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Abstract

Lipid ordering plays a crucial role in maintaining the mechanical strength of the lipid bilayer, which is influential in controlling
biological functions. This is associated with the well-known phenomena of “phase state behavior” of the bilayer. The significant
factors that influence phase state behavior are stimuli such as cholesterol, physiological conditions like temperature and pH, and
the structure of the lipid molecule itself, which can differ either in the head group or the acyl chain. The cholesterol concentration
influences the phase state behavior and the ordering of the lipid bilayer. In this paper, we investigate the behavior of
Phosphatidylcholine lipids with cholesterol, using Coarse-Grained Molecular Dynamics Simulation. The simulation is performed
using a CGMartini force field. The production run of all successful simulations is completed with the same biological condition
with a total runtime of 12 ps. We chose four lipids namely DLPC, POPC, DGPC, and DIPC with varied acyl chain chemical
structures and investigated the influence of cholesterol. We have calculated bilayer thickness, area per lipid, order parameter,
radial distribution function, and partial density which are a measure of bilayer phase state behavior. The results indicate efficient
cholesterol packing in DLPC, while POPC exhibits variations due to its asymmetric acyl chain structure, which contains a single
double bond in one of the chains. In contrast, DGPC and DIPC display lower order parameters, attributed to the presence of
multiple double bonds in their acyl chains, which disrupt ordered packing. This study elucidates the importance of the acyl chain
structure and the cholesterol composition on the phase state behavior of the lipid membrane.
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|l. Introduction

The expansion of Molecular Dynamics (MD) simulation [1,2] has become a necessary tool in the study of
biomolecules, helping in understanding the complex membrane physics, such as molecular interactions and
dynamics [3]. To design an effective drug delivery system, it is important to understand the dynamic behavior of
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lipid membranes where MD simulation comes into play [4]. MD simulation techniques are proven to be effective in
the study of neurodegenerative and cardiovascular diseases, by investigating the role of membrane disordering and
disruption [5-7]. They are also effective in investigating the biophysical and chemical properties of lipids and their
membranes, such as protein and molecule interactions, and the effect on the lipid structure and permeability by
factors like temperature, pressure, and pH [8,9]. The advance of MD simulation led to the development of many
buildings and analyzing tools such as GROMACS [10], VMD [11], FATSIlim [12], and GridMAT-MD [13].

Recent advancements in the study of biological cell membranes revealed the presence of many lipids and their
bilayers which are essential for cellular molecular activities. Among them, one of the major and most abundant
phospholipids in the biological membranes is Phosphatidylcholine (PC). As the name suggests, it has a simple
structure where a glycerol backbone connects between the two fatty acid chains and a phosphocholine headgroup
[14]. PC lipids play a major role in assisting cellular membrane activities, also maintaining membrane fluidity and
stability by providing a protective and supportive layer to the biological cell and membrane protein [15,16]. The
different structural properties of fatty acid chains have a major significance on their membrane. Unsaturated and
saturated fatty acids influence membrane fluidity differently: the former increases fluidity, while the latter decreases
it, resulting in a more rigid membrane. [17]. PC lipids play a key role in cellular dynamics such as cell signaling
pathways [18]. They also can be hydrolyzed by phospholipases to generate secondary messengers [19]. In the
process of lipid metabolism and homeostasis, PC lipids act as precursors [20]. Due to the wide range of fatty acid
chains, these lipids exhibit well-defined structural and physical properties, which significantly influence membrane
interactions [21]. Examples include 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) with two 16-carbon
chains and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) with two 12-carbon chains. This unique property of
PC lipids made them one of the most used model membranes for MD simulations study and also to design
liposomes and other drug delivery systems [22,23]. As mentioned before, modifications in PC lipid composition and
its metabolism are directly related to cardiovascular, liver, and neurodegenerative diseases [24—26]. Understanding
the properties of these lipids is crucial for developing the desired medications.

The artificial phospholipids with varying acyl chain structure [27], 1,2-dilauroyl-rac-glycero-3-
phosphocholine (DLPC), 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), 1,2-di-(11Z-eicosenoyl)-sn-glycero-3-
phosphocholine (DGPC), and 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DIPC) are ideal models for the study of
lipid bilayers and membrane physics in MD simulations. Analyzing these simulations helps in understanding the
biophysical characteristics and dynamic behavior of biological membranes which are crucial in mapping the disease
probe membranes [28,29]. The influence of sterols like cholesterol on bilayers is essential for preserving the fluidity,
structure, and functionality of membranes. They are abundant in mammalian cell membranes and majorly contribute
to controlling membrane dynamics and linked proteins [30,31]. By studying cholesterol-filled lipid bilayers through
MD simulations, researchers can gain a deeper understanding of cholesterol’s influence on the membrane. This
study is vital in the field of medicine to develop medication and therapies for cholesterol-related diseases [32,33].

Kamble et al. studied the condensation effect caused by the cholesterol with Lipid bilayer. They confirmed the
result with the help of Spectroscopic Ellipsometry (SE) and MD simulation. Their successful report verified the
interaction of cholesterol on the Lipid bilayer. Another published result with the Atomic Force Microscope (AFM)
supported the results on asymmetricity, phase separation, and phase state behavior of lipid bilayer [34,35]. The
Cholesterol affecting the high Tr, Lipid monolayers upsetting the phase state was studied by Murthy et al. [36]. The
internal properties such as temperature show a major contribution to the behavior of phase and change in the order
parameter with cholesterol in polar lipids [37]. Chiu et al. studied the unusual behavior of lipid cross-sectional area
with the increase in sterol concentration [38]. The effects of the order parameter and tilt angle of cholesterol and
lipid hydrocarbon chains, along with hydrogen bond interactions, were studied and confirmed by Robinson et al.
[39]. Many published results confirm the MD simulation study of the order parameter of phospholipid’s acyl chain
[40-42].

A popular coarse-grained (CG) model for effectively simulating biomolecular systems while maintaining
crucial molecular features is the MARTINI force field [43]. This helps in grouping atoms into larger particles,
making complex compounds simpler, which results in reducing the computing time for the successful simulation. In
the GROMACS [10], the MARTINI force field [43] works very well for modeling lipid bilayers and sterols. The
advancement in computational biology significantly contributes to the study of complicated biological structures and
their interactions with different lipids and proteins, and also to understanding membrane dynamics. By mimicking
certain biological conditions through simulation, it is possible to create and duplicate the exact biological activity
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which will be similar to the experiment. The results obtained through these complex simulations can be compared
with the experimental results for a better understanding of the complexity of the membrane.

In this paper, we have investigated various lipid bilayers with varying the chemical structure of the acyl chain
and the cholesterol interaction with these bilayers with varying concentrations. The study specifically targets
structural properties like bilayer thickness, area per lipid, order parameters, and dynamic properties like radial
distribution function and partial density. The results obtained not only show dependence on the percentage of
cholesterol but also the chemical structure of the acyl chain. We have also compared the results obtained across the
four lipid bilayers—DLPC, POPC, DGPC, and DIPC—not only among themselves but also with findings reported
in the literature, as summarized in the table below (Table 1). These results can be used to predict experimental

properties like asymmetry-induced topographical and nano-mechanical properties [34,35,44,45].

Table |. Comparison of reported studies with the current simulation results.

Major Details of Lipids

Authors Year Work Done Related to Simulation Investigated
Biological Membranes Methodology (Thickness (nm),
APL (nm?))

. Cholesterols effect on biological All-atom MD DPPC + Chol (50%)
Chiuetal. [38] 2002 phospholipid membrane. simulation (APL: ~0.45 nm?)
Pantelopulos et 2018 Phase change behavior in lipid Coarse-Grained

al. [46] membrane with cholesterol. MD simulation —
Ermilova et al. 2019 Behavior of cholesterol inside the All-atom MD (14‘5701253:1_0;0%)
[47] phospholipid membrane. simulation (APL: 0.40 nm?)
Investigation of physical ) PC + Chol (50%)
Shah?zée]et al. 2019 properties of the artificial lipid A;:rﬁmglimD (Thickness: 4.45 nm,
bilayer. APL: 0.45 nm?)
Pure DMPC
Khakbaz et al. 2018 Study of phase transition behavior All-atom MD (APL: 0.52 + 0.04 nm?)
[49] in PC lipids. simulation Pure DPPC
(APL: 0.49 + 0.02 nm?)
Cholesterols affect the physical DOPC + Chol (50%)
Cha;ra;ascg]ty et 2020  properties of the unsaturated lipid A;:;ﬁmglimlg (Thickness: 3.99 nm,
‘ bilayer. APL: ~0.44 nm?)
POPS system
All-atom and (Thickness: 4.14 £+ 0.06nm,
hi . - . 2
Duttaetal. [51] 2025 The trans _bllayer_motm_)n of Coarse-Grained APL: 0.560.011 nm)
cholesterol in the lipid bilayer. MD simulation Plasma membrane
(Thickness: 4.18 £ 0.04 nm,
APL: 0.51 + 0.06 nm?)
Zhang et al. 2015 Cholesterols effect on phase Coarse-Grained DPPC + Chol (50%)
[52] behavior in DPPC. MD simulation (APL: ~0.43 nm?)
y Change in bilayer thickness in the diC22:1PC + Chol (40%)
Kuce[rgg]et al. 2008 bilayer due to cholesterol’s Asl:ﬁh(igim[) (Thickness: 2.4 nm,
impact. APL: 0.81 nm? (varying))
Impact of cholesterol on the PC DOPC + Chol (50%)
AIw;rzsl[vg;zilh et 2010 lipid bilayer and study on A;::mg;im[) (Thickness: 4.5 nm,
' condensation effect. APL: 0.40 + 0.01 nm?)
Kamble et al. 2020 Effect of interleaflet decoupling Coarse-Grained DOPC + Chol (50%)
[35] due to induced cholesterol MD simulation (Thickness: 5.16 nm,
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APL: 0.59 nm?)

DLPC + Chol (50%)
(Thickness: 4.01 nm,
APL: 0.39 nm?)
POPC + Chol (50%)
(Thickness: 4.12 nm,
Coarse-Grained APL: 0.42 nm?)
MD simulation DGPC + Chol (50%)
(Thickness: 4.6 nm,
APL: 0.42 nm?)
DIPC + Chol (50%)
(Thickness: 3.73 nm,
APL: 0.47 nm?)

The effect of cholesterol and acyl
This work - chain of lipid on the structural
property of bilayer

2. Materials and Methods

2.1. MD Simulation Details

All the simulations are completed using GROMACS 2018.1 and 2024.1 versions. The necessary GROMACS file
(.gro) and topology (.top) files are generated with the Insane (INSert membrANE) [55] tool, which uses the
forcefield parameter from the Martini force field. A simulation box with dimensions 15 nm x 10 nm x 9 nm,
containing lipids and sterol molecules was generated. The concentration of Na* and CI™ ions in the simulation was
maintained at 0.15 M to mimic physiological ionic conditions and ensure charge neutrality, thereby providing a
stable environment for the lipid bilayer under investigation. The output configuration is written to .gro file in a cubic
periodic boundary condition, solvated with water. The same condition was maintained throughout the experiment.
The portable topology files (.itp) (Martini V2.0) which contain the information on all the necessary parameters
required for the simulation were taken from the cgmartini website. The topology (.top) file was written using the
result generated by the Insane tool and required .itp files were included. In each leaflet of the bilayer, an exact
number of lipids is maintained (Table 2). Before the start of the simulation, energy minimization and equilibration
steps were performed.

Energy minimization was performed using the steepest descent algorithm, with a maximum of 1000 steps,
using the Verlet cutoff scheme for non-bonded interactions and applying periodic boundary conditions in all
dimensions. Coulombic interactions were controlled with the reaction-field method, truncating interactions at 1.1 nm
and setting the relative dielectric constant to 15. VVan der Waals interactions used a cutoff and potential-shift, with a
cutoff distance of 1.1 nm. For equilibration, the Martini force field was used to stabilize the system at the desired
temperature and pressure. Time steps of 1 fs, 5 fs, 10 fs, and 30 fs were employed. A Berendsen thermostat
maintained the temperature at 298 K with a 1 ps time constant, and pressure was set to 1 bar with a 6 ps time
constant. Initial velocities were generated at 298 K, and constraints were applied using the LINCS algorithm.

Confirming effective minimization and equilibration run, a newly configured .mdp file was used to initiate the
production run. The integrator algorithm chosen is the standard MD integrator with a time step of 0.03 ps and a total
of 400 million steps, corresponding to an overall simulation time of 12 ps. Centre of mass motion removal is
configured to occur every 100 steps. For energy minimization, a convergence tolerance of 10 and an initial step size
of 0.01 are specified, with a maximum of 20 iterations allowed. The steepest descent method is used with
corrections applied every 1000 steps. Neighbor searching employs the Verlet cutoff scheme, updating the neighbor
list every 20 steps, with a cutoff radius of 1.0 nm. Electrostatics are managed using the reaction-field method with a
Coulomb cutoff of 1.1 nm and a relative dielectric constant of 15. VVan der Waals interactions are treated with a
cutoff of 1.1 nm, without long-range dispersion corrections. Temperature coupling is managed via the v-rescale
method with a reference temperature of 300 K and a time constant of 1 ps. Pressure coupling is semi-isotropic using
the Parrinello-Rahman method with a reference pressure of 1 bar and a compressibility of 3 x 10-4/bar, with a time
constant of 12 ps. Velocities are generated at the start of the simulation corresponding to a temperature of 300 K.
The LINCS algorithm is used for constraint solving with an order of 8 and 2 iterations. No user-defined groups,
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walls, or external electric fields were applied, ensuring a straightforward and unbiased molecular dynamics
simulation setup with the use of MPI (Message Passing Interface), the simulation is performed on multiple
processors simultaneously, enhancing performance and reducing simulation time.

To ensure consistent conditions in every simulation, the same mdp files are used for energy minimization,
equilibration, and production runs.

Table 2. Simulation parameters for varying cholesterol concentrations in lipid bilayers.

Sr Lipid Cholesterol No Lipids in No Cholesterols in W lons
No. P Concentration One Bilayer One Bilayer (Na*+CI")
50 123 123 6373 140
40 148 98 6372 140
30 172 74 6374 140
0L DLPC
20 197 49 6374 140
10 222 24 6375 140
00 247 0 6371 140
50 123 123 5793 128
40 148 98 5676 124
30 172 74 5568 122
02. POPC
20 197 49 5527 122
10 222 24 5360 118
00 247 0 5366 118
50 123 123 5529 122
40 148 98 5406 120
30 172 74 5328 118
03. DGPC
20 197 49 5213 114
10 222 24 5154 114
00 247 0 5096 112
50 123 123 5822 128
40 148 98 5677 124
30 172 74 5635 124
04. DIPC
20 197 49 5458 120
10 222 24 5471 120
00 247 0 5243 116

2.2. Simulation Analysis

An energy file (.edr), a GROMACS compressed trajectory file (.xtc), and a lossless trajectory file (.trr) were
generated as a post-simulation output. The .xtc file contains compressed atomic coordinates at various time steps,
making it useful for trajectory visualization and analysis. In contrast, the .trr file stores full-precision, lossless
trajectory data, including atomic coordinates, velocities, and forces, and is primarily used for more detailed analyses.
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This level of data is required for performing precise calculations and detailed analysis. The .edr file records the
simulation’s configurations, including integrator settings and time steps, providing a reference for the simulation
parameters. Together, these files offer complete post-simulation analysis, enabling tasks like visualizing molecular
dynamics to perform accurate computational calculations.

Avrea per lipid (APL) provides valuable insights into the structural properties, and stability of lipid membranes,
also understanding sterols interaction, the packing density of the bilayer, and its behavior under different conditions,
which are important for understanding cellular developments and designing membrane-targeted drugs. A direct
method of APL calculation can be done using the inbuilt GROMACS tool gmx_energy. By determining the area of
the simulation box and dividing it by the total number of lipids in the single leaflets assuming both have an equal
number of lipids. FATSLiIM v0.2.1 tool uses a different approach to calculate APL by completely identifying lipids
and membranes initially. Each lipid has an available area, and the area per lipid may be roughly calculated using the
average of the accessible areas. As a result, it calculates the membrane area which is the average of the two leaflet
areas, and the leaflet area is just the total of all individual areas [12]. GridMAT-MD 2.0 (Grid-based Membrane
Analysis Tool for use with Molecular Dynamics) tool, reads from a coordinate file (.gro) which only has a single
frame [13]. A parameter file is fed into the system in which the user has to define the input parameter file, reference
point, solvent, ions, number of grid points across each axis, and the type of grid to be generated as an output i.e.,
column, matrix, or vector. The output is analyzed to get the result of APL.

The Bilayer Thickness (BT) study of a lipid membrane is essential because it influences membrane
permeability and the function of embedded sterols. Understanding bilayer thickness helps elucidate the physical
properties of the membrane and its role in various biological processes, such as signaling and transport. For
example, a thicker bilayer may stabilize certain receptor conformations, enhancing or inhibiting their ability to
transmit signals, also may make it harder for small molecules to diffuse. GROMACS tool gmx density is used for the
calculation of BT. Provide the proper index file by choosing the phosphate beads as the headgroup. The generated
output can be analyzed using XMGrace software (Version: Grace-5.1.25), where the bilayer thickness (BT) is
determined by measuring the distance between the headgroup peak positions. Rather than change in the input index
file and reference atom, both FATSLIM and GridMAT-MD use similar approaches for the thickness calculation
[12,13]. Later results from direct calculation, FATSLIM, and GridMAT-MD are compared.

Studying Partial density is important because it provides insights into the spatial distribution of different
components within a system. This information is crucial for understanding the structural and dynamic properties of
complex mixtures, such as lipid bilayers or sterol solutions. By analyzing partial densities, one can determine how
molecules are arranged and how they interact with each other. Here also the GROMACS gmx density tool is used in
the calculation.

Investigating the Order parameter of lipid and sterol simulations is crucial for understanding the degree of lipid
tail alignment and membrane fluidity. Defined as
_ <3co0s?6-1>

P, = . @
where in MARTINI, 6 represents the angle between the coarse-grained tail bead vector and the bilayer normal,
rather than atomic C-H bonds. This approach adapts the concept of order parameters to a coarse-grained level of
detail, while still offering insights into lipid alignment and bilayer organization.

( —0.5, perfect alignment of all bonds perpendicular to
I the bilayer normal
P, = { 0, random, isotropic distribution of bond orientation
| 1, perfect alignment of all bonds with the bilayer
k normal

To generate the output, a Python script do-order-gmx5.py is used within the GROMACS environment. The
script is called by giving. xtc and .tpr files as input along with the start and end time for analysis (in ps), specific
frequency (in steps) at which the order parameters are calculated, type of lipid, and number of lipids in the leaflet.
The calculation is performed along the z-axis and averaged over a specified number of simulation steps. The
resulting output, including the profile data, can be used to compare with published results.

Radial Distribution Functions (RDF) is an important method for understanding how molecules are arranged
around a reference point in a system. It provides a detailed analysis of molecular packing, local structure, and how
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different molecules interact with each other. For example, in lipid bilayers or sterol mixtures, RDF analysis helps in
understanding how lipids interact with each other or with cholesterol. In this study, we used the inbuilt GROMACS
tool gmx rdf to analyze these interactions and better understand the structural and organizational characteristics of
the system. Later the generated results were visualized using XMGrace software(Version: Grace-5.1.25).

A representative simulation result of the lipid bilayer with various types of lipids i.e., DLPC, POPC, DGPC,
and DIPC, with 50% cholesterol, was shown in Figure 1a—d, and bead representation of PC lipid and cholesterol was
shown in Figure 1e. This will provide a visual overview of the cholesterol distribution in the lipid bilayer.

Bhat and Murthy Molecular Modeling Connect



Disclaimer: This is not the final version of the article. Changes may occur when the manuscript is
published in its final format.

2025, Article ID. x, Vol. x

https://www.doi.org/10.69709/xxx @ S C | F | N |T|

PUBLISHING

NC3
PO4

GL1,
GL2

Carbon
Chain

ROH

Figure 1. The dynamic visualization of lipid bilayers (a) DLPC, (b) POPC, (c) DGPC, and (d) DIPC with 50% concentration of
cholesterol. (e) Beads representation.

3. Results and Discussion

3.1. Structural Properties of I,2-dilauroyl-rac-glycero-3-phosphocholine (DLPC), |-
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palmitoyl-2-oleoylphosphatidylcholine (POPC), 1,2-di-(1 |Z-eicosenoyl)-sn-glycero-3-
phosphocholine (DGPC), 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DIPC) and
Cholesterol

The structural configuration of phosphatidylcholine lipids: 1,2-dilauroyl-rac-glycero-3-phosphocholine (DLPC), 1-
palmitoyl-2-oleoylphosphatidylcholine (POPC), 1,2-di-(11Z-eicosenoyl)-sn-glycero-3-phosphocholine (DGPC), and
1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DIPC) were analyzed. Since these molecules (DLPC, POPC, DGPC,
and DIPC) are all phospholipids, they share a central structure of glycerol, a phosphate group linked to choline, and
two fatty acid chains attached to the glycerol. DLPC has two short, saturated lauroyl chains (12 carbons each)
(Figure 2a), POPC has one saturated palmitoyl chain (16 carbons) and one unsaturated oleoyl chain (18 carbons with
a double bond) (Figure 2b). DGPC has two longer, unsaturated eicosenoyl chains (20 carbons with a double bond at
the 11th position) (Figure 2c), and DIPC features two linoleoyl chains (18 carbons with two double bonds each)
(Figure 2d). In the .itp files, the atoms are represented in terms of beads. Below is the detailed comparative
explanation of molecules as written in the respected .itp files. The positively charged nitrogen atom (NC3)
represented by the atom type QO, bonded to a phosphate group (PO4) with the atom type Qa. The two neutral
glycerol atoms (GL1 and GL2) are represented by the atom type Na. In DLPC each fatty acid chain is represented by
three beads: C1A, C2A, and C3A for one chain, and C1B, C2B, and C3B for the other, all of type C1, indicating that
they are simple, neutral, and do not have any branching or double bonds. POPC has more complex chains, the first
chain starts with a carbon atom of type C1 (C1A), followed by a carbon of type C3 (D2A) (which indicates a double
bond), and then continues with two more carbon atoms of type C1 (C3A and C4A). The second hydrocarbon chain
is simpler, consisting of four consecutive carbon atoms of type C1 (C1B, C2B, C3B, C4B). In DGPC, the backbone
connects to two hydrocarbon chains, each chain starts with a carbon atom (C1A and C1B) of type C1, continues
with a sequence of carbon atoms (C2A, D3A, C4A, C5A for the first chain, and C2B, D3B, C4B, C5B for the
second chain), where the D3A and D3B atoms are of type C3. Among the four lipids, DIPC has the most complex
structure. Its first hydrocarbon chain starts with a carbon atom of type C1 (C1A), followed by two carbons of type
C4 (D2A and D3A), indicating the presence of double bonds, and ends with a carbon of type C1 (C4A). The second
chain has a similar structure (C1B, D2B, D3B, C4B). This structural configuration, with two extended hydrophobic
tails and a hydrophilic headgroup, is characteristic of the typical arrangement of a phosphatidylcholine lipid, which
is important for forming bilayer structures in membrane simulations.

In cholesterol molecules, the ROH group is represented by the SP1 bead. The subsequent groups are
represented by SC1 beads (R1, R3, R4, R5) and SC3 (R2) (Figure 2e). The aliphatic tail segments in cholesterol are
represented by SC1 (C1) and C1 (C2) beads. Bond interactions are defined within the molecule to maintain its
structure. For example, the bond between C1 and C2 has a length of 0.425 nm and a force constant of 1250.
Structural integrity is further confirmed by constraints between key beads (SP1, SC1/SC3, SC1/C1). The correct
spatial arrangement and stability of non-linear components in the molecule are defined with virtual sites. Dihedral
angles and exclusions focus on maintaining proper orientation and stability. These configurations ensure accurate
modeling of the molecular dynamics and interactions of cholesterol within lipid membranes.

3.2. Simulation Result Analysis of Different Concentrations of Cholesterol with
Lipids

The. xtc,. tpr,. edr, and .gro files were used to analyze the results such as bilayer thickness, area per lipid, and order
parameter. Sterols are a rigid, planar ring structure that inserts between lipid molecules, promoting the extension and
alignment of lipid chains, which results in lipid tails being more stretched. The data demonstrate that sterols
significantly influence the structure of lipid membranes, though the extent of their effects varies across different
lipid types. Sterol addition generally results in thicker bilayers, reduced lipid area, and better alignment of lipid tails,
enhancing membrane stability (Table S1). However, the degree of these changes depends on the specific lipid
composition, with some membranes responding more dramatically to sterol incorporation than others. The influence
of sterol concentration on lipid membranes was explored across four different types: DLPC, POPC, DGPC, and
DIPC.
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Figure 2. The chemical structure of phosphatidylcholine lipids (a) DLPC, (b) POPC, (c) DGPC, (d) DIPC, and sterols (e)
cholesterol [56].

The effect of sterol concentration on bilayer thickness showed distinct trends across the different lipids. For
DLPC, the thickness increased from 3.445 nm at 0% sterol to 4.013 nm at 50% (Figure 3a), reflecting the
membrane’s expansion due to sterol incorporation. In POPC, the change in bilayer thickness with increasing
cholesterol concentration is relatively minimal. The lowest thickness observed is 3.897 nm at 30% cholesterol, while
the highest is 4.281 nm at 10%. Unlike DLPC, POPC does not exhibit a consistent increasing trend. This may be
because of the presence of an unsaturated oleoyl chain in POPC (Figure 3b). DGPC and DIPC showed a more
pronounced change, with bilayer thickness increasing from 4.370 nm to 4.606 nm (Figure 3c) and 3.461 nm to 3.732
nm (Figure 3d), peaking at 40% sterol concentration (4.667 nm and 3.795 correspondingly), suggesting that the
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effect of sterols on bilayer expansion may level off around 40-50%. The cholesterol aligns itself between the acyl
chain tails more tightly due to its rigid structure, which results in a stiffer bilayer and reduces kinks, leading to a
thicker bilayer [50,57]. The deformity observed at 50% cholesterol in lipids other than DLPC is attributed to phase
behavior and the presence of a double bond in the lipid. The lipid tails can only be extended and aligned to a certain
degree, beyond which additional sterols may not contribute to further structural changes.
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Figure 3. Study of Bilayer Thickness with an increase in cholesterol concentration between the bilayer of lipids (a) DLPC, (b)

POPC, (c) DGPC, and (d) DIPC.

Sterol addition led to a decrease in the area per lipid across all lipid types, indicating tighter molecular packing
within the membranes. For DLPC, the area per lipid dropped from 0.591 nm?2 to 0.399 nm2 as sterol concentration
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increased (Figure 4a). POPC also saw a substantial reduction, from 0.642 nm? to 0.425 nm? (Figure 4b). DGPC’s
area per lipid decreased from 0.666 nm? to 0.428 nm2 (Figure 4c), while DIPC showed a greater decline from 0.741
nm? to 0.474 nm? (Figure 4d), reflecting less pronounced membrane condensation. This decrease in area per lipid
significantly alters the membrane surface properties. The increase in cholesterol helps increase the stability of the
membrane, for which the membrane shows resistance to changes in temperature and mechanical stress, which in
turn contributes to the membrane’s structural integrity and functional efficiency.

The order parameter, which reflects the alignment of lipid acyl chains, increased with rising sterol
concentration in all cases; however, the extent of this increase varied among different lipid types. In DLPC, the
order parameter rose significantly from 0.479 to 0.746, indicating enhanced tail alignment (Figure 5a). POPC
exhibited a smaller increase, from 0.375 to 0.585 (Figure 5b). For DGPC, the order parameter climbed from 0.331 to
0.445 (Figure 5c), showing improved alignment, while DIPC experienced a more modest rise from 0.227 to 0.262
(Figure 5d), but the highest being at 40% concentration i.e., 0.272, suggesting a limited impact of sterols on tail
alignment compared to the other lipids.

The results are further confirmed by comparing the values obtained from different computational tools such as
FATSLiIM v0.2.1 and GridMAT-MD 2.0. (Table S1).
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3.3. Partial Density and Radial Distribution Function (RDF) Analysis of DLPC, POPC,
DGPC, and DIPC Bilayer with 50% Concentration of Cholesterol

The simulation analysis showed a significant observation at the 50% cholesterol and Lipid composition. The
increase in cholesterol leads to an increase in order parameters which results in the reaching the saturation point.
However, in DLPC the bilayer thickness follows the increasing trend, and the order parameter is higher compared to
other lipids. This proves that DLPC may still have some space in between bilayer lipid tails, till it reaches its
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saturation point. Figure 6a depicts the partial density of the headgroup of lipid PO4, indicating their well-defined
position in the bilayer, close to the water-lipid interface. From the previously observed phenomenon of DGPC and
sterol interaction i.e., a decrease in the bilayer thickness at the 50% sterol concentration, the same pattern is
observed in the case of DIPC (3.732 nm) (Figure 7a), which is very low compared to other lipids.
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Figure 6. Partial density graph of (a) PO4 of a lipid bilayer with the cholesterol’s (50%) (b) ROH density graph.
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The ROH groups show broader and less defined peaks, indicating a more dispersed distribution within the
bilayer (Figure 6b). The graph depicts the position of cholesterol presence in the bilayer wherein 0 represents the
center of the bilayer and —2 and 2 are the two leaflets. The more stretched the ROH is towards the bilayer, the more
it shows the order parameter (Figure 7b). In Figure 6b, the distribution of cholesterol within the bilayer shows an
increasing order which can also be visualized in Figure 1 and can be compared with the graphs, resulting in the
decrease of order parameter from DLPC to DIPC (0.746 to 0.246) (Figure 5). The cholesterol moving in-between
the bilayer rather than aligning itself with the lipid headgroup is due to the presence of double bonds in the lipid tail
(Figure 1). ‘DLPC allows more cholesterol to align toward the headgroup than DIPC. The double bond in the
hydrophobic tail creates a kink, which increases the area per lipid but disrupts the packing of neighboring lipids.
This disruption affects the bilayer’s structure, potentially hindering cholesterol’s ability to pass through. The impact
of the double bond on bilayer movement can be visualized in the density map of ROH along with the double bond
and terminal carbon atom of the lipid tail (Figure 7). POPC has only one double bond in a single chain (D2A)
(Figure 7b), it has a lesser distribution of cholesterol towards the headgroup compared to DLPC (Figure 7b). DIPC
has the highest number of double bonds (D2A, D3A, D2B, and D3B) (Figure 7d) making it have a more flexible tail,
which results in the highest distribution of cholesterol between the bilayer than the other four simulated lipids. The
flexibility of the acyl chain strongly influences cholesterol alignment and distribution within the lipid bilayer. Lipids
like DLPC, with fully saturated chains, tend to exhibit more stretched acyl chains compared to lipids such as DIPC,
which contain double bonds. An increasing number of double bonds in lipid tails reduces chain stretch and increases
flexibility, particularly in the presence of cholesterol. This increased flexibility disrupts the alignment of cholesterol
between the lipid’s hydrophilic headgroups, leading to lower bilayer order parameters and faster saturation of order
parameter values at lower cholesterol concentrations. Figure 8 visualizes this phenomenon confirming the
movement and distribution of molecules inside the bilayer depending on its structural properties.

The Radial Distribution Function (RDF) graphs (Figure 9) provide a clear picture of how cholesterol interacts
with different lipids—DLPC, POPC, DGPC, and DIPC—revealing the role of lipid structure in shaping the bilayer’s
molecular organization. DLPC shows the strongest interaction with cholesterol (Figure 9a), as seen in the sharp,
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high RDF peak around 0.5 nm and consistent values beyond 1 nm. This is due to its fully saturated lipid tails, which
promote tighter packing and better cholesterol alignment. On the other hand, DIPC exhibits the weakest interaction
(Figure 9d), with a smaller peak and a rapid drop-off, reflecting the flexibility of its tails with multiple double bonds.
These double bonds create kinks that disrupt packing and make it harder for cholesterol to align, resulting in reduced
bilayer order. POPC and DGPC fall in between (Figure 9b,c), with POPC performing slightly better due to having
only one double bond, causing less disruption. These findings align with observations of bilayer thickness and order,
where DLPC forms a more structured bilayer, while DIPC’s flexible tails lead to a looser, more disorganized
arrangement. Compared to cholesterol-lipid RDFs, lipid-lipid interactions are generally stronger and more
consistent, especially for DLPC and POPC. DIPC remains the most disordered lipid in both cases, highlighting how
double bonds in the lipid tails disrupt packing and reduce order. Saturated lipids like DLPC promote tight packing,
while unsaturated lipids like DIPC introduce more flexibility and disorder (Figure S1). Overall, this analysis
highlights how lipid tail saturation and flexibility directly affect cholesterol distribution, lipid packing, and bilayer
stability.
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4. Conclusions
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Coarse-Grained Molecular Dynamics (MD) simulations were conducted for various phosphatidylcholine (PC) lipids,
including DLPC, POPC, DGPC, and DIPC, at different cholesterol concentrations. Bilayer thickness, order
parameter, and area per lipid were analyzed using the simulation trajectory files. Fluctuations in these bilayer
parameters indicate that sterols have a major impact on the bilayer’s physical structure with the increasing and
decreasing concentration. Other lipids were chosen based on their chemical structure i.e., the presence of their
double bond position and number of double bonds present in their tails. Subsequent simulations a were performed
with similar Cholesterol concentrations across the bilayer which resulted in the more significant observation in their
Bilayer Thickness, Order Parameter, and Radial Distribution Function (RDF) study. The results showed the
importance of double bonds as it plays a crucial role in the movement of sterols inside the bilayer where more
ordered behavior is observed for DLPC and a decrease in thickness and order parameters for DIPC. A cartoon
representation of this phenomenon is shown in Figure 10. Furthermore, lipid saturation is directly affected by the
number of double bonds present in the hydrocarbon chains. To confirm this, the lipids like POPC and DGPC were
simulated under the same condition. This confirmed us the structural properties of the lipid’s acyl chain play a
significant role in the movement and compartmentalization of molecules inside the bilayer. Further understanding of
cholesterol’s role in modulating lipid bilayer phase behavior offers valuable insights for future experimental studies,
particularly in health-related research, drug delivery, and membrane design [58,59]. Cholesterol’s ability to fine-tune
the balance between ordered and disordered phases impacts membrane fluidity, permeability, and protein function,
influencing conditions such as cardiovascular disease, Alzheimer’s, and cancer [60—62]. This knowledge can guide
the development of targeted drug delivery systems, design biomimetic membranes that replicate natural properties,
and study protein-membrane interactions [63]. Additionally, it provides a basis for investigating membrane
heterogeneity, phase separation, and temperature-dependent transitions, advancing our understanding of cellular
processes and therapeutic strategies [64—66].

Figure 10. The demonstration of the ordering of cholesterol in lipid packing. (a) Acyl chains with no double bonds have less

flexibility and are arranged in a linear fashion allowing cholesterol molecules between them, (b) Acyl chains with double bonds
are more flexible and randomly oriented not allowing cholesterol molecules between them.
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DLPC 1,2-dilauroyl-rac-glycero-3-phosphocholine
POPC 1-palmitoyl-2-oleoylphosphatidylcholine
DGPC 1,2-di-(11Z-eicosenoyl)-sn-glycero-3-phosphocholine
DIPC 1,2-dilinoleoyl-sn-glycero-3-phosphocholine
GROMACS GROnNingen MOlecular Simulation package
VMD Visual Molecular Dynamics
FATSIim Fast Analysis Toolbox for Simulation of Lipid Membranes
GridMAT- Grid-based Membrane Analysis Tool for Molecular Dynamics
MD
INSANE INSert membrANE
PC Phosphatidylcholine
DPPC Dipalmitoylphosphatidylcholine
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DOPC Dioleoylphosphatidylcholine
POPS 1,2-palmitoyl-oleoyl-sn-glycero-3-phosphoserine
Chol Cholesterol
APL Area per Lipid
BT Bilayer Thickness
RDF Radial Distribution Function
.gro gromacs file
.top topology file
Xtc trajectory file
itp portable topology file
LINCS LINear Constraint Solver
MPI Message Passing Interface
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