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Abstract Delineating the interactions of cellular metabolites with lipid membranes and their effects on
membrane physical and mechanical properties constitutes a key step for comprehensively understand-
ing their biological function. The plant metabolite—citral is widely used in biotechnological and cos-
meceutical processes, but significant gaps remain in our understanding of how it affects cellular mem-
branes that it interacts with. In this study, we unravel the molecular mechanisms underlying the interac-
tions of citral with compositionally distinct model membranes using atomistic molecular dynamics simu-
lations. Specifically, we investigate two distinct membrane compositions: the neutral phosphatidylcholine-
phosphatidylethanolamine (DOPC:DOPE) bilayer, representing mammalian cell membranes and the
anionic phosphatidylcholine-phosphatidylglycerol (DOPC:DOPG) bilayer, mimicking bacterial cell mem-
branes. Our simulations reveal that citral molecules readily partition into both membranes without dis-
tinct composition-dependent effects. Monomeric citral molecules localize mainly at the interface of the acyl
chain region of the lipids, and a few translocation events are sampled in the simulations. Interestingly, we
observe small differences in lipid fluidity although the citral molecules significantly influence the rigidity
of lipid bilayers, and a higher bending modulus was observed in DOPC:DOPE lipid bilayers compared
to DOPC:DOPG bilayers. Further, citral partitioning induces an increased tendency for lipid demixing in
DOPC:DOPE membranes, as evidenced by the decreased values of the Shannon entropy. Our work is an
important step to elucidate the molecular processes that underlie the differential impact of cell metabolites
on compositionally distinct lipid membranes.

1 Introduction

The semi-permeable cell membrane acts as a protective barrier from the external environment, and plays a vital role
in biological processes such as transport, cell signaling and cell–cell adhesion [1–4]. The membrane bilayer consists
of a complex composition of diverse lipids and proteins [5] that gives rise to heterogenous lamellar structure with
lateral and depth-dependent anisotropy [6–10]. Further, the structural and mechanical properties of lipid bilayers
are sensitive to the specific type and composition of the lipids that differ across cell types and organisms [11, 12]. In
fact, small changes to membrane fluidity and acyl chain order parameters may alter membrane protein function, and
therefore, are usually regulated by cells [13, 14]. Differential order within the membrane has been shown to result
in lipid demixing and the formation of lipid micro/nanodomains, which have been attributed different functional
roles [15]. Mechanical properties such as bending rigidity are not only critical for cell function such as endo-
and exo-cytosis and trafficking but also for overall membrane integrity [14, 16]. Since the lipid bilayer selectively
allows small molecules to partition or permeate through based on their physico-chemical properties [17–20], cell
metabolites and xenobiotics (non-host metabolites) differentially interact with these lipid membranes. Importantly,
the interactions of metabolites may alter the lipid physical properties, leading to changes in membrane structure
and mechanics that can have an important impact on biological processes, such as cell signaling, ion transport,
and membrane fusion [14]. In general, the partitioning of small molecule metabolites has been well studied [19–22]
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although their exact localization within the membrane and how they modulate membrane properties are relatively
less clear.

Secondary metabolites derived from plants have long been used as food supplements and in traditional medicinal
systems for their various health benefits [23]. Terpenes are a class of secondary plant metabolites that are widely
distributed in nature, particularly in essential oils derived from plants. They have been reported to exhibit various
biological activities, such as antimicrobial [24], anticancer [25, 26], and anti-inflammatory effects [27]. Monoterpenes
are a subgroup of terpenes, consisting of two isoprene units, which can be arranged in different configurations to
form different monoterpenes. Spectroscopy studies of monoterpenes and lipid membranes have shown that the
hydrophobicity and structure of the monoterpenes play a crucial role in their interactions with lipid membranes
[28]. Among the monoterpenes, citral is an unsaturated aldehyde having stereoisomers citral-A and citral-B with
the molecular formula C10H16O. It is widely used in the food and perfumery industries as an aroma compound.
Its bioactive properties, such as its anti-inflammatory [29], anti-tumor [30, 31], and anti-bacterial [32] activities,
make it a potential candidate for drug development, although it is prone to drug interactions and oxidation, which
limits its use [33]. Interactions of citral molecules with lipid membranes have been reported to lead to membrane
disruption, and suggested to be a key step in its antimicrobial activity [34]. Understanding the chemical and
biological properties of citral and its interactions with the cell membrane is crucial in maximizing its therapeutic
applications.

Classical molecular dynamics (MD) simulations are a powerful tool to study membrane and small molecule
metabolite dynamics at a molecular resolution [22, 35]. Molecular dynamics simulations of metabolite permeation
into lipid bilayers can be cross-validated against experiments by comparing macroscopic observables, such as
partitioning, membrane thickness and fluidity [17]. In addition, simulations can reveal a level of detail that is
frequently difficult to obtain experimentally, thus offering an additional perspective to experiments. Molecular
dynamics simulations have been shown to reproduce physico-chemical characteristics of model membranes as well
as membranes of more complex compositions [9, 19, 36] and have been successfully used to study membrane
structural and mechanistic properties [37–41], curvature [42] and passive transport across membranes [17, 43].

In particular, molecular dynamics simulations have been used to study metabolites and xenobiotics that have
been shown to exert antimicrobial and anti-hemolytic activity by partitioning into and subsequently perturbing
the lipid bilayer considerably. For instance, the differential partitioning of antimicrobial molecules, withaferin-
A and withanone across 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC) model membrane has been studied
using atomistic simulations and validated with the experimental results [44]. An anti-bacterial agent, chlorhexi-
dine has been shown to be responsible for the thinning of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
bilayer using classical molecular dynamics simulations [45]. Further, the partitioning and translocation of bacte-
rial quorum sensing modulators in pure 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and mixed 1-palmitoyl-
2-oleoyl-phosphatidylethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG)
membranes have been rigorously analyzed [46]. The monoterpenes, thymol and geraniol were shown to cause
pronounced melting point depression and phase segregation in DMPC lipid bilayers depending on the hydration
conditions [47]. A recent molecular dynamics study on plant terpenoids, leubethanol, abietic acid, and sclareol
suggests that their permeability is greater for plant-like membrane compositions as compared to animal-like mem-
brane models [48]. To the best of our knowledge, there are no such studies available particularly on citral molecules,
despite their biotechnological applications.

In this study, we use all-atom classical molecular dynamics simulations to investigate the mechanistic aspects of
citral–membrane interactions. Our main focus is on the citral-A isomer (referred to as “citral”). We analyze two
distinct bilayer membranes representing mammalian and bacterial membranes, by varying the lipid compositions.
We consider both, citral monomers and clusters and probe their partitioning and impact on the physico-chemical
properties of the lipid bilayer, such as acyl chain order parameter, average lipid area, bilayer thickness, and
bending modulus. We further explore how citral molecules influence the segregation of different lipid species
using the Shannon entropy formalism. Our work provides valuable insights into the underlying mechanisms of
monoterpenes, offering potential applications in the development of novel drugs and drug delivery systems.

2 Computational methodology

All-atom molecular dynamics simulations were performed of citral and lipid bilayers with the CHARMM36 force-
field [49] and GROMACS simulation package version 2018 [50]. The structural parameters for citral-A molecule
were obtained from CGenFF suite [51, 52] and previously validated [53]. Figure 1a depicts the chemical structure
of citral. Two bilayer compositions were considered (i) dioleoyl-sn-glycero-3-phosphocholine (DOPC) and dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) lipids with a ratio of 70:30, i.e., DOPC0.7DOPE0.3 and (ii) DOPC and
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) with the ratio of 70:30, i.e. DOPC0.7DOPG0.3. In chemical terms,
DOPC, DOPE, and DOPG are phospholipids with a glycerol backbone and two oleic acid chains and choline,
ethanolamine and glycerol headgroups, respectively (see Fig. 1a).
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The bilayers were modeled using the CHARMM-GUI module [54] with dimensions of 18×18 nm. They consisted
of 960 lipid molecules and were further solvated using TIP3P water model [55]. In case of DOPC0.7DOPG0.3

membrane, adequate numbers of K+ and Cl− ions were added in the simulation box to attain the charge neutrality.
Following a common convention, the lipid bilayers were arranged in a flat layer parallel to the XY-plane, with the
Z-axis perpendicular to the membrane.

In the citral monomer simulations, the starting arrangement consisted of 30 randomly arranged citral molecules
that were placed in the water layer away from the membrane. All simulations were performed in three replicate
sets. For the citral cluster simulations, we first performed simulations in aqueous solvent at multiple concentrations
by varying number ratios between 1:555 and 1:75. Two of the clusters that were formed (ratios 1:555 and 1:75)
were then placed in the pre-equilibrated membrane simulation box in the surrounding water layer. The molecules
were simulated in water for 200 ns and membrane simulations were performed for 1 µs.

An integration time step of 2 fs was used. The distribution of temperature was ensured with the V-rescale
thermostat at temperature 300 K and coupling constant of 0.1 ps [56, 57]. Isotropic pressure coupling was used for
citral self-assemblies in water, whereas citral–membrane interactions were studied with the semi-isotropic pressure
coupling. In both cases, the Parrinello–Rahman barostat scheme was used, with a reference pressure of 1.0 bar, a
coupling constant of 2 ps and a compressibility of 4.5×10−5bar−1 [58]. The LINCS algorithm was used for bond
constraints [59].

2.1 Analysis

The molecular dynamics trajectories were analyzed with in-house scripts and GROMACS utilities. The snapshots
of the different systems were rendered with VMD [60]. Membrane thickness and area per lipid were calculated
using the utility, FATSLiM [61].
Aggregate properties: The propensity of clustering in the aggregates was analyzed using standard GROMACS
utilities. The aggregation number was calculated as number of clusters (nclust) found at each time step nor-
malized by total number of molecules in the simulation (Nmolecules) as a function of time for each composition
(nclust/Nmolecules).

Shannon entropy: The entropy of mixing for the DOPC0.7DOPE0.3 and DOPC0.7DOPG0.3 binary mixtures was
calculated based on Shannon’s entropy that in the mean field approximation is given by,

S = −
∑

x

p(x) log p(x), (1)

where p(x ) is the probability of system being in a state x .
For the discrete systems that we are using, it would be imperative to calculate the probability of finding two

different lipids (DOPC/DOPE or DOPC/DOPG) next to each other. Hence, we use the improvement proposed
by Camesasca et al. [62] that is to subdivide the space into N regions, and then evaluate the Shannon entropy of
each region i as,

Si = −
∑

x

pi(x) log pi(x), (2)

where pi(x) is the number of lipids of type x in region i divided by the total number of lipids in that region. The
entropy of mixing of the whole system is then estimated as the average of the entropies over all sub-regions.

S = − 1
N

N∑

i

∑

x

pi(x) log pi(x). (3)

For a binary system in 2D, the values range between 0 and 0.69. Based on the size of the lipids, it was found that
the grid size, 3 ≤ N ≤ 5, produced quantitatively consistent results. This formalism was used in our earlier work
on demixing in the isomeric mixtures of citral self-assemblies [53] and can be referred to for more details.

Membrane bending modulus: The mechanical properties of the membranes were calculated using the bending
modulus. Membrane bending modulus calculation was proposed by W. Helfrich based on continuum mechanical
theory in early ’70s [63]. Our work uses a method developed in the references [64, 65] based on the same formalism.
In this method, the bending modulus (S (q)) is determined from a Fourier analysis of the height fluctuations (h)
in the membrane of area (A), which results in the following,

S(q) =
〈|h(q)|2A〉

>, (4)
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S(q) =
kBT

κq4 + γq2
, (5)

where κ is the bending rigidity, γ is the membrane tension, kB is the Boltzmann constant, T the temperature and
q the wave number.

3 Results

To investigate the effect of citral on the model membrane bilayers, we considered both monomeric citral molecules
dispersed in water as well as citral clusters. Atomistic molecular dynamics simulations were performed at a
microsecond timescale and we observed that the citral molecules first diffused in water as individual monomers or
clusters and subsequently partitioned into the membranes. The chemical structures and representative snapshots
of the simulation setups are shown in Fig. 1. Overall, we observed that the citral molecules have a strong affinity
for both bilayer membranes. We analyzed the localization of the citral molecules and their effects on the lipid
membranes.

3.1 Partitioning of citral molecules into the membrane

In the first step, we considered the monomeric citral molecules in the water layer and observed that the molecules
that were in the close vicinity to the bilayer had a high probability to partition into it. The molecules that
were further away from the membrane diffused in water before partitioning into the membrane. Interestingly,
despite their amphiphilic nature, the citral molecules did not aggregate either before or after partitioning into the
membrane. It was observed that most of the citral molecules partitioned into the membrane within 500 ns of the
simulation and remained bound to the membrane during the timescales of the simulations. The time evolution of
their membrane partition is shown in Fig. 1b.

Fig. 1 a Chemical structures of citral, DOPC, DOPE, and DOPG. b A time series of representative snapshots of citral
molecules in DOPC0.7–DOPE0.3 membranes. Citral molecules are depicted in spherical (van der Waal) representation with
carbon atoms in gray, hydrogen atoms in silver, and oxygen atoms in red colored beads. The lipids are shown with line
representation with purple color depicting the carbon atoms, red for the oxygen atoms and blue for the nitrogen atoms. Lipid
headgroups are represented by the phosphorus atoms as unfilled purple beads. The surrounding water is rendered in white
surface representation. The color scheme is maintained throughout the article. c Density profile of different constituents of
the lipid bilayers as a function of distance from the bilayer center in presence (left panel) and absence (right panel) of citral
molecules for DOPC0.7DOPE0.3 and DOPC0.7DOPG0.3 membranes. The standard deviations obtained from averaging the
data on replicate simulation sets are shown as whiskers for the case of citral–membrane system. The structure of membrane
aligned with the densities is shown in the top panel
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To analyze the localization of the citral molecules in the membrane, we calculated the mass density profile of
the membrane, decomposed into the constituent chemical moieties such as lipid headgroups, glycerol, acyl chains,
water, and citral molecules (shown in Fig. 1c). For a direct comparison, only one of the membrane leaflets is
shown and the plot is subdivided into two panels: the left panel depicts the membrane with citral molecules and
the right panel depicts the same bilayer membrane in the absence of the citral molecules. Further, the solid lines
represent the DOPC0.7DOPE0.3 membrane and the dashed lines represent the DOPC0.7DOPG0.3 membrane. The
three distinct domains, the water, headgroup, and tail regions of the membrane are easily discerned and marked
on the figure. The interface region forming the boundary between the lipid headgroups (depicted as shades of blue
in the plot) and water (green) ranges from 2.0 to 3 nm from the bilayer center. The glycerol groups (depicted in
yellow and red) form the interface to the acyl chains of the phospholipids (pink, purple ) that extends to about
1–3 nm from the bilayer core. The average location of the citral molecules (cyan) is in the region of the boundary
between the glycerol group and acyl chains. Interestingly, the average position of citral molecules is the same in
both membrane compositions, despite marginal differences in the density profile for the other moieties. We were
unable to distinguish any significant differences between the density profile in the presence and absence of the
citral molecules, suggesting that citral molecules do not extensively perturb or remodel the membrane at these
concentrations.

The orientational flexibility of the citral molecules within the membrane is limited due to the complex elec-
trostatic environment of the membrane. We analyzed the molecular orientation, calculated as the angle between
the main molecular axis and the membrane normal, and plotted the kernel density distribution with respect to
the membrane normal (z ) over the simulation time (see Fig. S1). We observed that it ranges around 30◦ or 150◦,
depending on the membrane leaflet it is present in.

3.2 Translocation of citral molecules through the membrane

During, the course of the trajectory, we observed a few transbilayer diffusion events in which a citral molecule
diffused from one membrane leaflet to the other. Representative snapshots detailing the translocation of a single
citral molecule is given in Fig. 2. While “flip-flopping” from one leaflet to the other, the citral molecules reoriented
the oxygen atoms such that it faces the headgroups of the lipids. The molecule quickly moved toward the other
leaflet by reorienting its head, i.e., the oxygen atom toward the headgroups of the opposing leaflet. No bound water
molecules were observed during the transbilayer diffusion, i.e., the hydroxyl group was desolvated. Further, we re-
analyzed the orientation of the citral molecules within the membrane and observed that the molecules adopted
an orientation that allowed the doubly bonded oxygen to point outwards toward the water layer during a large
fraction of the time of the translocation event (see Fig. S1).

The position of all citral molecules along the membrane normal highlighting the translocation events is shown
in Fig. S2 and S3 for DOPC0.7–DOPE0.3 and DOPC0.7–DOPG0.3 membranes, respectively. It can be seen that
about half of the citral molecules translocate between the two bilayer leaflets while the rest remain localized to
the same leaflet. Despite the transbilayer diffusion events, an asymmetry is maintained in the number of citral
molecules bound to each leaflet. Each of the translocation events occurs within a few nanoseconds and an average
translocation time was estimated to be 25–180 ns. A simple in-house script was used to count the translocation

Fig. 2 Translocation of a citral molecule across DOPC0.7–DOPE0.3 membrane in a time-series representation
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Fig. 3 The lipid tail order parameter (-SCD) as a function of the carbon number in a sn-1 chain and b sn-2 chain
of DOPC0.7DOPE0.3 and DOPC0.7DOPG0.3 lipid membranes in presence and absence of citral molecules. For both the
figures, the zoom-in plots of certain sections are shown in subfigures (i, ii) alongside (a, b). Figure legends are shown in
the inset of (a), whereas the inset of (b) shows the molecular representation of DOPC along with its sn-1 and sn-2 chains
and the double bond between C9 and C10 sites for reference. The standard deviations obtained from averaging the data on
replicate simulation sets are shown as whiskers for the case of citral–membrane system

events and time-frames from the plots in Figs. S2 and S3. The average translocation rate was then estimated to
be 6.3 × 10−7 s−1 in DOPC0.7–DOPE0.3 and 7.6 × 10−7 s−1 in DOPC0.7–DOPG0.3 membranes. However, longer
sampling is required for quantitative estimates due to the limited sampling.

3.3 Citral modulates the membrane fluidity or order

To analyze the membrane fluidity changes upon citral adsorption, the acyl chain order parameters (-SCD) of the
membranes are shown in Fig. 5. The order parameter values of the membranes follow a similar trend as previously
reported in simulations [66, 67]. For a better comparison, the sn-1 and sn-2 chains are plotted separately since
the order parameters differ due to the different alignment of the acyl chains. Overall, the DOPC0.7DOPE0.3

membranes have a higher order than the DOPC0.7DOPG0.3 membranes. Surprisingly, the differences in the acyl
chain order parameters in the presence or absence of citral are marginal toward the glycerol-end of the acyl chain,
in the proximity of the citral localization. However, toward the bilayer core the membrane fluidity increases in
the presence of the citrals and the order parameters of the terminal carbon atoms differs significantly. From the
results, it is clear that the citral molecules modulate the fluidity or packing of the lipid tails of both the lipid
bilayers, upon partitioning into the membrane.

In conjunction to the membrane fluidity changes, membrane volume and area per lipid are often modulated. The
average thickness and area per lipid was calculated for both the bilayers and shown in Fig. S4a, b, respectively.
From Fig. S4, it can be seen that the DOPC0.7DOPE0.3 bilayer has higher average thickness of ∼3% than the
DOPC0.7DOPG0.3 bilayer. Partitioning of citral molecules within the membranes reduces the average membrane
thickness for both the membranes. Further, the average area per lipid of DOPC, DOPE and DOPG lipids is
modulated and a small increase is observed in the presence of the citral molecules.

3.4 Citral partitioning alters the bending modulus of the membrane

Large bilayer fluctuations and undulations were visible during the course of the simulations, as also evident in the
time-series snapshots (see Fig. 1b). However, no persistent curvature could be discerned due to the diffusion of
the citral molecules. To quantify the differences in these fluctuations, we calculated the undulation spectra of the
bilayer and fitted the low q (wave number) regime to q−4. Figure 4 shows the undulation spectra and the bending
moduli, κ calculated for the DOPC0.7DOPE0.3 and DOPC0.7DOPG0.3 lipid membranes with and without citral
molecules. The control simulations show that DOPC0.7DOPG0.3 bilayer has a marginally lower bending modulus
than that of the DOPC0.7DOPE0.3 bilayer. The bending modulus increases in both the cases with the insertion
of citral molecules, suggesting that the citral molecules make the membranes more rigid. The DOPC0.7DOPE0.3

bilayer showed an approx. 32% increase in κ, whereas the DOPC0.7DOPG0.3 bilayer exhibited an approx 11%
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Fig. 4 Bending modulus for a DOPC0.7DOPE0.3 and b DOPC0.7DOPG0.3 lipid membranes, in presence and absence
(control) of citral molecules. The solid lines represent the function fit on the data points obtained

increase. An increased bending modulus implies greater resistance to bending, resulting in reduced undulations.
This resistance is higher in case of DOPC0.7DOPE0.3 bilayer, suggesting that it “stiffens” more compared to the
DOPC0.7DOPG0.3 membrane that remains more flexible and deformable. Overall, the results suggest that citral
molecules can have a significant effect on the bending mechanics of lipid bilayers.

3.5 Citral partitioning decreases lipid demixing and phase separation

Demixing in lipids, often referred to as phase separation or nano-domain formation in the membrane bilayer,
involves the spatial segregation of lipid molecules into distinct regions or domains with differing lipid compositions
and properties. This separation can arise from interactions between different lipid species or due to mechanistic
effects of presence of other molecules. No persistent lipid nanodomains were observed within the timescales of the
simulations. As a reporter of local lipid clustering and demixing, we calculated the Shannon entropy of mixing and
probed the impact of citral molecules on the arrangement of different lipid species in the two membranes. The two
lipids were considered and Shannon entropy of mixing was calculated between them, independent of the presence
or absence of the citrals. We observed that the entropy was low, ranging between 0.2 and 0.3, compared to that
of an ideal uniformly mixed system (0.69). Overall the DOPC0.7DOPE0.3 membrane system shows lower values of
entropy than the DOPC0.7DOPG0.3 bilayer indicating higher demixing within the lipid species DOPC and DOPE.
Both the membranes exhibited higher Shannon entropy, suggesting reduced demixing within the constituent lipid
species in presence of citral molecules. However, further sampling is required due to the large dynamics in the
membranes.

3.6 Citral cluster–membrane interaction

To increase the sampling and investigate the effect of the citral molecules on model membranes, we first considered
the monomers in solution as the monomers partition into membranes relatively faster. However, citral molecules
self-assemble in solvents and would exist as aggregates in experimental settings. To mimic the aggregation of citral
molecules, we performed molecular dynamics simulations in aqueous solvent, based on our previous work [53]. We
started with a set of randomly distributed citral molecules in water and simulated their interactions over time.
The concentrations of citral molecules were varied between 1:555 and 1:75 (See Fig. S5). Overall, citral molecules
have a strong tendency to self-assemble in aqueous solvent and the size and stability of the self-assemblies depend
on the concentration of citral molecules. At low concentrations, citral molecules form dynamic aggregates with
a tendency to fragment whereas at higher concentrations, citral molecules form larger, more stable aggregates.
However, even at the lowest concentration, 80% molecules always comprise the main aggregate. The aggregation
process is quantified by calculating the aggregation number of the self-assemblies at different concentrations which is
presented in Fig. S5. As expected, the aggregation number was observed to decrease with increasing concentration.

We chose the smallest (1:555) and largest (1:75) aggregates to study their effects on the model bilayers under
consideration. The interaction of the small cluster (consisting of 30 citral molecules) with DOPC0.7–DOPE0.3

bilayer is depicted in Fig. 6 in a time-series representation. In the presence of the membrane the small cluster
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Fig. 5 Boxplots representing the variation in the values of Shannon entropy of mixing between the lipids for
DOPC0.7DOPE0.3 and DOPC0.7DOPG0.3 lipid membranes, in presence and absence(control) of citral molecules calcu-
lated over the last 500 ns of the simulation trajectory. The data is averaged over three replicate simulation sets and the
black solid lines represent the standard deviation values around the mean (represented by black dots)

Fig. 6 A time series of representative snapshots of 30-molecule citral cluster interacting with DOPC0.7–DOPE0.3 membrane

slowly breaks down into monomers and these monomers then enter into the membrane in a similar manner
as described in the previous sections. Within 50 ns, the entire cluster breaks down into individual molecules.
Most of these monomers enter in the membrane within 500 ns and this permeation behavior is similar in both
DOPC0.7–DOPE0.3 and DOPC0.7–DOPG0.3 systems. In case of the large cluster, the similar process occurs; the
time required for the fragmentation of the cluster entirely is much longer than that of the small cluster (see Fig.
S6). Surprisingly, in the absence of the membrane, the large cluster remains stable over microsecond timescale
simulations. However, in the vicinity of the membrane, it starts to fragment and the individual citral monomers
partition into the membrane as before.

4 Discussion

The interactions and subsequent effects of metabolites and xenobiotics on cell membranes is an important aspect of
their cellular role and potential toxicity. In this study, we characterized the molecular-level interactions between cit-
ral monomers and spontaneously assembled clusters with DOPC0.7–DOPE0.3 and DOPC0.7–DOPG0.3 model mem-
branes. Regardless of their initial aggregation state, citral molecules interacted with the membranes as monomers
and mainly partitioned at the interface between the glycerol group and acyl chains. Notably, the presence of citral
monomers modulated membrane fluidity by decreasing the order in acyl chain terminal carbons. Although the
membrane interactions were similar across the two membrane systems, mechanical properties exhibited important
differences. These findings underscore the nuanced impact of citral on membrane dynamics and structure, providing
valuable insights into the molecular mechanisms underlying its interactions with distinct lipid compositions.

In the current work, significant alterations in membrane mechanics were observed upon citral partitioning and
both fluidity and bending modulus were shown to be altered. We observed that the fluidity changes were not
uniform and decreased at the interface whereas it increased toward the lipid termini. Overall, this led to a decrease
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in the softness of the membrane. In general, it has been reported that bulk membrane viscosity and transverse
membrane stiffness are often correlated, but co-dependent on other membrane properties, such as the lipid packing
density, membrane permeability, and bending rigidity [68]. Despite extensive measurements of the bending moduli
of various model membranes [69], comparative data on how small molecules like antibiotics or antimicrobials alter
these values remain surprisingly limited. This limits our understanding of how such molecules influence membrane
dynamics and potentially contribute to their effects on cellular processes. Recently, the epsin N-terminal homology
(ENTH) protein domains were shown to result in a remarkable softening of POPC membranes upon protein
binding, with bending moduli decreasing by about 32% and 47% depending on the protein-binding site [70]. This
highlights the significant impact protein–lipid interactions can have on mechanical properties of membranes. Our
work reveals a substantial stiffening of both DOPC:DOPE and DOPC:DOPG membranes due to citral partitioning.
The bending moduli increased by 32% for DOPC:DOPE and 11% for DOPC:DOPG compared to the control
membranes. Notably, this stiffening effect was comparable to the changes observed in studies examining protein-
induced stiffening, despite the significantly smaller size of citral molecules. Furthermore, studies with saturated
fatty dodecylamine or palmitic acid demonstrate that membrane stiffening can inhibit bacterial growth [71],
suggesting a potential link between metabolite-induced stiffening and its antimicrobial activity. In contrast, the
antibiotic, azithromycin has been shown to soften membranes [72, 73]. A more systematic comparison of the
membrane effects of different antibiotics and antimicrobials is required to understand this complex effect.

Lipid nano/microdomains, ordered regions within the generally disordered membrane environment, have been
extensively studied using various techniques [74–76]. Shannon entropy formalism is usually applied to study corre-
lations in system exhibiting any kind of disorder-order phase transition, such as fluid mixtures and liquid crystals
[77]. Other noteworthy methods include Voronoi edge lipid mixing entropy [78] and contact fraction analysis [79].
Further, the quantification of demixing through free energies offers an indirect yet insightful approach to under-
standing the thermodynamics of lipid demixing [80]. By considering Shannon entropy, we were able to discern a
reduced nano-domain formation in both membranes, although the simple model membrane lacked the complexity
of real membranes and large-scale phase separation. Similar studies using coarse-grained models suggest mixed
effects of small molecules on lipid mixing, depending on their properties (aromaticity, hydrophobicity, polar nature
etc.) and the membrane composition [79, 81]. Notably, azithromycin, an antibiotic, disrupts microdomains as
well as softens membranes, potentially hindering bacterial attachment [72, 73]. Similarly, the importance of these
domains for microbial defense mechanisms has been highlighted in studies considering the ceramide-1-phosphate
molecule [82]. While directly comparing the current simulations with such studies is challenging due to timescale
differences, our observations hint at an initial disruption of membrane organization by citral, potentially impact-
ing domain dynamics. Further studies with longer simulations or alternative methodologies could provide more
conclusive data on citral’s long-term effects on nano/microdomains. While alterations in membrane rigidity or
domain perturbation by metabolites are not always consistent predictors of antimicrobial activity, analyzing these
properties in the citral–membrane simulations provides valuable insights into its potential antimicrobial effects,
even without direct evidence of membrane integrity loss.

5 Conclusion

In summary, we performed all-atom classical molecular dynamics simulations to investigate the distinct effects
of the plant metabolite—citral on model lipid bilayers composed of DOPC0.7–DOPE0.3 and DOPC0.7–DOPG0.3,
representing mammalian and bacterial cell membranes, respectively. Our simulations show that citral monomers
readily partition into the membrane, with no discernible differences based on lipid composition. These monomers
exhibited a preference for localizing near the acyl chains of the lipids, inducing changes in lipid fluidity, as evi-
denced by alterations in the acyl chain order parameter, thickness, and area per lipid. Furthermore, our findings
indicated a notable impact of citral molecules on the rigidity of lipid bilayers, with a significantly higher bend-
ing modulus observed in the DOPC0.7–DOPE0.3 lipid bilayers compared to the DOPC0.7–DOPG0.3 bilayers. The
DOPC0.7–DOPE0.3 membrane system exhibited a greater propensity for demixing among its constituent lipid
species, as indicated by Shannon entropy calculations, compared to the DOPC0.7–DOPG0.3 bilayer. Additionally,
the simulations of the citral aggregates interacting with membranes revealed a fragmentation of the aggregates
into monomers, ultimately leading to their partitioning into the membrane. These results contribute to a compre-
hensive understanding of the intricate interactions between citral and lipid bilayers, shedding light on the potential
implications for cellular membranes and offering insights that may guide future drug development and delivery
strategies.
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14. R. Friedman, S. Khalid, C. Aponte-Santamaŕıa, E. Arutyunova, M. Becker, K.J. Boyd, M. Christensen, J.T. Coimbra,
S. Concilio, C. Daday et al., Understanding conformational dynamics of complex lipid mixtures relevant to biology. J.
Membr. Biol. 251, 609–631 (2018). https://doi.org/10.1007/s00232-018-0050-y

15. E. Sezgin, I. Levental, S. Mayor, C. Eggeling, The mystery of membrane organization: composition, regulation and roles
of lipid rafts. Nat. Rev. Mol. Cell Biol. 18(6), 361–374 (2017). https://doi.org/10.1038/nrm.2017.16

16. P. Bassereau, R. Jin, T. Baumgart, M. Deserno, R. Dimova, V.A. Frolov, P.V. Bashkirov, H. Grubmüller, R. Jahn, H.J.
Risselada et al., The 2018 biomembrane curvature and remodeling roadmap. J. Phys. D: Appl. Phys. 51(34), 343001
(2018). https://doi.org/10.1088/1361-6463/aacb98

17. J.L. MacCallum, D.P. Tieleman, in Current Topics in Membranes. Interactions Between Small Molecules and Lipid
Bilayers, vol. 60 (Elsevier, New York, 2008), pp. 227–256. https://doi.org/10.1016/S1063-5823(08)00008-2

18. N.J. Yang, M.J. Hinner, Getting across the cell membrane: an overview for small molecules, peptides, and proteins.
Met. Mol. Biol. (2014). https://doi.org/10.1007/978-1-4939-2272-7_3

19. C. Martinotti, L. Ruiz-Perez, E. Deplazes, R.L. Mancera, Molecular dynamics simulation of small molecules interacting
with biological membranes. ChemPhysChem 21(14), 1486–1514 (2020). https://doi.org/10.1002/cphc.202000219

20. J. Frallicciardi, J. Melcr, P. Siginou, S.J. Marrink, B. Poolman, Membrane thickness, lipid phase and sterol type are
determining factors in the permeability of membranes to small solutes. Nat. Commun. (2022). https://doi.org/10.1038/
s41467-022-29272-x

21. D. Sengupta, J.C. Smith, G.M. Ullmann, Partitioning of amino-acid analogues in a five-slab membrane model. Biochim.
Biophys. Acta-Biomembr. 1778(10), 2234–2243 (2008). https://doi.org/10.1016/j.bbamem.2008.06.014

22. M. Orsi, W.E. Sanderson, J.W. Essex, Permeability of small molecules through a lipid bilayer: A multiscale simulation
study. J. Phys. Chem. B 113(35), 12019–12029 (2009). https://doi.org/10.1021/jp903248s

23. B.M. Schmidt, D.M. Ribnicky, P.E. Lipsky, I. Raskin, Revisiting the ancient concept of botanical therapeutics. Nat.
Chem. Biol. 3(7), 360–366 (2007). https://doi.org/10.1038/nchembio0707-360

24. D.C. Arruda, D.C. Miguel, J.K.U. Yokoyama-Yasunaka, A.M. Katzin, S.R.B. Uliana, Inhibitory activity of limonene
against leishmania parasites in vitro and in vivo. Biomed. Pharmacother. 63(9), 643–649 (2009). https://doi.org/10.
1016/j.biopha.2009.02.004

25. Wu, C.-S., Chen, Y.-J., Cheni, J.J.W., Shieh, J.-J., Huang, C.-H., Lin, P.-S., Chang, G.-C., Chang, J.-T., Lin, C.-C.:
Terpinen-4-ol induces apoptosis in human nonsmall cell lung cancer in vitro and in vivo. In: eCAM 2012, 1–13 (2012)
https://doi.org/10.1155/2012/818261

26. H. Yang, Q. Ping Dou, Targeting apoptosis pathway with natural terpenoids: Implications for treatment of breast and
prostate cancer. Curr. Drug Targets 11(6), 733–744 (2010). https://doi.org/10.2174/138945010791170842

27. M.E. Araruna, C. Serafim, E.A. Júnior, C. Hiruma-Lima, M. Diniz, L. Batista, Intestinal anti-inflammatory activity of
terpenes in experimental models (2010–2020): A review. Molecules 25(22), 5430 (2020). https://doi.org/10.3390/mole
cules25225430

28. S.A. Mendanha, A. Alonso, Effects of terpenes on fluidity and lipid extraction in phospholipid membranes. Biophys.
Chem. 198, 45–54 (2015). https://doi.org/10.1016/j.bpc.2015.02.001
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