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Abstract

A multi-step computational approach has been employed to study a multi-million

all-atom dyed plasma membrane, with no less than 42 different lipid species span-

ning the major head groups and a variety of fatty acids, as well as cholesterol, with

the objective of investigating its structure and dynamics, as well as its impact on the

embedded di-8-ANEPPS dyes. The latter are commonly-used bioimaging probes and

serve as local microscopes. So, they provide information on membrane morphology via

their second harmonic nonlinear optical (NLO) responses, which have the advantage

of being specific to interface regions and sensitive to the chromophore environment. In

previous studies, this chromophore has only been studied in simpler membrane mod-

els, far from the complexity of real lipid bilayers while, owing to the ever-increasing

computational resources, a multi-million lipid bilayers has been studied, giving access

to the effects of its heterogeneity. First, using molecular dynamics (MD) simulations,

it is found that that the combination of lipids produces a more ordered and denser

membrane compared to its homogeneous model counterparts, while the local environ-

ment of the embedded dyes becomes enriched in phosphatidylcholine. Subsequently,

the second harmonic first hyperpolarizability of the probes has been calculated at the

TDDFT level on selected frames of the MD, highlighting the influence of the lipid

environment. Due to the complexity of the system, machine learning (ML) tools have

been employed to establish relationships between the membrane structural parameters,

the orientation of the probes and their NLO responses. These ML approaches have

revealed influential features, including the presence of diaglycerol lipids close to the

dye. As a whole, this work provides a first step toward understanding the cooperation,

synergy, and interactions that occur in such complex guest-host environments, which

have emerged as new targets for drug design and membrane lipid therapy.
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1 Introduction

Biological membranes are ubiquitous structures in eukaryotic cells.1 They define the cell

boundaries and subdivide the interior of the cell by creating membranous compartments,

such as the Golgi body, the endosomes and lysosomes, the mitochondria, or the endoplasmic

reticulum.2 All of them perform different and specialized functions.3–5 Membranes separate

the inside of the cell from the outside. The lipid membranes are often referred within

the fluid mosaic model, a term introduced by Singer and Nicolson in 19726 to stress that

the structure is both dynamic and ordered. Indeed, membrane domains, integral proteins,

cytoskeletal and extracellular structures are responsible for the long-range and non-random

organization, while smaller domains or lipid rafts maintain a certain dynamic flux across

the membrane plane.7 Each of them has characteristic lipids and proteins, and the relative

proportions between the two differ with the type of membrane. In fact, the composition varies

at all scales: between cells, between organelles, between membrane leaflets (leading to leaflet

asymmetry), and even within a leaflet (forming rafts).8 Considering the enormous variety of

different lipid species available, one can begin to grasp the truly enormous complexity of such

systems. Interestingly, modifications of the composition of membranes have been evidenced

in some diseases, such as cancer, type 2 diabetes, Alzheimer’s or Parkinson’s diseases.9–18

Thus, they are targets for new therapeutic approaches in the field of membrane lipid therapy

(MLT).2,19

Experimental studies of the organization of cell membranes remain difficult because of

the required high spatiotemporal resolution.20 Fortunately, computer simulations can help

filling in the missing pieces of information. Molecular modeling has proven to be a crucial

tool to study the morphology of complex systems and provide real-time three-dimensional

pictures of systems with atomistic resolution. The boost in available computational resources

led to an increase of the size of the targeted systems. From the one- or two-component

membranes of a few hundred atoms studied in the 1990s, millions of atoms can now be
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included.21 Thus, larger and more complex systems are now within reach. However, the

study of biological-like membranes is still incomplete. Often only a few different lipid species

are considered at a time,22–31 even for larger lipid bilayers (LB).32–34 Moreover, computer

simulations have replaced all-atom (AA) descriptions with coarse-grain (CG) approaches in

an attempt to limit the computational cost of large systems.24,35 This makes it possible to

study membrane structural changes on larger size and time scales, such as raft formation,36,37

lipid flip-flop,38,39 or membrane-protein interactions.39,40 CG approaches are well suited in

these cases, but not when the investigation requires detailed information about the flexibility,

the conformation, or the geometry of the system components. This atomic resolution is

especially necessary in multi-scale and multi-step approaches, where molecular dynamics

(MD) simulations are performed first, followed by quantum mechanical (QM) calculations

to address optical properties.

In the present work, MD simulations then QM/MM calculations are performed to inves-

tigate a model plasma membrane (PM) with embedded probe molecules, the di-8-ANEPPS

dye. To our knowledge, this is the first multi-million AA MD simulation on chromophore-

stained membranes. This all-atom model contains no less than 42 different lipid species,

reflecting the diversity of polar headgroups and fatty acids of an ideal PM. They are asym-

metrically distributed between the two leaflets to distinguish between the outer and inner

lipid layers, with the ANEP staining the outer leaflet to reflect the situation immediately

after its injection. The di-8-ANEPPS probe molecules, nested in the membrane as shown in

Figure 1, serve as "local microscopes". The targeted optical response of those chromophores

is the second harmonic generation (SHG), a second-order nonlinear optical (NLO) response

that is highly sensitive to the symmetry,41–43 and to the molecular environment,44,45 so that

they are markers of local membrane organization. Here, the SHG responses are evaluated

at the hybrid QM/MM level. In this context, over the last decades, several studies have

been carried out to design and/or to improve NLO chromophores as probes of biological me-

dia, and subsequently their use to investigate the membrane structure and organization.46–50
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Specifically, the ANEP-like molecules are widely used as biocompatible optical probes to

investigate membrane morphology51–54 and membrane potential.55–59 However, only a few

theoretical investigations focused the SHG60 or fluorescence61–63 responses of di-8-ANEPPS

in lipid membranes are available. These focus on analyzing the change of the optical signal

in response to a variation of the membrane potential60,62,63 and on comparing the absorption

and emission spectra of di-8-ANEPPS in the gas phase and in the bilayer environment61.

These studies account for the environmental and dynamical effects in different ways. So,

Matson and co-workers62 have reported TDDFT calculations of the spectral properties of

the ANEP core of styryl dyes. The membrane environment is described using an implicit

solvation model where non- or slightly polar solvents such as heptane and decanol repre-

sent the hydrocarbon region of the bilayer. These calculations do not take into account

the dynamics of the system. Clark and co-workers60 as well as Hirst and co-workers61 have

adopted a two-step computational approach, similar to that of the present investigation,

starting with MD simulations of the dyed lipid bilayers, followed by QM/MM calculations to

evaluate the optical responses: either at the SOS/CI level for the first hyperpolarizability60,

or at the TDDFT level for the fluorescence61. More recently, Youngworth and Roux63 have

performed MD simulations of dyed membranes where the di-8-ANEPPS probe is either in

its ground or excited state. Absorption and emission energies were then directly determined

as the difference of energies between these two states. Yet, in all those studies, only small

lipid bilayers (up to 100 lipids) made of one or two components have been considered, thus

far from the complexity of the biologically-relevant membranes studied in this work.

Previous MD studies by our group have focused on a single molecule of di-8-ANEPPS

embedded in simple model membranes featuring single-component lipid bilayers.31 It has

been shown that the lipid organization is strongly dependent on the nature of the hydrophilic

lipid head. For example, the orientation of a given lipid species varies depending on the

nature of its polar head, which then influences the orientation of the embedded probe.

Membrane structure is also influenced by the length and/or degree of unsaturation of the
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fatty acids. Polyunsaturated lipid chains produce less ordered and less packed systems,

whereas chain lengthening increases membrane order. Another study64 has investigated the

condensing effect of cholesterol by progressively increasing the cholesterol concentration in

DPPC bilayers. The subsequent rigidity of the membrane was also evidenced and it was

shown to move the orientation of the dyes towards the bilayer normal.

The massive system studied here allows us to assess how what has been observed in

homogeneous models with respect to the influence of lipid building blocks on membrane

structure and organization remains present in a complex lipid bilayer of mixed composition,

or whether synergistic effects occur when these lipid species are combined. It is important to

note that the expansion of compositional heterogeneity goes hand in hand with an increase
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Figure 1: Diversity in lipid species and their asymmetric repartition between the inner and
outer layers of the cell membrane [the meaning of the colors is discussed later. At this stage,
they simply illustrate the heterogeneous composition], as well as initial positions of the 20
ANEPP probes [black].
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in the number of factors to be considered and the complex relationships between them.

Coupled with the extremely large trajectory files generated when studying multi-million

atom systems, one can understand the appeal of automation and machine learning tools.65,66

This illustrates the gradual shift that has occurred in computational chemistry over the last

few decades, where the challenge has shifted from the feasibility of the calculations (in terms

of the amount of computational resources available) to the processing and analysis of the

simulated results. In addition to the membrane structural parameters, information about the

embedded ANEP, its interactions with different lipid structures, its enhanced affinity towards

certain species, its orientation and its geometry are also accessible. Moreover, little is known

about the interactions between chromophores and their possible aggregation. The dynamics

of their interactions is also studied. Thus, these results provide detailed information about

both the dynamic organization of the plasma membranes, the composition and evolution of

the immediate ANEP environment and its influence on the geometry, orientation and optical

properties of the embedded probes.

2 Computational and Theoretical Methods

The two-step computational approach adopted in this work has already been tested and

validated in our previous papers, which focus on single-component model membranes varying

by their polar heads31 or incorporationg cholesterol.64 All the simulation details are therefore

not reported here but are available from Refs. 31,64,67.

2.1 Membrane Construction

The composition of the membrane corresponds to that of an ideal PM2,3,68 and was con-

structed using the CHARMM-GUI Membrane Builder.69 It includes lipid species from all

three major categories: glycerophospholipids (GPLs), sphingolipids (SLs), and sterols asym-

metrically distributed between the inner (IL) and outer (OL) leaflets. 8 different types of
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headgroups and 17 fatty acids are combined to form 42 different lipid species, representing a

wide range of unsaturation (from 0 to 8 double bonds [DB]) and fatty acid length (from 16

to 24 carbon atoms). The zwitterionic phosphatidylcholine (PC), phosphatidylethanolamine

(PE), and sphingomyelin (SM) are present in both leaflets, with PC and SM mainly in the

OL and PE in the IL. Both lipid layers also contain the neutral diaglycerol (DAG), mainly

in the OL, while the inner leaflet is enriched in charged species such as phosphatidylser-

ine (PS), phosphatidylinotisol (PI), and phosphatidic acid (PA). Finally, cholesterol (CHL)

tends to populate the OL, although it is present in both. The repartition of lipids in terms

of headgroups and degree of unsaturation in the membranes is shown in Figure 2, and the

full list of lipids included can be found in Table S1. Water molecules were added to both

sides, as well as ions (K+, Na+, and Cl–) to neutralize the system. Finally, 20 molecules of

di-8-ANEPPS were randomly incorporated into the OL to simulate the situation immedi-

ately after injection. The complete stained and hydrated membrane is composed of 11261

lipids, 63250 water molecules, 6157 ions, and 20 chromophores (CHR), resulting in a system

of over 3 million atoms and a size of 500Å × 500Å × 100Å.
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IL OL OL(CHRs)

%PC %SM %PE %PS %PI %PA %DAG %CHL %CHR

IL 17.40 9.00 25.60 12.0 7.00 1.2 0.80 27.00 0.00

OL 40.50 20.78 5.75 − − − 0.47 32.60 0.35

OL(CHRs) 51.01 23.54 7.56 − − − 0.28 17.61 0.35

(a)
IL OL OL(CHRs)

%0DB %1DB %2DB %3DB %4DB %6DB %8DB %CHL %CHR

IL 26.57 19.78 17.55 0.71 7.30 0.71 0.00 27.00 0.00

OL 34.43 9.13 20.48 − 3.25 − 0.11 32.60 0.35

OL(CHRs) 34.74 19.91 23.69 − 3.88 − 0.17 17.61 0.35

(b)

Figure 2: Repartition of (a) the lipid headgroups, and (b) the degree of unsaturation
between the inner (IL) and the outer (OL) leaflets, as well as the average composition 5.0Å
around the probes [OL(CHRs)] for the 25 snapshots extracted from the MD simulation.
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2.2 Molecular Dynamics Simulations

The CHARMM36 (C36)70,71 force field (FF) was used for the lipid molecules, TIP3P72

for the water molecules, and a modified version of GAFF67 for the chromophore. The

MD simulations were performed with the NAMD73 program following the CHARMM-GUI

equilibration protocol. The 325 ns production run was performed in the NPT ensemble (P =

1 atm, T = 315.15K), which is maintained using a Nosé-Hoover Langevin piston barostat74

and a Langevin dynamic thermostat with a coupling constant of 1.0 ps. The Lennard-Jones

interactions were truncated using a switching cutoff from 10Å to 12Å,75 while the long-range

Coulombic interactions were treated using the particle-mesh Ewald (PME) technique.76 All

simulations were performed with a time step of 2 fs. The technical details of the simulation

can be found in the Supporting Information (Technical Aspects section).

2.3 Nonlinear Optical Properties Calculations

The calculations of the static and dynamic (λ = 1064 nm) NLO responses were performed

at the TDDFT/M06-2X/6-311+G* level using the Gaussian16 package.77 This choice of

wavelength is supported by the fact that it lies within the therapeutic window78–80and that

it is located between two absorption peaks of water81 The M06-2X exchange-correlation

functional exhibits an excellent general performance,82 and in the case of the calculation

of first hyperpolarizabilities, its predictions are in good agreement with experiment and/or

with higher-level (wavefunction) methods thanks to its high percentage of exact Hartree-

Fock exchange.83–87 We focus on both the hyper-Rayleigh scattering (HRS) response, βHRS,

and the associated depolarization ratio (DR), as well as the diagonal βZZZ component of the

first hyperpolarizability tensor, where Z is the direction normal to the bilayer. Complete

expressions for βHRS and DR can be found in Ref. 88. The NLO calculations were performed

on 500 structures extracted from the MD production run (25 for each CHR, i.e. every 13 ns).

The lipids surrounding the chromophore were accounted for by their electrostatic potential
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(ESP) charges,89,90 while the water molecules surrounding the ANEPPS@lipid system were

accounted for using the integral equation formalism (IEF) of the polarizable continuum

model (PCM).91–93 Dynamic βHRS values corrected by the homogeneous broadening model

were also evaluated to remove unphysical resonant effects (see Refs. 67 and 64 for details).

The vertical excitation energies of the chromophore were calculated as well using the same

approximations, and used in frequency dispersion models in the treatment and analysis of

the NLO responses.

2.4 Analysis Tools

2.4.1 Structural analysis

The evolution of both the total energy and the size of the simulation box were realized

using VMD,94 as well as the density profile graphs. The rest of the analysis (i.e. the

evaluation of the area per lipid, the number of neighbors, the order parameter, the membrane

curvature), was conducted with MDAnalysis95,96 [which is a Python library designed to

analyze trajectories from MD simulations] combined with the Lipyphilic Python toolkit.97,98

2.4.2 Relationships between features

The more complex the structure of the system, the more complex its detailed analysis.

Indeed, due to the large number of factors (called features) at play, it is difficult to disentangle

the effect of each (or each group) of them in order to reveal the influence of the local

environment on the embedded probes. Therefore, we relied on the machine learning (ML)

and data visualization tool Orange,99 and more specifically on its FreeViz widget.100 The

latter is a visualization tool that evaluates linear projections and displays the projected data

in a scatterplot to facilitate interpretation. Information about the relationships between

features is also available. Looking at the resulting images (e.g. Figure 8), the lines from the

origin are the projections of the feature base vectors and the circles are the data instances.
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The longer the base vector, the more important it is for classifying the data instances. Also,

the closest projections are the most correlated and vice versa. In some cases, to simplify

the visualization, only features that extend beyond a certain distance from the center are

displayed.

3 Results and Discussion

3.1 Bilayer Structural Parameters

The first goal here is to investigate the overall structure of this complex lipid bilayer as

well as to highlight the nature of the different local environments of the embedded probes.

Figure 3 presents the density profile of the different membrane components. The 20 di-8-

ANEPPS molecules are interacting with the OL which is enriched in CHL, PC, SM, DAG,

and PE, while the negatively charged PS, PI, and PA are only present in the IL. Moreover

the chromophores penetrate deep into the membrane with their alkyl chains seeping into the

other leaflet but they stay anchored in the OL. In practice, such anchoring allows a large

enough time window to perform the NLO measurements because the SHG phenomenon

requires an environment without a center of symmetry. Dyes with faster diffusion through

the membrane will populate the IL, and progressively reduce the SHG signal.

By construction, the asymmetric repartition of lipid species between the leaflets, with the

OL more enriched in CHL, makes the OL overall more packed. As no flip-flop is observed,

the asymmetric density is conserved throughout the simulation and the average total area

per lipid (〈A〉) is 50.8 ± 4.8Å2 (51.7 ± 3.8Å2) for the OL (IL). Considering the 〈A〉 values for

the individual lipid (Table S2), globally, the lipid species produce more packed and denser

environments (smaller 〈A〉 values) than in single-component lipid bilayers. Differences of

about 10 to 20Å2 are observed. For example, a membrane composed only of DPPC lipids is

characterized by 〈A〉 ∼ 70Å2,67 while for the complex LB a value of ∼ 52Å2 is found. This

indicates that the combined influences of all the lipid species result in a higher general degree
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of density that is adopted by all the lipid molecules. Nevertheless, the trends observed for the

homogeneous systems are maintained: 〈A〉 decreases when lengthening the fatty acid chains,

or, in the contrary, 〈A〉 increases when increasing the degree of unsaturation. On the other

hand, for the SM family, the results are not really affected by the complexity of the system

and differ by only ∼ 5Å2 compared to a full SM bilayer.31 The least asymmetric lipid, SSM,

is also the most densely packed. This is explained by its small tilt angle (∼ 16°). In fact,

the denser environment is explained by the much higher orientation of the lipid tails in the

mixed membrane compared to single-component bilayers. Taking DPPC as an example, the

tilt angle, θLIPCHAIN
, of about ∼ 30° in the full DPPC membrane is reduced by almost half

(∼ 17°). In addition to the changes in the mean θLIPCHAIN
values, the standard deviations

(SD) are also affected. The latter are significantly larger: for homogeneous systems, the

SD is ∼ 10% of the average, while in this case it is more than 50% of the average. Thus,

although the highly heterogeneous membrane is more dense, it also induces a more dynamic

character to the structure. The orientation of the lipid chains is globally more Z-aligned, but

also more variable. Then, as for 〈A〉, the trends observed in simpler models are maintained
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Figure 3: Normalized mass density profiles along the Z axis for the different components of
the lipid bilayer. z = 0 defines the center of the bilayer. The OL is characterized by positive
z values, the IL by negatives ones.
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here. Lengthening the fatty acid chains decreases θLIPCHAIN
, while adding one or more

unsaturations increases θLIPCHAIN
. This can be seen, for example, by looking at the variation

in orientation between PSPE, POPE, and PLPE (Table S4). Also, because the leaflets are

asymmetric, the same species do not have the same average orientation in both leaflets.

Some are more Z-aligned in the OL, while others are more Z-aligned in the IL.

This asymmetric distribution, together with the shape of the lipid molecules causes the

membrane to bend. The silhouette of the system is dynamic and fluctuates along the simula-

tion, resulting in degrees of curvature changing with time and depending on the region of the

system, as shown in Figures 4 and S2. The mean curvature for both leaflets (Figures 5a and

5b) shows that the regions of negative curvature (colored in red) in the IL leaflet match quite

well those in the OL, and the same is observed for the regions of positive curvature (colored

in gray), indicating that the changes in the surface topography are due to the evolution

of the membrane curvature and not to a contraction or expansion of the membrane width.

This is confirmed by the value of the average bilayer thickness, which, estimated from the

distance between the phosphorus atoms in each leaflet (dP−P ), is 45.2 ± 0.1Å. The small

standard deviation indicates that although there is some waviness, the local thickness is not

Figure 4: Membrane sideviews, taken at 0, 50, 100, 150, 200, 250 and 300 ns of the production
run and illustrating the variations in curvature.
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affected. Finally, the lipid chain order parameter (SCD) is quite similar in both leaflets with

an average SCD value of 0.31 ± 0.07 (0.30 ± 0.10) for the IL (OL) (the individual values

for each species can be found in Table S3). Furthermore, compared to examples provided

in the Lipyphilic tutorials,97,98 Figures 5c and 5d show barely no color variations, indicating

that, based on the fatty acid order parameter, and in the timescale investigated here, there

is no domain formation. This is confirmed when looking at the number of species in the

largest cluster, which does not vary much. This is also true for the local environments of

the probes indicating that the presence of the ANEP molecules does not have an impact of

the neighboring membrane organization and the probes are surrounded by zones of varying

degrees of (dis)order.

3.2 Di-8-ANEPPS Neighbors

After studying the overall shape of the system, the study focuses on the composition of

the local environments of the probe and how they evolve in time. The 20 molecules of

the chromophore are initially randomly positioned within the OL, as shown in Figure 6a.

Initially, the di-8-ANEPPS molecules are located about 30Å from each other, and as shown

in Figure 6c, which shows the occupancy of di-8-ANEPPS throughout the production run,

their positions do not fluctuate much. However, by looking at the evolution of the distances

between the centers of mass (COM) of chromophore pairs along the simulation (Figure S3),

they have the tendency to slowly drift towards each other. Compared to other membrane

components, the CHR lateral diffusion is quite low. The diffusion coefficient, D, amounts

to 0.21 ± 0.03 Å2/ns, compared to, for instance, 6.38 ± 0.22 Å2/ns and 5.90 ± 0.13 Å2/ns

for the DPPC in the OL and the whole OL, respectively. This indicates that, using the

expression t = r2/2D where r if the distance travelled by the chromophores, aggregation

would only occur after a time t = ∼ 2000 ns if we consider r = 30Å as the initial distances.

The percentage presence of each species in a 5.0Å radius around the probes can be found

in the distribution plots (Figure S4), while the global average composition of each local
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Figure 5: 2D mean curvature (Å−1) in the (a) IL and (b) OL. 2D order parameter in the
(c) IL and (d) OL with the CHR occupancy [red] superimposed to the graph.

environment in terms of individual lipid species, lipid headgroup, or degree of unsaturation

is shown in Figures S5, S6, and S7, respectively. These graphs highlight the high degree of

diversity in the local environments of the 20 probes. Comparing the average composition
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of the environments surrounding the CHR with the global composition of the OL (Figure

2), it is found that the local environments of the 20 di-8-ANEPPS are enriched in SM and

PE, and especially in PC. This is counterbalanced by the reduction by almost a factor of

2 of CHL, compared to the rest of the OL. Still, it represents more than 15% of the local

environments. Note that, not all PC or SM lipids are more abundant in the CHRs immediate

environments. For example, for the PC polar head, the presence of DGPC around the CHRs

is multiplied by 3 with respect to the global OL composition, while it is more or less the same

for DPPC, and it decreases by 10% for PSPC (Table S5). The most noticeable difference

concerns the PLPE lipid, for which the average occupancy is almost 7 times higher when

it is close to a probe. On the contrary, the local CHR environments are the most depleted

in PSPE, POPC, DGPE and PLGL. Due to their low concentration, DAG molecules are

only attracted to two of the 20 probes: DAGL around CHR14 and PLGL around CHR20.

This results in a global depletion of DAG around CHR. More saturated lipids or lipids

with a low degree of unsaturation are found in the vicinity of CHR, with the exception

of DLiPC (with 4 unsaturations) around some di-8-ANEPPS and, as already mentioned,

DAGL (with 8 unsaturations) around CHR14. Globally, the vicinity of CHR is enriched in

mono-unsaturated lipids.
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Figure 6: Di-8-ANEPPS (a) initial positions and (b) definition of the ANEP tilt angle as the angle formed by the vector
connecting the N18 and N19 atoms and the normal to the bilayer interface (Z axis), and (c) overall occupancy within the OL.
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3.3 Influence of the Lipid Environment on the Geometry and Ori-

entation of the Probes

In this section, the influence of the different lipid environments on the structure of the chro-

mophores and on their orientation in the bilayer is investigated. Key geometrical parameters

of di-8-ANEPPS, namely, the bond length alternation (BLA) and torsion angles (all defined

in Figure 7), are analyzed and compared. As shown for CHR1 (Figures S10 and S11), the

geometrical parameters are influenced by each other and by the presence of some of the

lipid species in the local environments. All the neighboring species of CHR1 [DPPC, POPC,

DSM, NSM, PSM, SSM, and CHL (Figure S5a)] affect its conformation. This can be con-

firmed by looking at the important features that determine the geometrical parameters of

another probe (Figures S13, and S14). Once again, the species neighboring CHR14 [PSM,

DAGL, DEPC, DEPE, DGPC, DNPC, POPC, and CHL (Figure S5n)] are present in its

FreeViz visualization. As mentioned in the previous Section, CHR14 is the only lipid sur-

rounded by DAGL, the latter being quite an important feature influencing the BLA and

the torsions angles. Since the surrounding CHR composition varies greatly from one probe

to the next, the features that govern the geometrical parameters also vary, resulting in a

wide range of values. The distribution plots of the geometrical parameters (Figure S8) show

that the individual mean values vary little from each other (Table 1). The individual values

vary between −0.02Å and 0.17Å for BLA and between 150° and 180° for θ1, θ2 and θ3.

The average BLA is ∼ 0.07 Å, a value characteristic of a strong π electron delocalization

between the donor and acceptor groups. The three torsion angles show values around 170°

(with small standard deviations), indicating an out-of-plane distortion of about url = . The

average ANEP neighborhood is mainly composed of PC, SM, and CHL, the latter having the

largest influence on the key structural parameters. In particular, Figures S16 and S17 show

that the nearby presence of DPPC, DNPC, SSM, PSM, and NSM are important features.

Regarding the probe orientation, θCHRN−N
, (defined in Figure 6b), comparing the Free-
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Figure 7: Chemical structure of di-8-ANEPPS with key atoms labeling, the segment used to
define the bond length alternation (BLA = 1

2
[dC5−C6 − 2dC6−C7 + dC7−C8 ]) of di-8-ANEPPS,

and atoms used to define relevant torsion angles [θ1 = θ(C1 − C5 − C6 − C7), θ2 = θ(C6 −
C7 − C8 − C13), and θ3 = θ(C16 − C15 −N19 − C26)].

Viz renderings for both CHR1 and CHR14 (Figures S12 and S15) show that θCHRN−N
is

influenced by its surrounding lipids as well as its geometrical parameters. Considering the

20 CHRs, the same lipid species highlighted to influence the probe conformations (namely

DPPC, DNPC, SSM, PSM, and NSM) are also important features determining the ANEP

Z-alignment (Figure S18). For simpler single-component membranes, it has been shown that

the probe follows the global orientation of the lipids. For example, in Ref. 64, the increase

of the CHL concentration was associated with a progressive stiffening of the systems and

the orientation of the DPPC lipids (and of ANEP). Overall, the variations of θCHRN−N
were

related to the degree of order and packing of the different systems, allowing to establish

a relationship between the composition of the lipid bilayer and the orientation of the chro-

mophore. However, in the case of the present highly-heterogeneous system, the concentration

in CHL around the chromophore (0.15 mole fraction) is too small to have a large impact on

the orientation of the chromophore. This is consistent with other studies, which demonstrate

changes of properties for larger concentration in CHL.101,102 OverallIn the case of the present

highly heterogeneous system, the orientations of the lipids are not all correlated with each

other (Figure 8), so there is no clear global orientation for the di-8-ANEPPS molecule to

adopt. A wide range of θCHRN−N
is obtained: for CHR1 alone, individual θCHRN−N

values

vary between 4° and 60° (Figure S9), while for all probes it ranges from 1° to 70°. Globally,
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the probes do not have the same average orientation, contrary to what was observed for the

(intramolecular) geometrical features: CHR10 (CHR3) is the most (least) aligned, with an

average tilt angle of 17.5 ± 10.3° (32.5 ± 16.0°). The large standard deviations highlight the

dynamic nature of the chromophore within the membrane. The neighboring lipids of these

two probes are quite different, and CHR3 is more enriched in PC and not in SM compared

to CHR10, and vice versa, while the percentage of surrounding CHL is similar. However,

other ANEP with similar environments to either CHR3 or CHR10 do not show the same

global orientation. The same conclusion can be drawn when looking at the degree of unsat-

uration of the lipids. Not one lipid is predominantly present around each probe, impacting

the embedded ANEPPS. Therefore, it is not possible to disentangle the synergistic effect

of all the different lipid molecules on the modulation of ANEP orientation. However, it is

important to keep in mind that this is a model of a healthy PM in which the lipid species

are more or less homogeneously distributed across a leaflet. This would not be the case in

unhealthy tissue. For example, CHL concentration, which plays a major role in membrane

order and fluidity, has been shown to be a key factor in cancer therapy resistance and metas-

tasis.103 By decreasing the CHL level, cells maximize their fluidity, allowing them to change

their shape to be able to penetrate blood vessels.14 On the contrary, increased levels of SM

are associated with cancer initiation and growth.104 Such changes in composition will then

have a huge impact on the overall degree of packing and order within the membrane and,

subsequently, the effect on the embedded probes will be perceived by variations in θCHRN−N
.
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Table 1: Di-8-ANEPPS tilt angle, θCHRN−N
(°), bond length alternation (BLA) (Å), and torsional angles (θ1, θ2, and θ3) (°) (see

Figures 6b and 7 for their definition), as well as their NLO properties: βHRS and βZZZ (λ = 1064 nm) (in 103 a.u.). β1064nm−0.2
HRS/ZZZ

stands for the corrected quantities using the homogeneous damping and a damping factor, γ, of 0.2 eV.

CHR1 CHR2 CHR3 CHR4 CHR5 CHR6 CHR7 CHR8 CHR9 CHR10

θCHRN−N
25.5 ± 15.7 25.0 ± 10.8 30.6 ± 15.0 18.8 ± 10.7 27.8 ± 13.7 20.0 ± 9.8 23.2 ± 11.2 25.0 ± 13.2 21.5 ± 10.6 18.3 ± 10.6

BLA 0.05 ± 0.02 0.07 ± 0.03 0.07 ± 0.03 0.07 ± 0.02 0.07 ± 0.03 0.07 ± 0.03 0.08 ± 0.03 0.07 ± 0.03 0.06 ± 0.04 0.06 ± 0.03
θ1 169.1 ± 8.0 169.7 ± 8.1 169.0 ± 8.0 168.4 ± 5.9 170.6 ± 7.1 171.7 ± 7.4 167.6 ± 9.9 168.4 ± 9.7 167.9 ± 8.9 170.6 ± 6.4
θ2 170.8 ± 7.0 170.7 ± 7.2 171.3 ± 6.8 171.0 ± 7.8 169.8 ± 6.8 171.6 ± 6.1 171.1 ± 7.4 172.5 ± 5.5 170.5 ± 5.8 171.1 ± 5.8
θ3 168.2 ± 7.5 168.6 ± 8.3 168.9 ± 7.4 169.7 ± 6.0 168.1 ± 8.2 169.8 ± 5.9 168.9 ± 7.7 168.4 ± 7.1 168.0 ± 6.6 169.5 ± 6.8

β1064nm−0.2
HRS 154 ± 52 128 ± 61 143 ± 53 124 ± 59 136 ± 66 163 ± 51 152 ± 59 126 ± 56 146 ± 49 140 ± 57

β1064nm−0.2
ZZZ -261 ± 135 -233 ± 111 -206 ± 104 -257 ± 141 -221 ± 149 -346 ± 149 -260 ± 108 -232 ± 133 -271 ± 107 -247 ± 188

CHR11 CHR12 CHR13 CHR14 CHR15 CHR16 CHR17 CHR18 CHR19 CHR20

θCHRN−N
22.0 ± 11.8 26.7 ± 14.6 20.7 ± 11.7 24.6 ± 13.5 20.4 ± 9.9 25.4 ± 12.0 24.1 ± 15.1 24.6 ± 12.4 26.8 ± 12.7 22.7 ± 11.6

BLA 0.07 ± 0.04 0.07 ± 0.03 0.08 ± 0.04 0.05 ± 0.03 0.07 ± 0.03 0.07 ± 0.03 0.07 ± 0.03 0.07 ± 0.04 0.08 ± 0.03 0.06 ± 0.03
θ1 168.0 ± .78 170.7 ± 7.3 169.8 ± 9.9 170.4 ± 6.9 170.2 ± 7.6 167.8 ± 6.7 166.6 ± 8.8 166.9 ± 11.6 171.3 ± 8.0 170.4 ± 9.2
θ2 170.9 ± 6.8 171.5 ± 7.7 173.4 ± 7.2 171.5 ± 6.0 170.3 ± 7.5 171.5 ± 6.7 169.4 ± 7.9 169.9 ± 7.7 170.2 ± 5.6 171.1 ± 9.5
θ3 171.4 ± 6.3 169.6 ± 6.5 168.7 ± 9.4 169.3 ± 7.6 171.0 ± 6.0 170.0 ± 7.8 168.8 ± 7.7 166.9 ± 9.0 167.8 ± 7.6 168.4 ± 5.9

β1064nm−0.2
HRS 158 ± 63 164 ± 63 161 ± 75 172 ± 66 140 ± 59 136 ± 66 159 ± 61 127 ± 42 136 ± 51 197 ± 226

β1064nm−0.2
ZZZ -307 ± 163 -283 ± 135 -298 ± 162 -275 ± 149 -270 ± 125 -245 ± 141 -300 ± 144 -232 ± 95 -240 ± 107 -276 ± 170
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In addition to the influence of neighboring lipids on CHR orientation, it is also interesting

to look at the opposite effect and determine whether the CHRs perturb the local or global

environment. The presence of a probe in their vicinity seems to slightly alter the lipid

arrangement. First, comparing the average θLIPCHAIN
of each lipid in the whole OL with

only the neighboring CHR lipids (Table S4) shows that most lipids are less aligned (mainly

PLPC, DNPC, POPE, PLPE, and DGPE) when an ANEP is nearby. The difference is

most noticeable for PLGL, which has a θLIPCHAIN
of 25.6 ± 18.9° globally, and 36.9 ± 30.0°

around CHR20. In this case, the large standard deviation is explained by some cases where

the PLGL is almost perpendicular to the bilayer normal. The opposite is observed for the

other DAG lipid in OL. DAGL is much more aligned near CHR14 (21.0 ± 14.6°) than in the

OL (31.9 ± 19.5°). Note also that the orientation of the CHL is not affected and is nearly

identical when it is around the probes, globally in the OL or in the IL. Also, the average

θLIPCHAIN
values for a given species are quite spread out. From one probe to the next, the

results can vary by a factor of 2. For example, NSM shows an average orientation of 10.1 ±

6.3° (22.2 ± 11.1°) around CHR1 (CHR2).

3.4 Influence of the Lipid Environment on the NLO Responses

This Section focuses on the NLO responses of the embedded probes, both the orientational

average response (βHRS) and the response oriented along the bilayer normal (βZZZ) (Figure

S19). Previous studies on collections of single-component membranes31,64 have shown that

it is not easy to relate variations in the βHRS responses to changes in the lipid bilayer

composition. For example, there was a slight increase in βHRS when going from a pure

DPPC bilayer to a system containing 12.5% CHL mole fraction, but this further increase in

CHL concentration did not further enhance the signal. In addition, no clear trends emerged

when looking at the variations of the NLO responses and the type, size, or charge of the polar

heads. On the contrary, for βZZZ the signal increases as a consequence of a higher degree

of order, forcing the alignment of the probe with the bilayer normal. Since the variations
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Figure 8: 20 CHRs: linear projections of the parameters taken as features for θCHRN−N
when

considering: (a) the lipid composition (%), and (b) the Z-alignment of the lipid species (°)
grouped by the nature of the polar head or by the degree of lipid tail unsaturation.
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in lipid chain order could be associated with changes in membrane composition, the βZZZ

signal was a good probe of this simple model environment. Also, in general, for both βHRS

and βZZZ, changes in the hydrophilic region had a greater effect on the membrane structural

properties and NLO responses than varying the hydrocarbon center.

In the present study, the average βHRS responses are approximately in the range of 150

103 a.u.. The large standard deviations, which highlight the dynamical nature of the system,

are magnified by the presence of a few frames in resonant conditions, such as the value of

1203 103 a.u. obtained for CHR20. Without taking them into account, CHR4 (CHR14) has

the largest (smallest) average βHRS value with 124 103 ± 59 103 a.u. (172 103 a.u. ± 66 103

a.u.). Because the local environment of each probe is different, it is difficult to rationalize

these results and relate them to bilayer and chromophore structural changes. In fact, as

shown in Figure S20a, there are many factors at play here with the enormous diversity of

lipid structures. Interestingly, the dynamic βHRS (β1064nm−0.2
HRS ) results do not seem to be

greatly affected by the static (β∞
HRS) results, which are buried among all the other features.

However, Figure S20b, which shows the lipid grouped by the nature of its hydrophilic and

hydrophobic regions, shows that β∞
HRS is indeed a determining factor. Streamlining the

visualization by grouping and reducing the number of features allows hidden features to cut

through the noise and become visible. It also reveals that both the nature of the lipid head

and the structure of the lipid tails influence the βHRS response. Interestingly, the percentage

of DAG lipids, which are only present around 2 probes (CHR14 and CHR20), is an important

feature: higher %DAG can be associated with larger β1064nm−0.2
HRS values. On the contrary,

%PE is isolated from the other features and is associated with lower β1064nm−0.2
HRS responses.

Regarding the lipid tails, the influence of polyunsaturated lipids is dominant compared to

saturated species or lipids with low degree of unsaturation. The small contributions observed

from %0DB and %1DB can be understood by looking at Figure S21a, which shows that lipids

belonging to the 0DB category are not correlated features. This results in the small global

effect on βHRS seen in Figure S20a. As already highlighted in previous works,105 both the
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probe conformations and their degree of π-electron conjugation have large effects on the

probe’s NLO responses (Figure S21b).

The FreeViz visualizations (Figures 9a and 9b) for βZZZ display the same lipid species as

for βHRS as being important features, as well as the CHR geometrical parameters, and so the

same level of complexity when analyzing them. The individual values vary between -864 103

a.u. and -13 103 a.u. without considering the resonant frames. Globally, the mean response

is the largest (smallest) for CHR6 (CHR3) with -346 103 a.u. ± 149 103 a.u. (-206 103

a.u. ± 104 103 a.u.). CHR3 has already been singled out as the least aligned chromophore.

By definition, the variations in β1064nm−0.2
ZZZ is related to variations in the orientation of the

dyes: small θCHRN−N
values are associated with large β1064nm−0.2

ZZZ responses and vice versa.

The correlation between βZZZ and θCHRN−N
is shown in Figure S23, where the third power

and cos(θCHRN−N
) are used as abscissa because β is a rank 3 tensor. To relate changes in

β1064nm−0.2
ZZZ to changes in the lipid composition surrounding the CHR, the missing piece is the

connection between θCHRN−N
and the lipid orientation (Figure 9b) and the lipid composition

surrounding the ANEPPS. As mentioned above, this relationship is difficult to establish

for this healthy PM model, which does not have any lipid clusters or domains. In fact,

the 20 local environments are not sufficiently different in their composition. Again using

the example of cancer cells, the associated lower CHL level would result in a decrease in

θCHRN−N
, and vice versa for the SM content. Departure of the CHR from Z-alignment will

be detected by a decrease in the β1064nm−0.2
ZZZ response.

4 Conclusions and Outlooks

A two-step MD-QM method has been used to study a multi-million all-atom lipid bilayer

stained with chromophores. First, a detailed analysis of the structural parameters revealed

that, compared to single-component membranes, the lipids, when mixed, assemble into a

denser and more ordered membranes with more aligned lipids, while also inducing a more
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Figure 9: 20 CHRs: linear projections of the parameters taken as features for β1064nm−0.2
ZZZ

(-103 a.u.), when considering (a) the probes geometrical parameters, and (b) the orientation
of the membrane components (°).
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dynamic character to the structure. Nevertheless, in addition to the individual values, the

variations associated with a change in lipid nature are preserved: lengthening of the fatty

acids causes a decrease (increase) in 〈A〉 (SCD), while a higher degree of unsaturation pro-

duces the opposite effect. The asymmetric distribution of the lipids between the two leaflets

causes them to have different structural parameters in the two layers, as well as to induce a

slight curvature of the structure.

A detailed analysis of the dynamic nature of the lipids has highlighted that the direct

ANEP environments are enriched in PC and SM specifically, and are more concentrated in

saturated species or with low degree of unsaturation. Compared to the lipids, the position

of the 20 chromophores does not fluctuate much and no aggregation is observed. Although

the presence of the probes does not alter the global order of the membrane, it does cause

the lipids in the vicinity to be less aligned with the bilayer normal than in the rest of the

leaflet (cholesterol is hardly affected).

Since the immediate environment changes from one probe to the next, as well as dy-

namically, one can truly grasp the real complexity of biomembranes. Indeed, the number of

factors to be taken into account makes it difficult to rationalize the variation in the structural

parameters of the ANEP, its orientation, and its NLO properties. The lipids are not all ori-

ented in the same direction, so there is no global orientation for the chromophores to adopt.

Nevertheless, variations in βZZZ can be related to changes in chromophore orientation: an

increase in βZZZ is associated with a more aligned ANEP.

The composition of a healthy membrane was used here as a model. In the future, lipid

bilayers with compositions characteristic of a particular disease could be designed to further

test the use of di-8-ANEPPS as a NLO probe of its environment and thus as a diagnostic

tool.
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Data Availability

For the MD simulations, the parameter files, the input file, the input configurations, and the

output trajectory are available at https://doi.org/10.5281/zenodo.8321602. The commercial

versions of NAMD and Gaussian codes were used.

Supporting Information Available

Details on: (A) the technical aspects of the MD simulations. (B) the membrane morphology:

(i) the membrane construction (Figure S1), (ii) the system equilibration (Figure S1), (iii) the

area per lipid (Figure S2), (iv) the order parameter (Figure S3), (v) the lipid orientation

(Figure S4), and (vi) the membrane curvature (Figure S2). (C) the di-8-ANEPPS neigbhors:

(i) the distances between chromophores (Figure S3), (ii) distribution graphs (Figure S4), and

(iii) the average local environments (Figures S5-S7 and Table S5). (D) the di-8-ANEPPS

geometrical parameters: (i) distribution graphs of the geometrical parameters (Figure S8)

and chromophore orientation (Figure S9f), and (ii) linear projections (Figures S10-S18).

(E) the nonlinear optical properties: (i) distribution graphs (Figure S19), and (ii) linear

projections (Figures S20-S22).
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