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ABSTRACT: Integrating drugs into cellular membranes efficiently is a
significant challenge in drug delivery systems. This study aimed to overcome
these barriers by utilizing mixed micelles to enhance drug incorporation into
cell membranes. We employed coarse-grained molecular dynamics (MD)
simulations to investigate the stability and efficacy of micelles composed of
dodecylphosphocholine (DPC), a zwitterionic surfactant, and dodecylmalto-
side (DDM), a nonionic surfactant, at various mixing ratios. Additionally, we
examined the incorporation of a mutated form of Indolicidin (IND) (CP10A),
an anti-HIV peptide, into these micelles. This study provides valuable insights
for the development of more effective drug delivery systems by optimizing the
mixing ratios of DPC and DDM. By balancing stability and penetration
efficiency, these mixed micelles can improve the delivery of drugs that face
challenges crossing lipid membranes. Such advancements can enhance the
efficacy of treatments for various conditions, including viral infections and cancer, by ensuring that therapeutic agents reach their
intended cellular targets more effectively.

1. INTRODUCTION
The advent of nanotechnology in biological systems has
significantly advanced the development of drug delivery
systems.1−4 Among the various nanoparticles, nanomicelles
have emerged as particularly effective drug carriers.5,6 These
carriers are formed using amphipathic biomolecules, which
possess both hydrophilic and hydrophobic properties, allowing
for diverse structures and high drug-loading capabilities.
Additionally, nanomicelles exhibit strong diffusivity into cell
membranes, making them highly effective. The self-assembly of
different amphiphilic molecules facilitates the design of new
micelles with desirable features.7,8

Studies have shown that the stability, size, and shape of
micelles in aqueous media are influenced by temperature.9−12

Thus, understanding the structural properties of micelles is
crucial for designing effective drug carriers. One challenge with
drugs is their efficient diffusion through the cell membrane.
Therefore, using a drug carrier compatible with the cell
membrane is recommended.13

Dodecyl phosphocholine (DPC) is a zwitterionic surfactant
with a polar phosphocholine head containing both negative
and positive charges, making it a significant tool in studying
lipid-associated proteins and peptides.14−16 DPC has been
used to enhance the permeability of drugs into membranes.17

Dodecylmaltoside (DDM), a nonionic surfactant with a
maltoside sugar headgroup, shares the same 12-carbon

hydrocarbon chain as DPC but differs in chemical properties
due to its headgroup.18

Earlier studies have primarily focused on using either pure
DPC or DDM micelles as drug carriers.19−21 In contrast, by
optimizing the mixing ratios of DPC and DDM, we aim to
develop drug delivery systems that balance stability and
penetration efficiency. This study demonstrates an improve-
ment in drug delivery efficiency by designing a mixed micelle
using DPC and DDM surfactants.19,,23

This approach can improve the delivery of drugs that
typically face challenges crossing lipid membranes. Such
advancements have the potential to enhance treatments for
various conditions, including viral infections and cancer, by
ensuring that therapeutic agents reach their intended cellular
targets more effectively.

Molecular dynamics (MD) simulations are invaluable for
predicting particle movements and velocities in a system.24−28

Coarse-grained molecular dynamics (CGMD) simulations
provide a faster and more computationally efficient approach
compared to atomistic simulations. By reducing atomic detail,
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CG simulations enable the study of large-scale processes and
collective behaviors. However, CG simulations may sacrifice
some atomic-level information, limiting the accuracy of certain
interactions and structural features. Despite these challenges,
recent advancements have shown that CG simulations can
achieve results comparable to atomistic models in many
cases.29−32

MD simulations have demonstrated that DPC micelles, due
to their structural and functional similarity to lipid bilayers,
serve as suitable models for membrane simulations.15 A study
comparing DPC and DDM micelles as protein carriers found
that DPC micelles lose their regular orientation in nonaqueous
media, while DDM micelles undergo fewer structural changes,
providing better protection for proteins.18

Indolicidin (IND), an antimicrobial peptide (AMP) which is
important to the human immune system, is the smallest known
natural AMP, comprising of 13 amino acid residues
(ILPWKWPWWPWRR-NH2). Despite its small size, it is
highly effective against microorganisms and HIV.33 However,
IND can be toxic to lymphocytes and erythrocytes.34−36 To
mitigate toxicity and enhance membrane permeability,
scientists have introduced modifications to IND, resulting in
a Pro to Ala mutant named CP10A (ILAWKWAWWAWRR-
NH2).

37−39

Previous MD simulations and experimental studies on IND’s
interaction with lipid membranes have shown that IND
predominantly binds with the hydrophilic region of the
membranes.37,40 Since both IND and CP10A are water-
soluble, their translocation into the cell membrane is a complex
process.41

MD simulations are highly effective for studying lipid
membranes42−44 and examining drug orientation and diffusion
into cell membranes.45−49

In this study, we employed CG models of DDM and DPC to
form both pure and mixed micelles, serving as carriers for
CP10A within a mixed bilayer membrane composed of
dipalmitoylphosphatidylcholine and cholesterol (DPPC/
CHOL). DPPC was selected due to its significant presence
in biological membranes.50 Initially, we simulated the micelle
structures under constant pressure (P = 1 bar) at three
different temperatures: 298.15, 303.15, and 323.15 K. These
temperatures were chosen to represent room temperature, a
common biological system temperature (including the human
body), and a physiological range for many biological systems,
respectively.51,52 We then calculated the structural properties
of these micellar systems to determine the effects of
temperature. Following this, we explored the interaction of
CP10A with the micelles at room temperature (298.15 K).

2. SIMULATION METHODS
We utilized the GROMACS 2018.4 package53,54 and the CG
MARTINI force field V2.231 to conduct our MD simulations.
Considering the significant presence of water in blood and its
crucial role as a biological solvent, we employed the standard
Martini model of water.55

In the standard Martini model of water, each bead
represents a collection of four water molecules (AA model).
While this CG representation has limitations, such as its
inability to accurately capture water behavior near surfaces, it is
important to note that water molecules exhibit high mobility
and behave similarly in bulk water. Consequently, this
approximation does not significantly affect the overall behavior
of the system. Despite its potential deficits, the Martini model

remains a reliable choice for studying water behavior in large-
scale systems.55

For this research, we obtained the force field parameters for
DPC, DDM, DPPC, and CHOL, as well as the all-atom
structure of CP10A (PDB code 1HR1) from www.cgmartini.
nl31,56,57 and www.rscb.com,37 respectively.
2.1. Initial Micelles. In this section, we used the

PACKMOL program to generate five preassembled spherical
micelles. PACKMOL helped us reduce the time required for
the system to equilibrate. By using PACKMOL, we could fix
the ratio of DPC to DDM in the micelles, ensuring consistency
in composition across simulations. This enabled us to
systematically investigate the impact of different mixing ratios
on micelle stability58 (Figure S1).

Initially, these preassembled micelles were placed within
cubic boxes, which were then filled with water. The surfactant
concentrations within the simulation boxes were set above
their respective critical micelle concentration (CMC) values.
For DPC and DDM, the CMC values are reported as 0.95 and
0.18 mM, respectively.14,59

To ensure system stability, energy minimization was
performed using the steepest descent algorithm.60 Following
this, two 30 ns equilibration phase was conducted with
controlled temperature and pressure (NVT and NPT
ensembles). Temperature control utilized the v-rescale
method,61 and pressure control employed the Berendsen
coupling method,62 with relaxation times of τT = 1.0 ps and τP
= 5.0 ps, respectively.

After equilibration, MD simulations were run for 300 ns with
periodic boundary conditions. These simulations were
conducted at a constant pressure of 1 bar and at three
temperatures: 298.15, 303.15, and 323.15 K. Temperature
control during the MD simulations continued to use the v-
rescale method, while pressure control switched to the
Parrinello−Rahman coupling method,63,64 with relaxation
times of τT = 1.0 ps and τP = 12.0 ps, respectively. For
nonbonded interactions, a short-range electrostatic cutoff of
1.1 nm was applied, along with a short-range van der Waals
cutoff of 1.1 nm for bonded interactions.

The optimal time step for CGMD simulations is reported to
be approximately 20−40 fs.65,66 In this study, a time step of 25
fs was used, with the neighbor list updated every 20th step.
Details regarding the simulation box characteristics are
provided in Table 1.

2.2. Drug and Micelles Interaction. In this section, the
Martinize tool,31,67 a Python script, was used to generate a CG
model of CP10A from its atomistic representation. Figure S2
illustrates the atomistic (AA) and coarse-grained (CG) models
of CP10A, visualized using VMD software.68

Table 1. Simulation Parameters for Initial Micelles

number of molecules in
simulation box

system water DPC DDM
simulation box size

(nm3)
simulation time

(ns)

M75 10,077 75 0 11 × 11 × 11 300
M70 10,266 70 5 11 × 11 × 11 300
M40 10,080 40 35 11 × 11 × 11 300
M15 10,180 15 60 11 × 11 × 11 300
M0 10,405 0 75 11 × 11 × 11 300
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The micelles obtained from Section 2.1, along with the CG
model of CP10A, were randomly placed within the simulation
box to investigate the interactions between the micelles and
CP10A. To neutralize the net charge of CP10A, solvent
molecules and Cl− ions were added. The energy minimization
and equilibration procedures described in Section 2.1 were also
applied to this system. To simulate an in vitro situation at
room temperature, a reference temperature of 298.15 K was
selected for the subsequent MD simulations. The specifications
of the simulation boxes are outlined in Table 2.
2.3. Membrane Interaction with Micelles and Drug.

To obtain a mixed bilayer, we utilized the Python script
insane.py57 to create a membrane structure under near-
equilibrium conditions. Using insane.py, we constructed a
4:3 mol ratio of DPPC/CHOL mixed-bilayer, consisting of
386 DPPC molecules and 289 CHOL molecules per leaflet,
within a simulation box measuring 20 × 20 × 10 nm3. MD
simulations were performed for a duration of 300 ns at a
temperature of 298.15 K and a pressure of 1 bar. Previous
studies69 have reported a lower gel−fluid phase transition
temperature for DPPC/CHOL membranes compared to pure
DPPC membranes, hence the simulation was conducted at
room temperature (298.15 K).

To study the permeation process of different systems into
the membrane, we utilized potential of mean force (PMF)
calculations using umbrella sampling. This method provides
valuable insights into the energetics and thermodynamics of
the interaction between drug carriers and the lipid bilayer
membrane.70 In our simulation setup, the drug carriers were
initially placed in bulk water, starting at a distance of 5.0 nm
from the membrane. The entire system was contained within a
simulation box measuring 19 × 19 × 35 nm3. To facilitate the
pulling process, the carriers were restrained in the x and y
directions and pulled across the lipid bilayer along the reaction
coordinate (z-axis). A harmonic spring potential with a force
constant of 1000 kJ/mol·nm2 and a constant velocity of 0.002
nm/ps was employed to ensure a smooth and controlled
pulling process.71

For each simulation box, we extracted a set of configurations
where the displacement of the micelles’ center of mass (CoM)
along the z-direction was 0.2 nm. To ensure equilibration, each
configuration underwent a preliminary equilibration phase
followed by a 10 ns production run. During these stages, a
biasing harmonic potential with a force constant of 1000 kJ/
mol·nm2 was employed to guide the carriers across the
membrane. The PMF was then calculated using the weighted
histogram analysis method (WHAM).72 WHAM is a powerful
technique that allows for the estimation of the PMF by
combining data from multiple simulations and generating a
probability distribution function (PDF). This approach enables
the construction of a histogram, providing insights into the
probability of observing distinct states along the reaction
coordinate.

By employing umbrella sampling and subsequent PMF
calculations using WHAM, we obtained valuable information
regarding the energy profile of the drug carriers’ permeation
process through the lipid bilayer membrane. These insights
contribute to a better understanding of the interactions
involved and can guide the design of optimized drug delivery
systems.

3. DATA ANALYSIS METHODS
In this section, we will discuss the methods and analyses we
used to reach our results. The theories and explanations for
each analysis are provided in detail. In the next section, the
results will be discussed.
3.1. Initial Micelles. To investigate the impact of

temperature on the stability and structural properties of
micelles, we calculated various parameters, including the radius
of gyration (Rg), moments of inertia (I), asymmetry parameter
(α), RDf, and solvent accessible surface area (SASA) at three
different temperatures.

The Rg provides insights into the size and equilibration state
of the micelle systems. We calculated Rg using the GROMACS
gmx gyrate tool.54,73

The shapes of micelles were determined by computing the I.
The micelle’s α is defined as α = (2I1 − I2 − I3)/(I1 + I2 +
I3).

15 This parameter quantifies the extent to which the
micelle’s structure deviates from perfect symmetry, providing a
measure of its asymmetry and capturing any irregularities or
imbalances in its shape or component distribution. For
perfectly spherical structures, the α value is 0.74

The SASA is a key parameter for understanding the
interfacial properties and compactness of micelles. It measures
the portion of the micelle’s surface that is accessible to solvent
molecules, specifically water in this case.75 We calculated SASA
using the GROMACS gmx sasa tool.54

To examine the interior properties of the micelles and assess
the probability distribution of water molecules around the
micelle’s CoM, we used the GROMACS gmx rdf tool.54

3.2. Drug and Micelles Interaction. The stability of
drug-loaded micelles can be evaluated using Root Mean Square
Deviation (RMSD) by examining changes in the micelle’s
shape, size, and alterations in the drug’s secondary structure.
These changes occur due to interactions with other molecules
within the simulation box, with the initial frame serving as the
reference state for comparisons.

We utilized the gmx rmsd tool54 to assess the stability of
micelle-drug interactions. This tool monitors positional
changes throughout the simulation, comparing them to the
initial frame to determine stability.

Additionally, the gmx mindist tool54 was employed to
calculate the minimum distances between the CoM of the
selected groups (the micelle and the drug), allowing us to
determine their contact number during the simulation.

Table 2. Simulation Parameters for Micelles and Drug

number of molecules in simulation box

system water DPC DDM CP10A ions (CL) simulation box size (nm3) simulation time (ns)

M75/CP10A 10,292 75 0 1 3 11 × 11 × 11 300
M70/CP10A 10,246 70 5 1 3 11 × 11 × 11 300
M40/CP10A 10,150 40 35 1 3 11 × 11 × 11 300
M15/CP10A 10,094 15 60 1 3 11 × 11 × 11 300
M0/CP10A 11,618 0 75 1 3 11 × 11 × 11 300
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The Gibbs free energy of solvation, ΔG (kJ/mol), is a
significant property that can be estimated using the well-known
equation76

=G H T S (1)

A substance spontaneously dissolves in water if the overall
Gibbs free energy of the solution is negative, indicating an
energetically favorable process.76 In this study, we used the
GROMACS gmx sasa tool to estimate the free energy of
solvation, based on changes in the solvent-accessible surface
area.77

3.3. Membrane. For a membrane composed of a single
type of lipid, the area per lipid (APL) is calculated by first
determining the membrane’s surface area, then dividing it by
the number of lipids in one leaflet. However, in a mixed
membrane that includes CHOL, the method for calculating
APL differs and can be executed using the following equation78

=
i
k
jjjjj

y
{
zzzzzA A

N
N V
V N V

2
1DPPC

DPPC

CHOL CHOL

W W (2)

In this equation, NW, NCHOL and NDPPC present the number of
water molecules, CHOL molecules, and DPPC molecules,
respectively. A and ADPPC denote the area of the simulation box
and the area per lipid. V, VW, and VCHOL stand for the volume
of the simulation box, the volume of water molecules in the
box, and the volumes of CHOL molecules in the simulation
box, respectively. This equation is derived from the following
equations78

=A
V

h
2

DPPC
DPPC

(3)

where h represents the average thickness of the bilayer, and
VDPPC denotes the volume of a single DPPC molecule. The
values of h and VDPPC can be calculated as follows

=h
V N V

A
W W

(4)

and

=V
V N V N V

NDPPC
W W CHOL CHOL

DPPC (5)

3.4. Membrane Interaction with Micelles and Drug.
To determine the self-diffusion coefficient, the mean square
displacements (MSDs)53 of the drug molecule and micelles
were analyzed over the last 2 ns. The MSD measures the
displacement of beads from their initial positions over a
defined time period. The following equation is used to
calculate the MSD54

< > =
=

x t x
N

x t xMSD ( )
1

( ) (0)
i

N
i i

0
2

1

2

(6)

where N stands for a number of particles, x0 refers to the initial
position of the particle, and x(t) shows particle displacement in
a defined time period. To calculate self-diffusion coefficients,
we obtained the linear slope of the MSD plot using the
Einstein relation.79

= i
k
jjj y

{
zzzD

t
1
6

lim
dMSD

dn (7)

Interactions between the membrane and drug/micelle can
be expressed in terms of binding energy.80 There are various
methods for calculating free energy, among which one of the
most effective is computing the PMF using umbrella sampling
(US).80 Determining the PMF is crucial for specifying the
optimal position of the drug within membranes.72 To achieve
this, we used WHAM.54

4. RESULTS AND DISCUSSION
4.1. Initial Micelles. The Rg offers valuable information

about the size and equilibration state of the micelle systems.

Figure 1. Comparison of Rg at Different Temperatures over a 300 ns simulation. The figure represents the variation in the Rg among different
micelle systems at different temperatures. Micelles M75, M70, M40, M15, and M0 are represented in panels (a−e), respectively. Panel (f) presents
a comparison of the radius of gyration for these five systems specifically at a temperature of 298.15 K.
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Figure 1 illustrates the variations in Rg for different micelles at
the three temperatures.

As depicted in Figure 1(a), the Rg for the M75 micelle shows
the highest fluctuation at 323.15 K, reaching approximately 3.5
nm after 150 ns. This significant increase in Rg suggests
instability in the micelle structure. However, with a higher
concentration of DDM within the micelle, the system becomes
more temperature-resistant, resulting in reduced fluctuations in
Rg at 323.15 K. This reduced fluctuation is evident in both the
M15 and M0 micelles, as shown in Figure 1. Additionally,
Figure 1(f) demonstrates that all systems exhibit stability at
298.15 K.

These findings indicate that between two surafctant that we
studied, DDM is the most stable micelle at higher temper-
atures. However, further analysis is necessary to draw a
comprehensive conclusion regarding the suitability of DDM
and DPC micelles as drug carriers, which will be addressed in
subsequent sections. Notably, the calculated values of the Rg
for the DPC and DDM micelles in this study are consistent
with those reported in previous atomistic studies.15,81,82

Detailed Rg values for different systems can be found in
Table 3.

These observations underscore the importance of DDM
concentration as a nonionic surfactant in maintaining micelle
stability under varying temperature conditions. While the M75
micelle demonstrates significant instability at elevated temper-
atures, the addition of DDM appears to mitigate these effects,
leading to a more stable configuration. This stability is crucial
for the effective delivery of drugs, as it ensures that the micelle
maintains its integrity and interaction properties throughout
the delivery process.

The average values of the I and the α for the micelles over a
300 ns simulation are reported in Table 3. As observed, the α
value increases at higher temperatures, particularly for the M75
micelle, with a value of 0.198 at 298.15 K and 0.362 at 323.15

K. Changes in the α at higher temperatures may result from
alterations in the micelle’s molecular arrangement or
conformation. These changes can lead to a prolate shaped
structures, making the micelle more exposed to water.74

The reported α values for M75 and M0 in Table 3 are
consistent with previous atomistic studies of DPC15,81 and
DDM micelles.82

The solvent-accessible surface area (SASA) value reflects the
extent of contact between the micelle and its surrounding
solvent environment. It considers both the hydrophilic head
groups, which are exposed to water, and the hydrophobic tails
within the micelle core. A higher SASA value indicates a larger
exposed surface area and greater interaction between the
micelle and solvent molecules. This increased exposure can
lead to greater susceptibility to solvent-mediated effects and
potential destabilization of the micelle structure. Conversely, a
lower SASA value suggests a more compact micelle structure
with less exposure of the hydrophobic tails to the surrounding
water molecules. This compactness indicates a less hydrated
micelle structure and tighter packing arrangement of surfactant
molecules within the micelle core, resulting in reduced access
for solvent molecules.83,84 Table 3 also compares these
parameters before and after drug loading. The data indicate
an increase in the micellar radius following drug incorporation,
suggesting structural changes due to the presence of the drug.

Figure 2 demonstrates the variations observed in the radial
distribution function (RDFs) of water among the studied
systems at 298.15 K.

Analysis of the RDFs from CoM of micelles reveals that the
RDF of water for M0 exhibits a minimum at a distance of 1.25
nm, whereas for M75, the minimum is observed at 0.9 nm.
This minimum indicates the distance at which water molecules
are most likely to be found around the micelle. It is reasonable
to infer that a larger distance to the minimum in the RDF plot
for M0 suggests a relatively larger hydrophobic core compared

Table 3. Comparison of Micelle Properties Before and After Drug Loading and the Influence of Temperaturea

before drug loading

system temperature (K) Rg (nm) SASA (nm2) I1
b I2

b I3
b α

M75 298.15 1.903 147.039 7.8199 6.9941 4.7641 0.198
303.15 1.914 148.509 7.9314 7.1472 4.7191 0.201
323.15 2.872 154.775 21.2962 19.3842 6.2161 0.362

M70 298.15 1.885 147.972 7.6681 7.1472 5.1694 0.164
303.15 1.889 149.368 7.7075 6.9409 5.1870 0.165
323.15 2.330 155.774 13.0160 11.4966 6.2045 0.271

M40 298.15 1.912 162.837 8.5951 7.9253 7.1176 0.090
303.15 1.910 163.670 8.5566 7.8852 7.1505 0.088
323.15 2.067 170.537 10.6663 9.9180 7.3649 0.144

M15 298.15 1.971 171.563 10.1604 9.3633 8.5367 0.078
303.15 1.972 178.874 10.1418 9.3886 8.5520 0.083
323.15 1.985 185.256 10.3083 9.5275 8.6391 0.086

M0 298.15 2.007 187.034 11.1247 10.3167 9.4740 0.079
303.15 2.011 188.786 11.1440 10.3922 9.5038 0.077
323.15 2.022 195.113 11.2891 10.5092 9.6016 0.078

after drug loading
M75 298.15 1.910 158.8682 7.9046 7.0907 4.7347 0.201
M70 298.15 1.911 156.469 7.9577 7.2002 5.1347 0.176
M40 298.15 1.956 170.115 8.6849 8.0090 7.2127 0.089
M15 298.15 1.985 184.854 10.2411 9.5528 8.6745 0.079
M0 298.15 2.018 193.388 11.2650 10.4701 9.5457 0.080

aSimulations were conducted at three different temperatures to assess the temperature effect on micelle properties. Drug loading was exclusively
performed at 298.15 K, and the properties of the micelles are reported at this temperature. bI in (104 amu·nm2).
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to M75.85 A larger hydrophobic core generally corresponds to
a larger surface area and potentially a less compact micelle
structure, allowing for increased interaction with solvent
molecules.85

These observations highlight the critical role of micellar
composition and structure in determining their stability and
interaction with the surrounding solvent. The increase in the α
at higher temperatures for the M75 micelle indicates a
significant conformational change, making the micelle more
susceptible to interaction with water molecules. This is further
supported by the SASA values, where higher SASA indicates
greater exposure to the solvent and potential destabilization
risks. The RDFs provide additional insights, showing how
water molecules interact with different micelles, with M0
having a larger hydrophobic core, thus offering a different
interaction dynamic compared to M75.

Comparing our results with previous studies, we found that
the properties of M75 and M0 align with those reported in
earlier researches.15,81,82

4.2. Drug and Micelles Interaction. To evaluate the
structural stability and interactions of drug-loaded micelles, we

conducted an RMSD analysis from CoM of micelle over the
course of 300 ns simulations at 298.15 K.

Figure 3(a) presents the results of the RMSD analysis for
five micellar systems. In this analysis, systems with lower
RMSD fluctuations are typically considered more structurally
stable than systems with larger RMSD fluctuations. This is
because less variation in RMSD values indicates fewer changes
in the system’s structure over the course of the simulation,
suggesting that it is maintaining its initial conformation more
consistently. The RMSD plot for the M75/CP10A system
shows significant fluctuations, indicating instability and weak
interactions between M75 and CP10A. However, as the DDM
concentration within the micelles increases, the fluctuations
diminish, and the RMSD exhibits lower values, signifying
greater stability. In Figure 3(b), the distances between the
CoMs of the micelle and the drug are shown, highlighting
moments when this distance reaches its minimum (less than
0.6 nm). The M75/CP10A system exhibits the most
fluctuation, reaching the minimum distance after 100 ns,
suggesting that M75 and CP10A may undergo significant
structural changes. As the simulation progresses, reduced
fluctuations and stabilization indicate that the system is moving
toward equilibrium. Additionally, as the DDM concentration in
the micelles increases, fluctuations diminish faster. In contrast,
the M0/CP10A group shows a minimum distance at t = 0 ns,
indicating a strong initial interaction or affinity between the
micelle and the drug.54

Figure 3(c) illustrates the number of contacts between the
micelle and the drug when the distance between their
respective CoMs is 0.6 nm. For the M75/CP10A system, the
number of contacts is zero at the beginning of the simulation,
suggesting no initial interaction. In contrast, the M0/CP10A
system shows a larger number of contacts from the start,
suggesting a strong initial interaction between the micelle and
the drug.54

Figure 2. Radial density profile of water in five different systems at a
temperature of 298.15 K. Here, r denotes the distance from the CoM
of the micelle.

Figure 3. (a) Structural drift, as measured by RMSD from the initial structure, against time for five micellar systems at 298.15 K, over a 300 ns
simulation. (b) The figure shows the distances between the CoM of the micelles and CP10A. (c) The number of contacts between micelles and
CP10A where their CoM distances from each other are less than 0.6 nm.
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These observations highlight the differing interaction
dynamics between the systems. The M75/CP10A system
requires time to establish interactions, which might suggest
initial structural incompatibility or the need for structural
reorganization. Conversely, the M0/CP10A system demon-
strates an immediate affinity, indicating a more stable and
compatible interaction from the onset. This analysis under-
scores the importance of micellar composition in determining
the efficiency and stability of drug-micelle interactions.

Figure 4 demonstrates the extent to which CP10A is
embedded within the micelles and its stronger affinity for
binding with DDM molecules compared to DPC molecules.
These simulation snapshots corroborate the previous RMSD
analysis, confirming that CP10A and M0 are more likely to
form bonds with each other, whereas CP10A and M75 exhibit
weaker interactions, as seen in Figure 4(a).

Additionally, the RDFs of water and CP10A, calculated from
the CoM of the micelles at 298.15 K, were used to determine
the location of the loaded drug and surrounding water

Figure 4. Interactions of CP10A with (a) M75, (b) M70, (c) M40, (d) M15, and (e) M0, as well as the depth of CP10A’s diffusion into these
micelles at 298.15 K. Orange: DPC. Yellow: CP10A. Green: DDM.

Figure 5. RDF (ρ(r)) of water (depicted in black) and CP10A (depicted in red) for each system, calculated from the CoM of the micelles, at
298.15 K. (a) M75. (b) M70. (c) M40. (d) M15. (e) M0.
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molecules. The RDF plots in Figure 5 indicate that CP10A
tends to bind at the water/surfactant interface rather than
diffusing into the interior of the micelles. Across all systems,
CP10A shows a higher probability of interacting with micelles
composed of DDM molecules. Furthermore, this analysis
reveals that the RDF of water remains consistent with Figure 2,
suggesting that drug loading does not affect water penetration
into the micelles.

Figure 5(a) shows that the RDF (ρ(r)) peak intensity for
CP10A is approximately 8 at a distance of 2.1 nm from the
micelle CoM. This ρ(r) intensity increases with a higher
percentage of DDM in the micelles. Figure 5(b−e) indicate
that for M70, M45, M15, and M0, the ρ(r) intensity for
CP10A is about 22 at a distance of 1.9 nm from the micelle
CoM, 25 at a distance of 1.9 nm, 25 at a distance of 1.9 nm,
and 32 at a distance of 1.9 nm, respectively.

The interaction of CP10A with micelles and the extent of its
embedment are comparable to the findings in the previous
study on DDM and DPC micelle interactions with peptides.86

The derived values of ΔG for CP10A, M75, M70, M40,
M15, and M0 are 62.889, 773.067, 759.334, 671.882, 608.445,
and 571.267 (kJ/mol), respectively. Higher free energy of

solvation values suggest a stronger tendency for DPC and
DDM molecules to aggregate and form micelles rather than to
dissolve in water. A comparative analysis between M75 and M0
reveals that ΔG for M75 is greater than M0. This implies that
DPC molecules have a higher propensity to interact with each
other, leading to the formation of compact micelles. On the
other hand, CP10A, with its lower ΔG value, is more
hydrophilic compared to DPC and DDM. This indicates
that, as a drug, it may encounter more difficulty in permeating
through the membrane. However, as observed in the previous
sections, CP10A exhibits a strong affinity toward DDM
molecules, which could have potential implications in its
membrane permeability and interaction dynamics. Further-
more, the contributions of enthalpy (ΔH) and entropy (TΔS)
to the overall Gibbs free energy provide additional insights into
the solvation process. Changes in enthalpy reflect the strength
of molecular interactions such as hydrogen bonding and van
der Waals forces, while entropy changes indicate the degree of
disorder or molecular freedom in the system.
4.3. Membrane. The properties of the simulated

membrane were assessed by calculating the RDF of water
and the APL. These calculated values are displayed in Figure 6.

Figure 6. (a) APL of a mixed DPPC bilayer with 40% CHOL over a 300 ns simulation, (b) mass density.

Figure 7. Above: (side view) in each panel the snapshots were taken at various stages of the simulation during 8 ns at 298.15 K to indicate the best
view of the interaction between the membrane and micelles, while either micelles or drugs are gradually drawn through the membrane. Below: (top
view) the effect of diffusion process into the membrane perturbation. (a) M75. (b) M70. (c) M40. (d) M15. (e) M0. (f) CP10A.
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The APL is a vital parameter in lipid simulation studies, used
to examine the equilibrium state of a lipid membrane in the
simulation box.

The APL for the simulated membrane in this study is
depicted in Figure 6(a). The APL is approximately 0.537 nm2,
with minor fluctuations, indicating that the bilayer membrane
is in an equilibrium state. Previous research has shown that the
average APL for a pure DPPC membrane is around 0.63 nm2

at 315.15 K.78,87 However, mixed DPPC/CHOL bilayers
typically exhibit a lower APL than pure DPPC membranes,78,80

and temperature variations can also influence the APL.88 In
agreement with these findings, the APL of a DPPC bilayer
containing 40% CHOL at 323 K was reported to be 0.542
nm2.78 Therefore, the consistency of our simulation results
with previous research validates the accuracy of the CG
simulation in this work at 298.15 K.

Figure 6(b) illustrates a decreasing trend in water density as
the densities of DPPC and CHOL increase, suggesting that
water molecules have not penetrated the hydrophobic core of
the membrane.
4.4. Membrane Interaction with Micelles and Drug.

Figure 7 shows how micellar systems and the single drug
molecule penetrate into the lipid membrane during 8 ns of
pulling simulation at 298.15 K.

This figure illustrates the decomposition of M75, leading to
the loss of its spherical structure due to diffusion, resulting in
the increased attachment of DPC surfactants to the bilayer.
Conversely, with the higher presence of DDM in the micelles,
they exhibited enhanced stability and underwent minimal
shape changes during the penetration process. As it can be seen
in this figure, M75 failed to transport the drug, causing both
the drug and a specific amount of DPC surfactants to adhere to
the membrane. In contrast, M0 successfully traversed the
membrane without altering its shape. For a more dynamic
insight, animated images (GIFs) showcasing the simulation
process and the observed changes throughout the study can be
found in the Supporting Information.

To assess the self-diffusion coefficient, we analyzed the
MSDs of both the drug molecule and micelles during the final
2 ns of the simulation, depicted in Figure 8.

At a temperature of 298.15 K, the calculated self-diffusion
coefficients (×10−6 cm2·s−1) for CP10A, M75, M70, M40,
M15, and M0, derived from the MSD plots, are as follows:

1.5294, 1.2010, 1.0933, 1.0466, 1.0201, and 1.0144,
respectively.

Notably, among the micelles, M75 exhibits the highest self-
diffusion coefficient at 1.2010 × 10−6 cm2·s−1, indicating its
relatively swift movement compared to other micelles. As the
DDM proportion within the micelles increases (transitioning
from M75 to M0), the self-diffusion coefficients decrease. This
trend suggests that micelles comprising a greater proportion of
DDM molecules tend to have lower mobility, likely due to
their enhanced stability and larger size, which can impede their
movement. This decreased mobility can be attributed to
several factors. First, micelles with higher DDM content have
increased molecular weight, which inherently reduces their
diffusion rates. Second, the stronger hydrophobic interactions
in DDM-rich micelles result in more stable structures. These
more stable structures are less likely to undergo conformational
changes, which further limits their movement. Furthermore,
the size and shape of the micelles play a role; larger and more
spherical micelles, typical of those with higher DDM content,
diffuse more slowly. Thus, the combination of increased
molecular weight and enhanced hydrophobic interactions
explains the observed relationship between micelle composi-
tion, stability, and mobility.

The process of micelle and drug diffusion into the
membrane can be effectively elucidated through an analysis
of binding energy. The results derived from WHAM method
across all examined systems are visually represented in Figure
9.

In this depiction, a striking aspect is the distinctive behavior
exhibited by CP10A.

At a distance of 0.5 nm from the CoM of the membrane,
representative of the spacing between the membrane’s layers,
the nonpolar attributes of this zone coupled with sparse water
presence induce negligible fluctuations in the penetration rates
of components within this locale.89

Within the range of 0.5−1.5 nm from the CoM of the
membrane, the formidable density of the hydrophobic
membrane region creates substantial resistance to the
penetration of hydrophilic entities. In contrast, hydrophobic
entities effortlessly permeate this sector, resulting in reduced
energy profiles for micellar systems. Noteworthy is CP10A,Figure 8. MSD of five simulated systems at 298.15 K.

Figure 9. Energy profiles (kcal·mol−1) of all the systems across the
membrane as a function of the normal distance to the bilayer
midplane (ξ(nm)) at 298.15 K.
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which exhibits the highest energy levels in this domain,
symbolizing its hydrophilic nature. Conversely, minimal free
energy is detected in the hydrophilic sections, denoting an
optimized structural configuration within the DPPC/CHOL
mixed membrane.

Moving from 1.5 to 2.5 nm, the escalating density of the
membrane presents obstacles to the entry of external
components due to interactions among the hydrophilic
membrane components. Despite this hindrance, the interplay
of membrane lipids does not deter the infiltration of
hydrophilic structures into this realm.

Furthermore, in the zone spanning 2.5−5 nm from the CoM
of the membrane, the combination of lower density in the
hydrophobic segment along with heightened hydration levels
results in characteristics reminiscent of the aqueous milieu.
This gives rise to uniformly flat energy profiles across these
systems.

Energy profiles of mixed micelles indicate that the peak
energy level emerges notably between 1.5 and 2.5 nm,
suggesting that their traversal through the hydrophilic
membrane segment necessitates increased energy. M0 has
the lowest peak in the energy profile during the penetration of
the hydrophilic part. On the other hand, M75 encounters more
difficulty penetrating this region.

The PMF plots for the studied systems in this work show
results consistent with previous studies on the penetration of
different molecules into the cell membrane. The peaks of the
plots are comparable with those found in previous stud-
ies.72,90,91

The primary objective of this study was to identify the
optimal mixing ratio for micelles to serve as effective drug
carriers. Based on the PMF plot, among the five micellar
systems analyzed, the most favorable choice for transporting
drugs is a balanced blend of DDM and DPC. This particular
micelle configuration demonstrates relatively lower energy
requirements during its penetration into the membrane.

5. CONCLUSIONS
Previous studies have primarily focused on the use of either
pure DPC or DDM micelles. This study demonstrates that the
combination of DPC and DDM creates a robust carrier system
for drug delivery, achieving a balance between stability and
penetration efficiency. Our findings indicate that DDM
exhibits greater stability during environmental changes, while
DPC demonstrates enhanced membrane penetration. Con-
sequently, a micelle comprising both DPC and DDM
represents an optimal choice for a drug carrier. Among the
studied micelles, the M40 micelle stands out as the most
suitable option for drug delivery, showcasing the most effective
diffusion into the lipid membrane. Additionally, this micelle
exhibits notable resistance against deformation and significant
energy reduction during membrane penetration, highlighting
its stability and propensity to pass through the center of the
membrane.

Future research should focus on translating these findings
into clinical applications. This could involve exploring the in
vivo behavior of these mixed micelles and their potential to
enhance drug bioavailability and reduce side effects. Addition-
ally, developing tailored micelle formulations for specific
therapeutic agents could lead to more effective and
personalized treatment options.
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