at the convex hull surface of the hydrophobic
core are counted as encapsulated within it. Atenolol, being insuf-
ficiently hydrophobic to partition into bulk water yet too polar to
penetrate the hydrophobic interior, accumulates preferentially at
this interface. This interfacial localisation is confirmed by the den-
sity profiles in Figure [2) where the atenolol density peaks sharply
at the core boundary (distance = 0 A) with negligible density at
negative distances corresponding to the hydrophobic interior. The
high n, core value therefore reflects a large interfacial surface ex-
cess rather than genuine penetration into the hydrophobic core,
consistent with the thermodynamic expectation that strongly po-
lar molecules partition to the most energetically accessible region
of the micelle — in this case the core-corona interface, where
atenolol can simultaneously avoid the hydrophobic interior while
hydrogen bonding with the ethylene oxide headgroups of the Tri-
ton X-100 surfactants that coat the core boundary.

While when accounting for the number of drug molecules
solubilised within the hydrophilic headgroups of the surfactant
molecules, the micelle is found to encapsulate more felodipine
(66 2.0 molecules) than either aspirin (57 +2.5) or atenolol
(53+£1.9). The observed trends in the number of drugs encap-
sulated in the entirity of the micelles is consistent with trend ob-

served in the log P values of each small molecule (Table .

4.3 Internal structure of drug-loaded Triton X-100 micelles

Figures 4| & S1 shows the contact maps that describe the interac-
tions which govern any aggregation of the small molecule thera-
peutics. A contact between two atoms was defined as a distance of
5A between any two non-hydrogen atoms. In general we find that
both aspirin and atenolol prefer to interact via their phenyl rings.
The carboxyl group is also found to be involved in the interactions
between aspirin molecules. Meanwhile felodipine molecules gen-
erally interact via the carbons in its pyridine ring and the methyl
groups that are attached to the pyridine ring.

The interactions between the small molecule therapeutics and
the Triton X-100 molecules that encapsulate them have also
been investigated (Figures [5| & S2). Interestingly, all the small
molecules are most commonly found to interact with the hy-
drophilic head groups of the Triton X-100 surfactants. The small
molecules interact with the ethylene oxide groups within these
head groups when they are encapsulated in the corona of the mi-
celles, as they move to the hydrophobic core of the micelle and
when they are at the interface of this core, which the hydrophilic
groups of the Triton X-100 surfactants also coat to some degree
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Fig. 3 Solubilisation of small molecule drugs within Triton X-100 micelles. Each figure shows the number of drug molecules ((a) aspirin, (b) atenolol

& (c) felodipine) that have been solubilised within the entire Triton-X 100 micelle (blue) and within the hydrophobic core (orange) as a function of
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Property Aspirin Atenolol  Felodipine Pure Triton X-100
Nagg 150 144 150 147

Radius of Gyration (nm) 3.1+1.2 39+1.0 32403 -

Surface Area (nm?) 101.1+2.5 101.74+1.8 103.6+2.3

Volume (nm?) 80.4+2.8 81.2+1.9 79.6+2.4 —
Ellipticity 1.8+0.3 42403 1.6+0.1 1.48

Shape Triaxial Triaxial Triaxial Prolate

Te total 57+2.5 53+1.9 66+2 —

Te,core 22+19 35+£2.6 28+1.7 —

log P 1.192> 0.1622 4.4620 -

Table 1 Properties of Triton X-100 drug delivery vehicles. n o1 and n,core are the average number of each of the small molecule therapeutics that
we find encapsulated in the whole micelle and within the hydrophobic core, as defined with our intrinsic surface calculations, of the micelle. [Note:
The values for the properties of the pure Triton X-100 micelle (Pure Triton X-100) were taken from previously published work.]

o
1(‘

(a) Aspirin (b) Atenolol

o

(c) Felodipine

Fig. 4 Interactions between small molecule therapeutics. Atomistic struc-
tures coloured by the amount of contact with an atom in each of the small
molecule therapeutics: (a) aspirin, (b) atenolol, and (c) felodipine). A
contact event is defined as any pair of non-hydrogen atoms from different
molecules separated by a distance of less than 5 A. The contact frequency
for each atom is computed as the fraction of trajectory frames (sampled
over the 1 us production simulation) in which that atom participates
in at least one such contact. Red represents a high contact frequency
(approaching 1.0), blue represents a low contact frequency (approaching
0.0), and white represents intermediate values.
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Fig. 5 Interactions between small molecule therapeutics and the Triton
X-100 surfactants. Atomistic structures coloured by the amount of con-
tact showing the interactions between the Triton X-100 surfactants and
the small molecule therapeutics. A contact event is defined as any pair
of non-hydrogen atoms from different molecules separated by a distance
of less than 5 A. The contact frequency for each atom is computed as
the fraction of trajectory frames (sampled over the 1 us production simu-
lation) in which that atom participates in at least one such contact. Red
represents a high contact frequency (approaching 1.0), blue represents a
low contact frequency (approaching 0.0), and white represents interme-
diate values.
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to stablise the micelles in an aqueous environment.

Atenolol does not form strong interactions with the hydropho-
bic tails of the surfactant molecules. Meanwhile, aspirin and
felodipine appear to form interactions with the benzene rings
within the Triton X-100 molecules. As none of the small molecules
are found to be present deep within the hydrophobic core of the
micelles, it is not surprising that there is limited interactions with
the hydrophobic tails of the surfactants, which would be found in
the core of the micelles.

The regions of the small molecules that were found to in-
teract with the Triton X-100 molecules are different from those
that were found to be important in the aggregation of the small
molecules. Both aspirin and atenolol form a significant proportion
of their interactions with the surfactants between -OH groups that
form hydrogen bonds with the oxygens in the ethylene groups in
the hydrophilic headgroups of Triton X-100.

5 Conclusion

This study leveraged all-atom molecular dynamics simulations
to elucidate the molecular determinants of drug encapsulation
within Triton X-100 micelles. Through a comparative analysis of
three therapeutically relevant small molecules (aspirin, atenolol,
and felodipine) we show that the interplay between hydrophobic-
ity, polarity, and molecular topology governs both encapsulation
efficiency and micelle morphology. Hydrophobicity, expressed
through the logP value, correlates positively with overall load-
ing, yet deviations from this trend, particularly the deeper encap-
sulation of the more polar atenolol, reveal the important role of
hydrogen bonding and conformational flexibility in driving local-
isation within the micelle interior.

Micelles loaded with atenolol exhibit the largest ellipticity, in-
dicating that asymmetric hydrogen bonding at the interface pro-
motes anisotropic deformation. In contrast, felodipine’s compact,
hydrophobic structure and extended aromatic surface area favour
strong van der Waals interactions with the alkyl and aromatic re-
gions of the surfactant, stabilising more spherical micelles. These
results demonstrate that micelle morphology adapts dynamically
to accommodate chemically diverse guests, with shape anisotropy
and internal hydration emerging as sensitive indicators of molec-
ular compatibility between drug and carrier.

By linking atomistic interaction patterns to mesoscopic mi-
celle properties, this work provides a molecular-scale frame-
work for understanding the physicochemical factors that control
solubilisation and morphological adaptation in nonionic surfac-
tant aggregates. These insights help establish quantitative struc-
ture-property relationships for drug-micelle systems, supporting
the broader use of molecular simulation as a predictive tool in the
rational formulation of aqueous micellar carriers.

From a practical perspective, the quantitative structure—
property relationships established here offer actionable guidance
for the rational formulation of nonionic micellar drug delivery
systems. For hydrophobic drugs with high log P values, such as
felodipine, the results indicate that Triton X-100 micelles pro-
vide efficient total loading via partitioning into the hydrophilic
corona, while maintaining a more spherical, stable morphology.
This is advantageous where colloidal stability is a primary for-
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mulation objective. For polar drugs with low log P values, such
as atenolol, the preferential accumulation at the core—corona in-
terface suggests that micellar encapsulation may still offer a sol-
ubilisation benefit, albeit through a different structural mecha-
nism — one driven by interfacial hydrogen bonding rather than
hydrophobic partitioning. The observation that atenolol induces
the greatest micelle deformation has implications for the long-
term stability of such formulations, as highly aspherical aggre-
gates may be more susceptible to structural rearrangement or dis-
assembly. These findings therefore suggest that the selection of a
micellar carrier should account not only for the hydrophobicity of
the drug but also for the sensitivity of the micellar morphology
to guest-induced deformation. More broadly, this work demon-
strates that all-atom molecular dynamics simulation can serve
as a cost-effective, high-resolution predictive tool for screening
drug-surfactant compatibility prior to experimental formulation,
thereby accelerating the rational design of micellar delivery vehi-
cles for chemically diverse therapeutics.
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