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analgesic requirements.24−26 However, its clinical utility in this
setting remains investigational, with ongoing trials being
required to validate eMcacy, optimize dosing regimens, and
evaluate safety profiles. Capsaicin’s clinical application is
hampered by physicochemical limitations, including hydro-
phobicity, low aqueous solubility, chemical instability, and
volatility, which restrict its bioavailability and cause dose-
limiting adverse e(ects such as skin irritation and burn-
ing.5,8,10,15,27 Various nanocarrier strategies have been explored
to overcome capsaicin’s physicochemical challenges.5,7,8,10
Among these, liposomes o(er unique advantages owing to
their ability to encapsulate both hydrophilic and hydrophobic
moieties within their bilayer structure, as well as their
biocompatibility, potential for controlled release, and targeted
delivery.28−32 Phospholipids, such as dipalmitoylphosphatidyl-
choline (DPPC) and palmitoyl-oleoylphosphatidylcholine
(POPC), are commonly employed in liposomal formulations
for drug delivery.31−33 Pharmacokinetic studies have demon-
strated that capsaicin-loaded liposomes can reduce mucosal
irritation and enhance bioavailability.34 Moreover, encapsula-
tion in the liposomal bilayer has been shown to prolong drug
release and increase cytotoxic selectivity in cancer models.35,36
Previous experimental studies37−40 using nuclear magnetic

resonance (NMR), X-ray di(raction, fluorescence spectrosco-
py, and di(erential scanning calorimetry (DSC) have
elucidated that capsaicin preferentially localizes at the lipid−
water interface, with its vanillyl (phenolic) headgroup
anchoring in the headgroup/carbonyl region, and the hydro-
phobic tail penetrating the upper acyl chain core. These studies
also indicate that capsaicin generally fluidizes membranes by
lowering the phase transition temperatures, though concen-
tration- and composition-dependent rigidifying e(ects have
also been observed in cholesterol-containing systems.41−44

Although experimental techniques can provide structural
information, they are often insuMcient to resolve transient
and dynamic interactions at the molecular level. In this regard,
molecular dynamics (MD) simulations serve as a powerful tool
to study the physicochemical behavior of drugs within lipid
bilayers. Previous MD studies have successfully characterized
the partitioning, orientation, and permeation of various small
molecules and peptides in membrane systems.45−54 MD
simulation studies show the favorable interfacial partitioning
of the capsaicin molecule with free energy minima in the lipid
bilayer and significant translocation of energy barrier between
leaflets.55−58 MD simulations have extensively characterized
the interaction of capsaicin with the lipid bilayer, revealing its
role as a membrane modifier and a specific ligand. Early
computational studies established the amphiphilic nature of
capsaicin, showing that it preferentially partitions into the
membrane interface where its vanillyl headgroup forms
hydrogen bonds with lipid carbonyls and the hydrophobic
tail penetrates the bilayer core.55,59 This interfacial accumu-
lation changes bulk membrane properties, thinning bilayer, and
increased elasticity resulting in the nonspecifically modulated
functions of membrane proteins.57,60 Furthermore, recent
advanced sampling techniques have elucidated the specific
access mechanism of capsaicin to the intracellular binding site
of the TRPV1 channel. A membrane-mediated pathway
demonstrated that the ligand undergoes a “flip-flop” or direct
entry from the lipid phase to the TRPV1 binding pocket.55,58
Despite extensive experimental and computational studies,

the molecular-level mechanisms governing capsaicin insertion,
preferred orientation, and its influence on the lipid phase
remain incompletely understood. In particular, how capsaicin’s
amphiphilic structure drives its interfacial localization, hydro-
gen-bonding interactions with lipid headgroups, and concen-

Figure 1. Chemical structures of capsaicin, DPPC, and POPC molecules. Regions of capsaicin molecules: (A) phenol group, (B) amide group, and
(C) alkyl tail. Regions of lipid molecule: (D) choline group and phosphate group, (E) ester group, and (F) alkyl tail. The molecular parts are
labeled according to their hydrophilic (A, B, D, E) and hydrophobic (C, F) properties.
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tration-dependent e(ects on bilayer physical properties is still
unresolved. In this study, we employ extensive MD simulations
to investigate capsaicin’s behavior in dipalmitoylphosphatidyl-
choline (DPPC) and palmitoyl-oleoylphosphatidylcholine
(POPC) bilayers. We analyze capsaicin’s preferred location,
orientation, interaction energies, and influence on the bilayer
structure, including area per lipid, volume per lipid, bilayer
thickness, deuterium order parameters, and water permeability.
Our findings provide molecular-level insights into capsaicin−
lipid interactions, supporting the rational design of capsaicin-
loaded liposomal formulations with improved therapeutic
performance, guiding both experimental formulation strategies
and potential clinical applications.

2. METHODOLOGY

2.1. Molecular Dynamics (MD) Simulations

Atomistic MD simulations were performed to study the
permeation behavior of capsaicin across lipid bilayers and to
assess its e(ects on the membrane structure. Two types of
phospholipid bilayers were used: DPPC to represent saturated
lipids and POPC to represent unsaturated lipids. The force
field parameters for both lipids and capsaicin were taken from
the GROMOS 54a7 united-atom force field.61−65 Molecular
structures for DPPC and POPC were obtained from previous
studies,52,66 and capsaicin topologies were generated using the
Automated Topology Builder (ATB).64,65 The chemical
structures of capsaicin and lipids are shown in Figure 1.
Initial bilayer configurations were generated using the

MemGen online membrane builder,67 and bilayers were fully
hydrated with simple point charge (SPC) water molecules.68
Two simulation setups were employed: (1) Capsaicin
permeation studies: A single capsaicin molecule and clusters
of 3, 5, or 10 molecules were randomly placed in the aqueous
phase, 2.0 nm away from the lipid−water interface. Each
bilayer consisted of 128 lipid molecules (64 per leaflet). These

simulations were designed to examine the permeation process
of capsaicin, following protocols commonly used in membrane
transport studies.43,69,70 (2) Capsaicin−bilayer interaction
studies: Larger bilayers composed of 512 lipid molecules
(256 per leaflet) were used to study the impact of capsaicin on
the bilayer properties. Capsaicin molecules were directly
embedded in the membrane with a uniform distribution. In
the initial configuration, they were positioned at the bilayer
interface with the polar phenol group oriented toward the lipid
phosphate region and the alkyl tail extending toward the
bilayer core, consistent with the preferred insertion observed in
the capsaicin permeation studies. The number of added
capsaicin molecules was varied, 0, 56, 104, 152, 208, and 256
molecules, corresponding to capsaicin/lipid molar ratios of
0.00, 0.10, 0.20, 0.30, 0.40, and 0.50, respectively. Detailed
system parameters are listed in Table 1.
All systems underwent energy minimization using the

steepest descent algorithm to remove steric clashes and
voids. Subsequently, the production MD simulations were
carried out for 500 ns with a 2 fs time step using GROMACS
version 2022.6.71,72 Simulations were conducted in the
isothermal−isobaric (NPT) ensemble. Pressure was main-
tained at 1.0 bar using a semi-isotropic Parrinello−Rahman
barostat73 with a time constant of 3.0 ps and compressibility of
4.5 × 10−5 bar−1. Temperature was controlled at 310 K using
the velocity-rescaling thermostat with a time constant of 0.1
ps.74 Periodic boundary conditions were applied in all
directions. The neighbor list was updated at every step. A
cuto( of 1.0 nm was applied for the van der Waals and real-
space parts of electrostatic interactions. Long-range electro-
statics were calculated using the smooth Particle Mesh Ewald
(SPME) method,75−77 with reciprocal−space interactions
computed on a 0.12 nm grid using fourth-order cubic
interpolation. The Lennard-Jones potentials were shifted to
zero at 1.0 nm by using a potential-shift modifier. All bond
lengths were constrained using the P-LINCS algorithm.78 A

Table 1. The Simulation Systems

no systems lipid type capsaicin/lipid ratios number of molecules in systems simulation time (ns)

#Capsaicin #Lipid #Water
1 Adding capsaicin in water phase DPPC - 1 128 11,705 200
2 POPC - 1 128 11,705 200
3 DPPC - 3 128 11,705 300
4 POPC - 3 128 11,705 300
5 DPPC - 5 128 11,705 500
6 POPC - 5 128 11,705 500
7 DPPC - 10 128 11,705 500
8 POPC - 10 128 11,705 500
9 Inserting capsaicin inside lipid bilayer DPPC 0.00 0 512 25,600 500
10 POPC 0.00 0 512 25,600 500
11 DPPC 0.10 56 512 26,128 500
12 POPC 0.10 56 512 26,128 500
13 DPPC 0.20 104 512 25,872 500
14 POPC 0.20 104 512 25,872 500
15 DPPC 0.30 152 512 25,896 500
16 POPC 0.30 152 512 25,896 500
17 DPPC 0.40 208 512 25,920 500
18 POPC 0.40 208 512 25,920 500
19 DPPC 0.50 256 512 26,112 500
20 POPC 0.50 256 512 26,112 500
21 Constraint POPC - 1 128 13,988 300
22 DPPC - 1 128 10,367 300
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trajectory visualization was performed using Visual Molecular
Dynamics (VMD).79 The temperature of 310 K was selected
to mimic human body temperature, despite being slightly
below the phase transition temperature of DPPC (313 K).
This temperature was still suitable for our study as we carefully
assessed the phase state of the lipid bilayers using the
visualization and order parameter, which confirmed that both
DPPC and POPC were in the disordered phase at this
temperature. In addition, the optimized parameters and
protocols have been extensively tested and used previously,
in refs 52,80−82. The area per lipid (APL), bilayer thickness,
and volume per lipid (VPL) were analyzed as the fundamental
parameters for characterizing the structural properties of the
bilayers. In this study, these parameters were systematically
analyzed based on the Voronoi tessellation via the APL@Voro
software.83,84 APL@Voro computes individual Voronoi areas
for each lipid and capsaicin molecule, enabling independent
reporting of the area per molecule for both components
independently. Tessellation was performed using the hydroxy
oxygen of the capsaicin phenol group and the phosphate atom
of the lipid headgroup as reference points, both projected onto
the bilayer plane. The bilayer thickness was determined by
averaging the distances between the local centers of mass
(COMs) of the lipid phosphate group in opposing leaflets.
Volume per lipid was then obtained by multiplying the APL by
half the bilayer thickness. The order parameters of the lipid
tails were computed by the gorder85 tool, which reconstructs
C−H bond vectors from united-atom models for accurate
analysis. Finally, the number of water permeation events was
analyzed using in-house Python scripts86 based on NumPy87
and MDAnalysis libraries.88,89

2.2. Constraint Simulations for Free Energy Calculation

Constraint-based MD simulations were conducted to compute
the free energy profile associated with the translocation of a
capsaicin molecule from the water phase into the DPPC and
POPC lipid bilayers. A total of 46 independent simulations

were performed, in which the distance between the COM of
the capsaicin molecule and that of the bilayer were restrained
at discrete intervals ranging from 0 to 4.5 nm, with a spacing of
0.1 nm. A harmonic constraint with a force constant of 1000 kJ
mol−1 nm−2 was applied, with a relative tolerance set to 10−6.
Each system comprised 128 lipid molecules and was solvated
with SPC water. Simulations were conducted under the NPT
ensemble at 298 K. Each window was simulated for 300 ns to
ensure convergence.
The free energy profile, ΔG(z), describing the transfer of

capsaicin from the water phase into the lipid bilayer, was
computed via numerical integration of the average constraint
force, F z( ) t , over the translocation pathway

G z F z dz( ) ( )
z nm

z

t
waterphase( 4.5 )

=
= (1)

here, F z( ) t denotes the mean force acting on the capsaicin
molecule at a specific position z′ along the bilayer normal. The
integration proceeds from the bulk water region (z = 4.5 nm)
toward the interior of the membrane.
To assess the statistical uncertainty in the computed forces,

block averaging was employed using the final 30 ns of each
trajectory divided into ten equal segments. This methodology
ensures robust estimation of the free energy landscape, as
previously demonstrated in similar bilayer permeation
studies.90,91

3. RESULTS AND DISCUSSION
3.1. Attraction and Adsorption of Capsaicin Molecules into
Lipid Bilayers
Capsaicin is an amphiphilic molecule consisting of both
hydrophilic moieties (phenol group and amide group) and
hydrophobic (alkyl tail) moieties. The chemical structure of
capsaicin is shown in Figure 1. Experimental studies have
shown that it strongly prefers to embed itself in a lipid
environment instead of remaining solvated.92−95 This is

Figure 2. Side-view snapshots from atomistic MD simulations illustrate the translocation pathway of a single capsaicin molecule from the aqueous
phase into the (A−D) DPPC and (E−H) POPC lipid bilayer. The selected snapshots represent the key stages of capsaicin insertion. The phenol
group, amide group, and carbon tail of capsaicin are represented in orange, purple, and light blue, respectively. Lipids are depicted in green, with
phosphate groups highlighted as yellow spheres. Water molecules are not shown for ease of observing capsaicin molecules.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c07901
ACS Omega 2026, 11, 23728−23742

23731

https://pubs.acs.org/doi/10.1021/acsomega.5c07901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07901?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c07901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


consistent with results from our simulations, in which capsaicin
molecules are initially introduced in the water phase. In these
simulations, capsaicin is promptly attracted to the polar
headgroup regions of the DPPC (saturated) and POPC
(monounsaturated) lipids. This is illustrated in Figure 2, which
shows the phenolic moiety of capsaicin (highlighted in orange)
being driven to the water−lipid interface (Figure 2A,B).
Following this initial contact, the hydrophobic tail of capsaicin,
which remained exposed to water, undergoes a rotation (flip)
to allow its insertion into the hydrophobic core of the bilayer
(Figure 2C). Once inserted, capsaicin adopts a stable
configuration, with the phenolic head located near the lipid−
water interface and the hydrophobic tail aligned approximately
parallel to the bilayer normal (Figure 2D). The snapshots of
initial and final configurations are shown in Figure S1. This
membrane-anchored configuration is energetically favorable
and has been consistently observed in simulations using
di(erent force fields.55

The insertion of capsaicin is quantified in Figure 3 where (i)
the minimum atomic distance and (ii) the number of hydrogen
bonds between capsaicin and the lipids are shown as well as
(iii) the angle of capsaicin relative to the bilayer normal. The
partial simulation time in Figure 3 is chosen to capture the
events of interest, and the complete 200 ns time evolution of
capsaicin insertion dynamics is shown in Figure S2.
Figure 3A,B compares the minimum distance of lipid

phosphate groups to phenol (orange line) and amide (purple
line) moieties of capsaicin for DPPC and POPC bilayers. The
minimum atomic distance between the capsaicin phenol group
and the lipid phosphate group rapidly decreased and stabilized
at approximately 0.15 nm within the first 3 and 10 ns of the
simulations for POPC and DPPC, respectively. The distance
remained stable throughout the remainder of the simulations.
Although the minimum atomic distances between the capsaicin
amide group and the lipid phosphate group also decreased
following phenol insertion, they stabilized around 0.5 nm.
These observations indicate that, upon approaching the

Figure 3. Analysis of capsaicin insertion dynamics in DPPC and POPC bilayers from single-capsaicin simulations. (A,B) Minimum atomic
distances between the phenol and amide groups of capsaicin and the phosphate groups of lipids. (C,D) Number of hydrogen bonds formed
between the capsaicin phenol group and lipid phosphate groups and between the capsaicin amide group and lipid ester groups. (E,F) Orientation
angle of capsaicin relative to the bilayer normal, defined as the angle between the vector connecting hydroxyl oxygen of phenol group and terminal
tail methyl carbon and the bilayer normal (z-axis). Only the first 50 ns of the 200 ns trajectories are shown, as the relevant interactions occur within
this time window and remain stable afterward.
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bilayer, capsaicin adopts orientations driven by hydrophilic and
hydrophobic interactions. The more rapid insertion of phenol
groups onto the lipid headgroups in POPC compared to the
DPPC bilayers may be attributed to the higher area per lipid
(APL) of the former membrane. Consistent with other
studies,41,96−99 the APLs of the POPC and DPPC bilayers in
our simulations are 0.652 ± 0.002 nm2 and 0.625 ± 0.003 nm2,
respectively. This greater lateral spacing between lipid
molecules in POPC results in a less tightly packed environ-
ment within headgroups, enabling a more prompt insertion of
the phenol group.
The presence of a hydrogen donor atom at the phenol

moiety of capsaicin as well as hydrogen acceptor atoms at the
phosphate groups of DPPC and POPC lipids (Figure 1)
suggests that the strong interaction between these groups
could originate from hydrogen bonding. To quantify this,
hydrogen bonds were defined using the standard geometric
criteria100−102 of a donor−acceptor distance closer than 0.35
nm and a donor−hydrogen−acceptor angle in a range of
150°−180°. The interaction between capsaicin and lipid is
confirmed in Figure 3C,D, which shows one stable hydrogen
bond forming between the capsaicin phenol and the lipid
phosphate group (red lines) as soon as their distance becomes
minimal, as seen in Figure 3A,B at 10 ns for DPPC and at 3 ns
for POPC. Figure 3C,D also shows one hydrogen bond
forming between the amine group of capsaicin and the
carbonyl oxygen in the ester group of the DPPC and POPC
lipids. The latter takes place after phenol insertion, and it is
only possible after the hydrophobic tail of capsaicin penetrates
the bilayer core. This is confirmed in Figure 3E,F, which
measure the angle between a vector connecting the hydroxyl
oxygen of the phenol group and the terminal methyl carbon of
the hydrocarbon tail relative to the bilayer normal (z-axis).
Before the insertion of the phenol group (0−10 and 0−3 ns for
DPPC and POPC, respectively), the capsaicin tail adopts a
mostly random orientation. After insertion (30−50 and 20−50
ns for DPPC and POPC, respectively), it adopts mostly angles
that are larger than 90°, which is a characteristic of
configurations where the capsaicin tail sticks out of the lipid
head groups. The slower rotation of the capsaicin tail in DPPC
compared to the POPC bilayers supports the notion that
membrane compactness slows capsaicin dynamics. Notice that
the full insertion of capsaicin also coincides with the formation
of hydrogen bonds between its amine group and the ester
group in Figure 3E,F. This highlights the importance of
hydrogen bonding in both holding the phenol group at the
water−lipid interface and in accounting for the orientation of
the capsaicin tail in the dry core of the bilayer.

3.2. Transferring a Capsaicin Molecule from Water to the
Lipid Bilayer

Here, we compute the potential of mean force (PMF) to insert
capsaicin into lipid bilayers in order to provide insights into its
preferred location inside the membrane. The PMF is
computed using umbrella sampling simulations103,104 and
using the distance ξ between the center of mass of capsaicin,
and the bilayer center as a reaction coordinate. For
convenience, the PMF when capsaicin is in bulk water (i.e.,
ξ > 3.5 nm) is used as our reference. Figure 4 shows the PMF
profiles in simulations using DPPC and POPC membranes
revealing distinct minima at approximately 1.4 and 1.2 nm
from the bilayer center, respectively, which coincide approx-
imately with the lipid ester group (vertical blue dashed lines).
The PMFs to transfer capsaicin from bulk water to these
preferred locations in the membrane are −51.34 ± 5.42 kJ/mol
and −56.32 ± 4.67 kJ/mol for DPPC and POPC, respectively.
These low PMF values indicate strong binding to the lipid
bilayer. Interestingly, the insertion of capsaicin into the bilayer
is not characterized by any visible energy barrier suggesting
that capsaicin makes its way through the water−lipid interface
spontaneously without facing significant steric constraints.
Moreover, the energy barrier to flip capsaicin from one of the
bilayer leaflets to the other is given by computing the
di(erence in the PMF at the bilayer center (ξ = 0) and at
its minimum (ξ = 1.4 or 1.2 nm). For our simulations
performed using DPPC and POPC, the energy barriers are
29.28 ± 2.07 kJ/mol and 28.50 ± 1.46 kJ/mol, respectively.
These energy barriers are more than an order of magnitude
greater than the thermal energy (2.47 kJ/mol), indicating that
spontaneous translocation is highly improbable in atomistic
simulations. Thus, migration through the bilayer midplane can
be considered a rare and energetically costly event for capsaicin
in phospholipid bilayers.
Our findings are consistent with previous studies employing

OPLS and CHARMM36 force fields, which reported
comparable PMF profiles for capsaicin insertion and leaflet
transition.55,58 While methodological di(erences may account
for variations in reported barrier heights, previously published
values for capsaicin insertion into the POPC range from 48.12
kJ/mol (OPLS) to 20.92 kJ/mol (CHARMM36). It is worth
noting that Hanson et al.55 observed one instance of capsaicin
translocating between POPC leaflets in their simulations.
However, no such flip-flop events were recorded in our
simulations, further reinforcing that interleaflet migration is a
rare and energetically costly event for capsaicin in phospholipid
bilayers.

Figure 4. Potential of the mean force (PMF) profiles for the translocation of a capsaicin molecule into DPPC and POPC bilayers. The profiles were
obtained using a biased simulation, in which capsaicin was moved from the water phase (4.5 nm) to the bilayer midplane (0.0 nm) along the bilayer
normal. The free energy in the water phase was set to zero. Vertical dot-dashed yellow and blue lines indicate the positions of lipid phosphate and
ester groups, respectively.
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3.3. Impact of Capsaicin Aggregation on Membrane
Insertion

Due to their amphiphilic nature, capsaicin tends to aggregate in
solution. Since membrane insertion of individual capsaicin
molecules and aggregates may di(er, additional simulations
were performed with 3 molecules initially placed in the water
phase. In these simulations, capsaicin molecules cluster before
they insert into the bilayer. Figure 5 shows the time evolution
of the membrane structure throughout the simulation. The
insertion starts with the phenol moieties of the capsaicin
aggregates interacting with lipid head groups, followed by the
rotation of the hydrophobic tail of capsaicin leading to its full

insertion into the membrane. The rotation of the capsaicin’s
tails is faster in POPC (∼131 ns) compared to DPPC (∼175
ns), consistent with POPC’s lower lipid packing density
(higher APL) that accounts for a smaller energetic and steric
barrier of insertion. Moreover, the time scales to induce
capsaicin tail rotation in simulations made with three
molecules (∼130−180 ns) are significantly larger than in
simulations performed with a single molecule (∼20−30 ns), as
illustrated in Figure 3E,F. This can be rationalized by the more
challenging passage of capsaicin’s tails in large clusters through
lipid headgroups as compared to the equivalent passage in
small aggregates due to increased steric repulsion with lipid

Figure 5. Side-view snapshots from atomistic MD simulations showing the insertion process of a three-capsaicin cluster into the DPPC (A-D) and
POPC (E-H) bilayers. The selected snapshots illustrate the key stages of cluster adsorption. Lipid molecules are depicted in green, with phosphate
groups highlighted as yellow spheres. Capsaicin molecules are color-coded by functional groups: phenol in orange, amide in purple, and alkyl tail in
light blue. Water molecules are omitted for clarity.

Figure 6. Side-view snapshots of bilayer configurations at the end of simulations with 1, 3, 5, and 10 capsaicin molecules with the DPPC and POPC
bilayers. Lipid molecules are depicted in green, with phosphate groups highlighted as yellow spheres. Capsaicin molecules are color-coded by
functional groups: phenol in orange, amide in purple, and alkyl tail in light blue. Water molecules are omitted for clarity.
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headgroups. Moreover, this is also consistent with the results
from additional simulations of 3 capsaicin molecules
performed for 300 ns and 5 and 10 capsaicin molecules
performed for 500 ns simulation. The last configuration of
these simulations is shown in Figure 6. It shows that only the
systems containing 10 capsaicin molecules form large surface-
bound clusters that persisted at the interface after 500 ns in
both DPPC and POPC bilayers. Interestingly, only a limited
number of molecules from large clusters can penetrate the

membrane, suggesting that aggregation reduces the eMciency
of bilayer permeation.
3.4. Interaction of Capsaicin within the Bilayer and Local
Structure Perturbations

At low concentrations, capsaicin molecules may individually
insert themselves into the membrane and aggregate sub-
sequently. To examine this pathway, simulations with 52
capsaicin molecules inserted into DPPC and POPC bilayers
containing 512 lipid molecules were studied. In Figure 7, we
investigated the mass−density profiles of phenol, amide, and

Figure 7. Mass-density profiles of capsaicin along the bilayer normal for DPPC and POPC bilayers. Profiles are averaged over both leaflets and
shown for one leaflet for clarity. Vertical dot-dashed lines mark the positions of lipid phosphate and ester groups at ∼1.85 and ∼1.50 nm from the
bilayer center, respectively. Results are shown for a representative system with a 0.10 capsaicin-to-lipid ratio; similar distributions were observed
across all capsaicin-to-lipid ratios.

Figure 8. Top-view snapshots of embedded capsaicin in the (A−E) DPPC and (F−J) POPC bilayers at the end of the 500 ns simulations at
di(erent capsaicin-to-lipid ratios. Lipids are shown in green. Capsaicin molecules are distinguished by functional groups: phenol (orange), amide
(purple), and alkyl tail (light blue). For clarity, only the upper leaflet is displayed, and water molecules are omitted.

Figure 9. Cluster fraction of capsaicin molecules within the DPPC and POPC lipid bilayers. Di(erent colors correspond to varying capsaicin-to-
lipid ratios. A clustering cuto( of 0.23 nm was applied, defined by the first minimum of the radial distribution function (RDF) between capsaicin
atoms.
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hydrophobic tail regions of capsaicin relative to those of the
bilayer center. The phenol group (orange line) aligns closely
with the ester group region of the lipids (vertical dashed blue
line), supporting the PMF results that capsaicin prefers the
interfacial region near lipid headgroups. This distribution is
also consistent with previous works by Swain et al.37 and
Domene et al.58 The capsaicin amide group (purple line) lies
between their phenol group and carbon tail, consistent with
their structure that the amide group links polar phenol to the
nonpolar alkyl tail. The mass−density profile of the hydro-
carbon tail of capsaicin (light blue line) is more broadly
distributed, extending from the phosphate headgroups toward
the bilayer’s center. The broad distribution of capsaicin’s tail is
the result of conformational flexibility and weak interaction
with the lipid tails. Accordingly, capsaicin adopts an
amphiphilic orientation, with its phenol group located at the
polar interface and its tail penetrating the hydrophobic region
of the bilayer. This enables capsaicin to maintain a dynamic
but stable embedding within the membrane. No significant
spatial di(erences were noted between DPPC and POPC
systems, in accordance with the minimal variation in the PMF
minima between the two lipid types. To investigate the e(ects

of capsaicin on the properties of the bilayer, simulations were
performed by varying the concentration of capsaicin molecules
in the membrane, i.e., capsaicin-to-lipid ratios from 0.00 to
0.50. Snapshots of the last frame of the simulations (Figure 8)
show that capsaicin largely dispersed in the membrane. The
cluster analysis in Figure 9 shows that over 90% of capsaicin
molecules exist as monomers and only small fractions of dimer
and trimer are found at high capsaicin concentrations.
Interestingly, the hydrogen bond analysis (Figure 10) reveals
that the phenol moieties of capsaicin extensively form
hydrogen bonds with lipid phosphate groups (red lines). The
dominance of hydrogen bond between capsaicin−lipid
molecules suggests a strong aMnity of capsaicin to the
membrane.
The lateral area per capsaicin was calculated using the

APL@Voro method. For capsaicin embedded in the DPPC
and POPC bilayers, the lateral area is 0.415 ± 0.010 nm2.
These values remained consistent across all concentrations,
indicating a stable interfacial accommodation of capsaicin
within the membrane. In addition, bioactive molecules like
cholesterol, curcumin, and α-tocopherol (vitamin E) are
known to influence the lipid membrane structure. Cholesterol

Figure 10. Average number of hydrogen bonds formed per capsaicin molecule in the concentration-dependent simulations of DPPC and POPC
bilayers. Each line represents hydrogen bonding between specific capsaicin functional groups and either lipid groups or other capsaicin molecules.
The y-axis label “Avg. H-bonds/capsaicin” refers to the average number of hydrogen bonds per capsaicin molecule.

Figure 11. Structural properties of the DPPC (red) and POPC (blue) bilayers as a function of the capsaicin-to-lipid ratio. (A) Area per lipid
(APL), (B) lateral area per capsaicin molecule, (C) bilayer thickness, and (D) volume per lipid (VPL). Solid lines represent values calculated for
the lipid molecules, while the dotted lines indicate values associated with capsaicin molecules.
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inserts deeply into the membrane, increasing tail order and
bilayer thickness.41,42,53,105 Curcumin, with its planar amphi-
philic structure, disrupts lipid packing by deep insertion and
multiple hydrogen bonds with lipids.106−108 In contrast, α-
tocopherol anchors primarily at the lipid−water interface via its
polar headgroup and passively penetrates into the bilayer.
Interestingly, the α-tocopherol flip-flop between bilayer leaflets
has been observed, an important function to help stabilize the
membrane structure under oxidative stress.46,48,109,110
To investigate the e(ects of capsaicin on the membrane

structure, Figure 11 shows the area per lipid (APL), the bilayer
thickness, and volume per lipid (VPL) at di(erent capsaicin/
lipid ratios. The APL of the lipid was also calculated using the
APL@Voro method. Pure DPPC and POPC membranes have
APLs of 0.625 ± 0.006 nm2 and 0.652 ± 0.006 nm2,
respectively, which decrease to 0.581 ± 0.008 nm2 and 0.594 ±
0.008 nm2 at the highest capsaicin concentration. Notably, the
APL obtained for pure DPPC at 310 K is higher than expected
for a gel-phase bilayer (≈0.45 nm2),111,112 suggesting a
partially disordered state in the present simulations. Bilayer
thicknesses for pure DPPC and POPC membranes are 3.742 ±
0.035 and 3.739 ± 0.032 nm, respectively, decreasing to 3.487
± 0.038 and 3.541 ± 0.044 nm at a capsaicin-to-lipid ratio of
0.50. The e(ect of capsaicin in reducing the lipid bilayer
thickness has also been reported in previous all-atom MD
studies of DC18:1PC and DC22:1PC bilayers.57 Conse-
quently, the VPL decreases approximately linearly by up to
13.41% for DPPC and 13.70% for POPC at this ratio. In
contrast, cholesterol at low concentrations reduces the area per
lipid while increasing bilayer thickness,41,42,53,105 and α-
tocopherol has similarly been reported to induce an increase
in the bilayer thickness.113 These modest structural changes
indicate that capsaicin has a small perturbation on bilayer
volume or integrity, potentially acting as a membrane-active
agent. It is compatible for loading into liposomal drug carriers
without compromising the overall bilayer stability or barrier
function.
Deuterium order parameter analysis (SCD) shown on Figure

12. The SCD profiles of DPPC and POPC bilayers show that
capsaicin induces only modest changes in lipid tail ordering,
primarily in the upper acyl chain region (around C1−C4),

adjacent to the lipid ester groups. Notably, the SCD of DPPC
bilayer at 310 K is approximately 0.2, which is substantially
lower than the characteristic value of 0.4 for the gel phase,
indicating that DPPC is in the disordered phase rather than in
the gel phase. This behavior had been shown in the
comparative force field studies of DPPC bilayers.114,115 The
united atom model of DPPC bilayers, described with the
GROMOS 54a7 force field, shift phase behavior and
underestimate the acyl-chain ordering.114,115 Consequently,
the apparent impact of capsaicin on lipid ordering is limited,
with the average SCD decreasing by only 7.0% and 5.5% in the
sn-1 and sn-2 chains, respectively, even at the highest capsaicin-
to-lipid ratio (0.50). For the POPC bilayer, 310 K is above the
melting temperature, and a liquid-disordered phase is well
observed with an average SCD of 0.141. The addition of
capsaicin at the 0.5 capsaicin-to-lipid ratio has a small decrease
of SCD (1.9% and 0.5% for the sn-1 and sn-2 chains,
respectively). The limited e(ect of capsaicin on the bilayer
may result from a high fluid lipid in the disorder phase. To
have a better understanding of the e(ect of capsaicin on the
ordered bilayer, we perform additional DPPC simulations at
extremely low temperatures of 273 K, in which pure DPPC
lipids exhibit an ordered structure (gel-phase) with an average
SCD of 0.278. The visualization and SCD analysis are shown in
Figures S3 and S4. Interestingly, the SCD rapidly decreases
about 30% when 20% capsaicin is added in the bilayer. The
significant disturbance of capsaicin in the chain order is in
agreement with experimental studies of capsaicin-induced
membrane fluidization.38,39,94,116

3.5. Permeability of Water across in the Lipid Bilayer
Water permeability across the lipid bilayer is a fundamental
biophysical property that can be influenced by external factors,
such as embedded molecules. Understanding the water
permeability contributes to a more complete picture of how
embedded molecules alter the biophysical characteristics and
behavior of the membrane. To investigate the impact of
capsaicin on water permeability (Pf), the water permeability
coeMcient of the lipid bilayer is calculated using Fick’s Law and
Flux-Based Counting method.117−119 In this approach, Pf is
derived directly from the number of water permeation events
observed during the simulation. The equation is

P
N

C2Atf
permeate

bulk
=

(2)

where Npermeate is the number of permeated water molecules
during simulation time t, A is the cross-sectional area of lipid
bilayer, and Cbulk is bulk water concentration, which is derived
from the mass−density profiles (32 molecules per nm3). The
factor of 2 accounts for permeation events occurring in both
directions across the bilayer. In the pure lipid systems, the
number of water permeation events is 90 ± 7 in DPPC and 91
± 7 in POPC, yielding the Pf of 1.6 ± 0.6 × 10−3 and 1.60 ±
0.5 × 10−3 cm/s, respectively. The values are in the same order
of magnitude as in previous MD studies for pure DPPC (0.8−
3.1 × 10−3 cm/s)119,120 and POPC bilayers (1.5−2.1 × 10−3

cm/s).118,121 To verify the robustness of our results, we
performed two additional simulations of pure bilayers that
consistently produced permeability coeMcients in the same
range. Consistent with typical atomistic MD results, the
calculated permeability coeMcients are lower than experimen-
tal measurements, owing to the limited number of permeation
events captured within the accessible simulation time scales.119

Figure 12. Deuterium order parameters (SCD) of the lipid
hydrocarbon tail sn-1 and sn-2 of the DPPC and POPC bilayers at
varying capsaicin-to-lipid ratios. The line colors correspond to the
di(erent capsaicin-to-lipid ratios.
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Additionally, water permeability in simulations is sensitive to
parameters including temperature, system size, and force
field.119−121 Upon embedding capsaicin, the number of water
permeation events in the lipid bilayer increased slightly,
ranging from 101 to 160 events, with no clear dependence on
the capsaicin-to-lipid ratio. This yielded a Pf of 1.5−3.5 × 10−3

cm/s across all systems, as shown in Figure 13. Overall, the

weak and nonmonotonic changes in water permeability
indicate that capsaicin incorporation does not substantially
alter the membrane barrier function under the present
simulation conditions.

4. CONCLUSIONS
In this study, we employed extensive atomistic molecular
dynamics simulations to elucidate the translocation and
membrane interactions of capsaicin in the POPC and DPPC
bilayers. Our findings reveal a stepwise insertion mechanism,
wherein the phenolic group of capsaicin initially anchors to the
phosphate headgroups of the lipids through hydrogen bonding,
followed by the hydrophobic tail flipping into the bilayer core.
This adsorption and orientation process occurs more rapidly in
POPC membranes than in DPPC, which can be attributed to
the higher area per lipid. Whereas individual capsaicin
molecules readily permeate the bilayer, small clusters stabilized
by amide−amide interactions exhibit reduced membrane
penetration, indicating that slow and low-concentration
loading conditions are more favorable for eMcient incorpo-
ration into the lipid bilayer. After translocation, capsaicin
molecules predominantly localize near the lipid headgroup
region. Their stability in this region is mediated by persistent
phenol-phosphate and occasional amide-ester hydrogen bonds.
At higher concentrations, capsaicin molecules exhibit enhanced
self-association into small clusters such as dimers and trimers;
yet, large aggregates are not observed, and most molecules
remain in a monomeric state within the membrane even at the
highest concentrations studied.
Interestingly, area per lipid and bilayer thickness exhibit

small concentration-dependent changes, and lipid chain order
is weakly a(ected when membranes are already in a partially
disordered state. In contrast, additional simulations performed
on highly ordered DPPC bilayers reveal a clear capsaicin-
induced disordering transition at higher concentrations,
consistent with experimental observations of membrane
fluidization and underscore the critical role of membrane
phase state in interpreting simulation outcomes. In agreement
with these observations, water permeability does not show a
strong or systematic dependence on the capsaicin concen-
tration, indicating that capsaicin incorporation does not

substantially compromise the membrane barrier to water
under the present simulation conditions.
Together, this work provides molecular-level insights into

capsaicin−lipid interactions that bridge experimental observa-
tions with a mechanistic understanding. Our simulation results
support the feasibility of liposomal encapsulation as a strategy
to improve capsaicin bioavailability and provide a molecular-
level explanation for optimizing membrane-based delivery
systems for small amphiphilic bioactive compounds.
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