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Abstract: The widely used Laurdan probe has two conformers, resulting in different optical properties
when embedded in a lipid bilayer membrane, as demonstrated by our previous simulations. Up
to now, the two conformers’ optical responses have, however, not been investigated when the
temperature and the phase of the membrane change. Since Laurdan is known to be both a molecular
rotor and a solvatochromic probe, it is subject to a profound interaction with both neighboring
lipids and water molecules. In the current study, molecular dynamics simulations and hybrid
Quantum Mechanics/Molecular Mechanics calculations are performed for a DPPC membrane at
eight temperatures between 270K and 320K, while the position, orientation, fluorescence lifetime and
fluorescence anisotropy of the embedded probes are monitored. The importance of both conformers is
proven through a stringent comparison with experiments, which corroborates the theoretical findings.
It is seen that for Conf-I, the excited state lifetime is longer than the relaxation of the environment,
while for Conf-II, the surroundings are not yet adapted when the probe returns to the ground state.
Throughout the temperature range, the lifetime and anisotropy decay curves can be used to identify
the different membrane phases. The current work might, therefore, be of importance for biomedical
studies on diseases, which are associated with cell membrane transformations.

Keywords: multiscale computational approach;, lipid bilayer; hydration; fluorescence properties; laurdan

1. Introduction

Depending on the temperature and the composition of biological tissues, lipid bi-
layers have different properties and phases. Their behavior is mainly determined by
order-disorder transitions, which are associated with melting phenomena of the lipid
hydrocarbon chains [1]. For membranes consisting of 1,2-dipalmitoylphosphatidylcholine
(DPPC), the liquid crystal phase (L) is found below 280K, the gel or Lg- phase mani-
fests between 290K and 305K, a so-called ripple phase (Pg’) that is the most prominent
at 310K, while at higher temperatures (above 315K), the liquid disordered or L, phase
can be seen [2,3]. At the latter temperatures, a strong increase in permeability is observed,
which is well exploited to deliver, e.g., anticancer drugs to solid tumors in hyperthermia
therapy [4,5]. Membrane phase changes are related to viscosity alterations and diseases,
like atherosclerosis, Alzheimer’s or diabetes [6,7], and manifest through alterations in lipid
conformational disorder and mobility, which affect the membrane structure and dynam-
ics [8]. At the molecular scale, this transition in the saturated lipid tails boils down to
the conformational conversion of the acyl chains from all trans dihedral angles to several
gauche ones. Marsh’s Handbook of Lipid Bilayers reports phase transitions at 294.3K (L. to
Lg), 307.3K (Lg’ to Pg/) and 314.5K (Pg- to L) [9].

To determine the characteristics of a membrane phase, the lateral diffusion coefficients
of embedded fluorescent probe molecules can be measured, and their transport can be
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followed by techniques, like fluorescence recovery after photobleaching (FRAP) [10,11],
fluorescence correlation spectroscopy (FCS) [12-14] and single-particle tracking [15]. Fur-
thermore, a widely used family of probes named solvatochromic probes change their
spectroscopic properties depending on the environment they are immersed in. For these
probes, the interaction between the excited state dipole moment and the environment
influences the optical spectra. As a result, a change in the phase of the membrane, which in
turn changes its fluidity and water content, has a strong impact on the optical properties
of the probe. A second class of widely used probes are molecular rotors, for which the
change in conformation is enabled or rather blocked through the biological surround-
ings, leading to different optical responses depending on the membrane phase. For these
molecules, measurements of time-resolved fluorescence and fluorescence anisotropy can
be performed [16-18]. A classic example of a flexible molecule is, for instance, diphenyl-
hexatriene (DPH), whose static and time-dependent optical properties depend both on
the environment and its conformation. This molecular probe can be used to discriminate
between membrane phases [19]. An archetype of a solvatochromic probe, which can be
triggered by light (labelled as chromophore), is azobenzene. It has been shown that its
trans-to-cis isomerization can be either enhanced or hampered by the membrane phase,
adding a degree of control to the probes’ optical properties [20]. Conformationally versatile
probes like azobenzene and its derivatives can also be covalently linked to the lipid tails,
and in this case, the membrane’s structure and viscosity can even be dynamically controlled
by light, and the notion of an optically controlled domain can be considered [21].

The widely used Laurdan probe has long been considered a member of the solva-
tochromic probes’ family [22]. Indeed, density functional theory (DFT) calculations show
that its state dipole moment increases from ~7 to ~14 D after excitation [23], and that a
red shift of ~50 nm is seen for the fluorescence maximum when a glycerophospholipid
membrane with saturated lipid tails (such as DPPC or DPPG) undergoes an Lg- to L«
transition [24,25]. Interestingly, this shift is independent from the nature of the glycerophos-
pholipid polar head group [25]. Through the use of the Generalized Polarization (GP)
function, which is based on the variations in fluorescence intensity in different bands of
wavelengths in the spectrum, Laurdan can be used to quantitatively determine the relative
amount of each phase when the phases coexist in a lipid bilayer [24]. The GP value is
strongly influenced by the different orientations of the emitting transition dipole moment
with respect to the laboratory axis [26]. However, Laurdan’s values were not explained
by just simplifying membrane differences to differences between their dielectric constants,
and the hypothesis that the reorientation of water dipoles around the probe is responsible
for the shift was formulated [25].

To date, the conformational versatility with respect to the carbonyl group of the
Laurdan probe on the GP measurements has not been considered. Through our simulated
results in 2019, we were the first to find that this flexibility permits the use of Laurdan as a
molecular rotor [27], which has since been confirmed experimentally [28]. As our studies of
the probe in L and L phases proved, the positions and orientations of the two conformers
fundamentally differ [23,27,29]. For the conformer whose carbonyl oxygen points toward
the B position of the naphthalene core (Conf-I, see Figure 1), an elongated form in its
electronical ground state in DPPC (Lg’) is observed. For the conformer with the carbonyl
oxygen towards the « position (Conf-II, Figure 1), an L-shape is seen [23]. Interestingly,
conformational changes are not observed in DPPC, while in DOPC, changes between the
two conformations are allowed, due to the increased fluidity of the environment [23,27].

Based on two-photon excitation fluorescence microscopy, the model of water relaxation
has been refined: the observation of a broad GP distribution in L relative to the Lg- phase
was seen as proof of the existence of a large dynamical heterogeneity in the L& phase [30].
The results were rationalized considering that the membrane contains a distribution of
different cavities with different amounts of dynamically restricted water molecules in which
Laurdan can reside. Although, on average, no more than two or three water molecules
are found around the probe [30], for individual sites, this amount can vary. The larger
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the amount of solvent molecules, the lower the GP and the larger the cavity around the
probe. Experiments exhibiting a similar response of the probe’s emission on bilayers with
a chemical environment, which differ at the probe’s position, support the idea that water
relaxation is the main cause of the emission shift [31,32]. Classical polarization spectra
on Laurdan and on its variant with an isopropyl residue at the amino side (the so-called
Laurisan molecule) showed that intramolecular reorientations do not affect the shift [33].
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Figure 1. Depictions of the two conformers of Laurdan in gas phase: (a) Conf-I and (b) Conf-II. The

relevant « and {3 positions of naphthalene are indicated.

In this joint computational and experimental study, we focus on both Laurdan con-
formers embedded in DPPC, investigate the influence of the water layers on the probe’s
conformational differences and shed light on the changes in fluorescence properties between
the L, Lg/, Pg- and Ly phases. First, we give the computational details of the molecular
dynamics (MD) and hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) calcu-
lations and describe the performed optical experiments. In the discussion, the atomistic
calculations on Conf-I and Conf-II are analysed, and insights are obtained with respect to
the position and orientation of both conformers of the probe for a temperature range from
270K to 320K. Thereafter, these results are related to the simulated optical properties, while
comparisons to the obtained data from the fluorescence experiments are made. Special
attention is paid to the lifetime, the emission wavelength, as well as the time-dependent
and steady-state fluorescence anisotropy and the role of water molecules in the proximity
of the probe. Finally, the conclusions of the work are given.

2. Methodology
2.1. Computational Simulations

All presented molecular dynamics (MD) simulations were performed by means of the
Gromacs 2019.1 software and the 43A1-S3 GROMOS force field [34,35], whose efficiency
and performance for saturated lipids are generally well established [36]. Moreover, it
has been shown that it is accurate in the description of the different phase transitions of
several lipids forming molecules [35,37—40]. Then, 400 ns long excited state MD simulations
were performed, in which the ground state DPPC (Lp-) lipid bilayer system is used (as
in our previous studies [23,27]), while Conf-I and Conf-II conformers of Laurdan were
embedded in their optimized S; excited state. This ensures the use of fully equilibrated
initial conditions. Since Laurdan is both a solvatochromic probe and a molecular rotor, its
properties are heavily dependent on the lipid membrane phase. ESP charges for the S;
excited state (see Table S6) were obtained by means of TDDFT calculations, at the CAM-
B3LYP functional with the 6-31G(d) basis set and the Gaussian 09 suite of programs [41,42].
The plots and analyses presented in the current work are based on the equilibrated MD
window between 240 ns and 400 ns. The lipid bilayer consists of 64 DPPC molecules per
layer, is solvated with 3314 water molecules and is neutralized with sodium and chlorine
ions at the physiological concentration. The TIP3P parameters were used to model the
water solvent [43]. The time step for the propagation in time was set to 2 fs by means of the
LINCS algorithm [44]. The particle mesh Ewald (PME) method was used to compute van
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der Waals and Coulomb interactions within a cutoff of 1.2 nm. An orthorhombic box of
5 nm in width, 6 nm in length and 8 nm in depth directions was considered. The z-axis was
set to be normal to the membrane plane. Periodic boundary conditions were used along
the three dimensions. The simulations were performed in the canonical NPT ensemble
using the Nosé-Hoover thermostat (reference temperature specific for each simulation,
with a time constant of 0.5 ps) and the anisotropic Parrinello-Rahman barostat (pressure
of 1 bar, with a time constant of 5 ps and compressibility of 4.5 x 107> bar~!). Different
production runs for each conformer were performed at temperatures of 270, 280, 290, 298,
305, 310, 315 and 320K [45,46]. The MD simulations were considered converged when the
angle between the transition dipole moment of the probe and the membrane normal had
fluctuations lower than 5 degrees (convergence of these simulations is depicted in Figure S1
for T = 298K).

From the 400 ns long MD simulations, 50 uncorrelated snapshots were extracted.
For simplicity, a window of 100 ns was considered by sampling every 2 ns for both con-
formers. The followed methodology was validated and reported in detail in our previous
studies [19,27,47]. Briefly, a cylindrical cutoff of 10 nm around the membrane molecules
surrounding the probe was applied, as well as a hemi-spherical cutoff of 1.5 nm for water
molecules in close proximity to the membrane. The extracted snapshots were considered
as inputs to perform QM /MM calculations with the Dalton2016 program [48], using the
electrostatic embedding scheme. The system was partitioned as follows: probe was con-
sidered at the QM level of theory, while the cylindrical environment was considered as
point charges, as described at the MM level (from the snapshots selected from the MD run).
Over the 50 snapshots created, QM /MM single-point calculations were performed, using
the time-dependent density functional theory along with the CAM-B3LYP functional [42]
and the Dunning’s cc-pVDZ basis set [49]. The three lowest energy excited states were
considered in the calculations, to ensure energy convergence of the excited state energy.
This functional /basis set combination was benchmarked against post-Hartree Fock meth-
ods and other density functionals for Laurdan [29] and proven accurate in a number of
precedent studies of optical probes embedded in a lipid bilayer [50].

2.2. Sample Preparation

DPPC and 1% (mol/mol) Laurdan were co-dissolved in chloroform/methanol 2/1
(both Spectrosol grade, Carlo-Erba, Val de Reuil, France). The organic solvent was removed
with a stream of nitrogen to form a thin film on a glass vial, and traces of organic solvents
were removed in high vacuum overnight. A buffer of 10 mM Tris pH 7 and 100 mM NaCl
was added to form a 10 mM lipid stock suspension. Multi-lamellar vesicles were produced
by 4 freeze-thaw cycles. Vesicles were extruded 11 times through polycarbonate filters
with a pore size of 100 nm at T = 50 °C (Whatman/cytiva, Little Chalfont, UK). For the
measurement, the vesicle suspension was diluted to 1 mM lipid concentration.

2.3. Fluorescence Measurements

All fluorescence measurements were performed on a Fluoromax spectrometer equipped
with a nanoLED pulsed diode controller for lifetime measurements (Horiba, Kyoto, Japan).
A low-pass glass filter (FGL400S, Thorlabs, Newton, NJ, USA) was placed in the emission
pathway to minimize light scattering artifacts. For lifetime measurements, a NanoLED-340
with a peak wavelength of 342 nm was used. Temperature was controlled with a water
bath (Haake, Karlsruhe, Germany) and monitored with a digital TYP K thermometer with
the sensor placed between the cuvette and the sample holder (GTH 1170 + GTF 300 GS,
Greisinger, Regenstauf, Germany). Steady-state experiments were performed with an
excitation slit with resulting band pass of 1 nm and an emission slit, which results in a band
pass of 2-3 nm at an integration time of 1 s.
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3. Results and Discussion
3.1. Analysis of Molecular Dynamics Calculations

The obtained angles of the a-tilt (long molecular axis) and of the transition dipole
moment (tdm) with respect to the membrane normal of both conformers of Laurdan in the
S excited state embedded in the DPPC membrane (See Figures 2 and S2 in Supplementary
Information) can be compared with those obtained for the ground state (see Figure S3 or
Figures 6 and 54 in Ref. [26]).

140

—e— §, Conf-I
r (@ .

—#— 8, Conf-IT

=)
=3
T

* S, Confl(298 K)
¢ S, Confl (298 K)

Angle between Tdm and z-axis (°)
o (=23 o© 5
(=] (=13 (=] (=]
T T T T

[}
=3
T

270 280 290 300 310 320
Temperature (K)

24

N
[(¥)
T
*

5]

Distance from bilayer center (nm)
& %

—
'S

1 !
310 320

I I
280 290 300
Temperature (K)

Figure 2. (a) The maximum of the distribution of the angles of the transition state dipole moment
(‘tdm”) with respect to the z-axis of the DPPC membrane at different temperatures. The calculations
were carried out using the S; excited state for Conf-I and Conf-II. For 298K, the angle for the ground
state of each conformer is given, too; (b) distance (nm) of the head group of Laurdan in the S; excited
state with respect to the center of the DPPC membrane (set at zero) at different temperatures. Black
diamonds represent the averaged phosphorous atoms’ distance from the bilayer center, indicating
the thickness of the DPPC membrane at different temperatures. The black, blue and red curves are
typeset as a guide to the eye for phosphorous atoms, Conf-I and Conf-II, respectively. Error bars were
computed considering HWHM of the distribution plots reported in Figures S2 and S8.

At temperatures as low as 270K and 280K, the angles between the tdm and the z-axis
for Conf-I are at a minimum of 90° and 85°, respectively. This also holds true for a
temperature of 290K. In comparison, for Conf-II, the angles for 270K and 280K do not
substantially differ and amount to ~50°, while at 290K, this conformer is found to be rather
parallel to the z-axis of the membrane as the angle shifts down to 30°. For Conf-I at 298K,
the orientation of the head of Laurdan and its long axis changes from parallel (angle of
~40°) in the ground state to perpendicular (~80°) to the z-axis in the S; excited state. The
orientation of the tdm confirms this view as the angle changes from ~60° to ~100° for the
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ground and S; excited states, respectively. For Conf-1I, the orientation of the chromophore
head changes from ~100° to ~70° upon excitation. For the tdm, a change from ~80° to ~55°
was noted. This leads to a different shape of the conformers, as found in the electronic
ground state. In fact, now Conf-I is found in a L-shape, while Conf-II is rather elongated.
The characteristic positions are depicted in Figure 3. Figures S4 and S5 show that at all
investigated temperatures, the amino group of the head of Conf-II is found further from
the membrane center compared to the carbonyl one.

:
iz e

N ‘ Cont- <

Figure 3. Representative depictions of electronically excited Conf-I and Conf-II in DPPC at 298K.
Phosphor atoms are given in brown and oxygen and nitrogen ones in red and blue, respectively.

An increase in the temperature from 298K to 320K for Conf-I results only in a marginal
enhancement in the angles. The orientation of Conf-I at 315K as this configuration seems to
be less tilted with respect to the z-axis compared to the ones at 310K and 320K, although
within the error of the method. We note that the transition temperature for DPPC is known
to be 314.4K [51]. For Conf-II, the observed change in angles towards higher temperatures
is analogous to what is observed for Conf-I. For Conf-II, from 310K, the angle of Laurdan’s
head group with the z-axis increases steadily as the one for the tdm goes over 50° at 315K
to 80° at 320K.

The optical excitation of the probe does not influence the flexibility of the molecule
in the DPPC membrane; throughout the simulation window and for the considered range
of temperatures, Conf-I and Conf-II do not interchange. This result counts, thus, for the
excited Laurdan probe acting as a molecular rotor when embedded in a DPPC bilayer
membrane in all the different liquid crystals, solid gels as well as in liquid disordered
phases considered (see Figure 54).

In Figure 2b, the distance between the head group of Laurdan in the S; excited state
with respect to the center of the membrane is expressed as a function of the temperature
(the complete densities are given in Figures 55-57). For Conf-I, the head group moves
towards the center of the membrane when the temperature is raised from 270K to 290K,
while at 298K, the head group is found at the outer regions of the membrane. The effect of
the orientation of both conformers can easily been seen, especially for 290K; the carbonyl
oxygen in Conf-I is found closer to the membrane center compared to the one in Conf-II,
where the abundance curves are broader compared to Conf-I (see Figure S8). At even higher
temperatures, the head group moves again inwards. For Conf-II, the same shift towards
the membrane center is observed for the lowest temperatures; however, the innermost
position is now found for 298K. At higher temperatures, the headgroup of Laurdan moves
towards the water layer. Conf-II stays largely in the same place in the membrane when
the temperature is increased from 310K over the transition temperature to 320K. As a
consequence, the difference between the positions of Laurdan is at its maximum at 290K.
The environments of both conformers are intrinsically different, as Conf-I is located in the
lipid tail region, while Conf-II is rather at the outside edge of the membrane, surrounded
by an important amount of water molecules. Based on our studies of (non)linear optical
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properties of probe molecules in lipid bilayers and proteins, in which we discriminated
between the influences of probe position, conformation and environment [23,27,29], we
foresee now as well that the optical spectra of both conformers are significantly different.
When experimentally oriented fluorescence studies of Laurdan in the solid gel phase are
interpreted, it is, thus, of the utmost importance to take into account the differences in both
position and orientation between the two conformers.

As a conclusion, the analysis of the orientation and position of the Laurdan probe
indicate a particular character of the DPPC membrane phase at 290K and, to a lesser extent,
at 298K. The orientation and position of Conf-II at this temperature differ profoundly from
the ones at the other temperatures. On the other hand, the Lg- to Ly phase transition
temperature around 315K mainly influences Conf-I.

3.2. Abundance of Water Molecules around Laurdan

A view on the radial distribution functions for water (Figure S9) illustrates the posi-
tional and orientational differences between both conformers. It can be seen that, while at
a low temperature of 280K, Conf-I is surrounded by less water than Conf-II, as up to the
second solvation shell, ~18% and ~30% of water molecules can be found, after the phase
transition (320K), the inverse is observed. An analysis of hydrogen bonds in the second
solvation shell (up to 5 A from the Laurdan’s head) confirms this view. At low temperature,
twice the amount of hydrogen bonds are found for Conf-II compared to Conf-I, while at
higher temperature, the amount of hydrogen bonds for Conf-II decreases (see Table S1
and Figure S10). From these plots, the special nature of the DPPC lipid bilayer at 298K
emerges; the radial distribution function describes values which are considerably lower
than the ones obtained at other temperatures, especially for Conf-II (see Table S1). This
decrease in value is related to the decreased distance from the centre of the membrane (see
discussion below). The slope and the progression of the curve at larger distances is found
to be different, too.

The change in the orientation of the water molecules in the neighborhood of the probe
after the onset of excitation of Laurdan for both conformers is depicted in Figures S11 and S12.
The solvent orientation is measured as <cos 8> with 6 the angle between the vector pointing
from the center of mass of the Laurdan head group to the oxygen atom of the water
molecule, with the vector from this oxygen atom to the middle point between both H atoms
of the same water molecule (see Figure S13). This means that a negative value is obtained
when the two vectors have the same orientation, while a positive value is present when the
orientation is opposite. For positive values, where the environment is non-equilibrated after
excitation, the two hydrogen atoms point towards the Laurdan head, while for negative
values, where the environment is equilibrated after excitation, the oxygen atom points
towards the probe. A summary of the values is given in Table 1. For both conformers
and at all simulated temperatures, reorganization of the water molecules is seen, as the
cumulative solvent orientation after the first nanosecond differs from the one at later times,
when the relaxation is reached. For Conf-, the solvation shell after 3 ns has already adapted
its orientation to the new electronic headgroup properties, which is considerably shorter
than the probe’s excited state lifetime of 9 ns [27]. For Conf-II, which has a lifetime of 5 ns,
the curves show a larger disturbance due to the excitation of the probe. At delay times
up to 21 ns, the cumulative solvent orientation is generally negative. At only 6 ns after
excitation, however, the obtained values strongly differ (see Table 1). At 305K, for instance,
a value of —1.19 is obtained for 6-7 ns, compared to —3.57 for 21 ns. Based on our data, it
can, thus, be said that the electronic configuration of Conf-II returns to the ground state
before the environment fully adapts to the excited state configuration of the probe.

For Conf-I, the opposite trend is observed, since the relaxation of the environment
is found to be quicker than the excited state decay. The cumulative solvent orientation
curves are more regular for this conformer (see Figure S11). For 310K, at 0-1 ns, a value
of —3.63 is obtained, compared to —4.68 at 20-21 ns. In between both time windows, the
solvent orientation shifts from more negative to positive before it diminishes again. This
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difference in solvent behavior is also reflected in the different fluorescence response of the
two conformers.

Table 1. Cumulative solvent orientation at different time delays after excitation, obtained at 1 nm
from the mass center of the Laurdan head group for the two conformers of Laurdan in the DPPC
membrane 7.

Conf 0-1 ns 3-4 ns 6-7 ns 9-10 ns 12-13 ns 20-21 ns
270K I —3.22 —1.62 —4.88 —6.06 —6.43 —2.76
I —1.93 —3.96 —4.99 —8.36 —4.57 —3.36
280K I —0.19 —5.71 —-1.01 —0.42 —-1.77 —2.68
II —1.15 —5.84 —1.45 —6.14 0.16 —5.20
290K I —4.03 0.53 0.58 —1.89 1.96 0.10
II 0.62 —0.24 -3.17 —6.19 —251 —1.35
298K I —3.03 —6.27 —6.11 —4.71 —5.93 —7.59
I —1.22 1.56 —1.29 —3.15 —4.32 —5.43
305K I —3.59 —2.30 -6.70 —2.45 —3.25 —6.28
II 0.17 —0.24 —1.19 —2.80 —5.11 —3.57
310K I —3.63 —5.19 —8.55 —1.52 1.00 —4.68
I —2.25 —6.23 —3.22 —6.75 —1.88 —3.97
315K I —341 —3.85 —3.64 —7.49 —3.18 —1.01
I —1.35 —0.45 —0.63 1.89 —2.22 —4.09
300K I —3.59 —7.66 —0.51 —1.11 —2.67 —2.94
II —2.46 —-3.07 —5.19 —1.20 —5.35 —1.66

? The values obtained for other distances can be obtained from the plots given in Figures 510 and S11.

The explanation for this different behavior can be traced back to the equilibrium
position of Laurdan in its ground state. From the radial distribution functions at room
temperature, it follows that the first and second solvation shells for Conf-II contain less
water, while this conformer is also located deeper in the membrane, according to our
previous study [23]. Hence, it can be expected that Conf-II will interact differently with its
surroundings when it is embedded in lipid bilayer membranes with lipids with a shorter
fatty acid chain length than DPPC.

As a consequence, the through-space interaction between the neighboring, relatively
densely packed water molecules is higher for Conf-1 than for Conf-II in DPPC. The water
environment of Conf-II reacts, therefore, noticeably slower than that of Conf-I. These
relaxation times for the surrounding water molecules are in line with literature data. In
pure solvent, the water reorganization takes place at timescales below 100 ps (see [52] and
references therein), while Sykora et al. reported relaxation times up to 1.5 ns for Patman
based on Time-Resolved Emission Spectroscopy (TRES) [53]. The authors state as well that
the water relaxation times increase when the distance between the probe and the water
layer increases, which is in full agreement with the findings of the current study. These
observations are additionally enforced by the difference in membranes and membrane
phases, as Sykora et al. based their research on probes embedded in a liquid disordered
DOPC membrane rather than in a solid gel DPPC one, which is less prone to intruding
water molecules. For water molecules isolated from the bulk and located around the probe,
the membrane hinders the relaxation of their orientation.

3.3. Phase Changes of the Membrane

When the averaged area per lipid (APL) is considered (see Table S2), the different
DPPC lipid phases can be identified along with the varying influence of Conf-I and Conf-II.
An analysis of the deuterium order parameters permits one to visualize the phase changes
in the lipid membrane and the varying interaction with the two conformers of Laurdan.
Except for 290K and 305K, where the APLs for both conformers are very comparable,
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the membrane bilayers with Conf-II showcase higher values than the ones with Conf-I.
This is the consequence of the differing orientation of the conformers, with Conf-I and
Conf-II more parallel to the membrane surface and membrane tails, respectively. Conf-1I,
therefore, has a stronger interaction with the lipid tails than Conf-I. A strong increase in
the APL is seen at the transition temperature towards the L, phase. The analysis of the
APL with Conf-I and Conf-II (see Table S2) clearly shows the appearance of the different
phase transitions. The APL increases from ~51 A2 for the L. phase to 57 A2 for L. For
Lg’ and Py, a value of ~52 A2 was obtained through the simulations, which is in excellent
agreement with the 52.3 A2 value measured through X-ray diffraction at 298K [54,55].

In Figure S14, the APLs of the here-simulated lipid membranes with Conf-I and Conf-II
are compared with the ones obtained by a comparable Gromos force field by Leekumjorn
and Sum [56]. The APL trend going from L towards the two phase transitions at higher
temperatures is reproduced in the current study. On the other hand, the obtained values
are underestimated, which is partly due to a lower cutoff of the Coulomb interaction.
Although effects due to limited simulation time might play a role as well, it can be stated
that the presence of Laurdan has a non-negligible effect on the membrane properties, which
hampers a direct comparison with a pure DPPC membrane. As can be seen in Figure S15,
the presence of Laurdan has a disrupting role in the local membrane environment for Conf-I
due to its L-shape, while for Conf-II and its more elongated shape, the impact is minor.
This difference is most striking at 298K, while at 320K, virtually no effect can be attributed
to the different conformers as the obtained values are the same. The subphase at 298K also
appears in the order parameter analysis (Figure 4). In particular, for Conf-I, the lipid tails at
this temperature give the highest values. The Lg- and L phases can be identified as well
in the different slopes of the curves. The L-shape for Laurdan is clearly seen in the lower
values for the lower temperatures of the Conf-II tail. Due to the increased amount of water
(compare, e.g., 280K for both conformers in Figure 59) in the neighborhood of Conf-II, the
order of parameters is rather modest and points at a dynamic tail without a strong and
fixed orientation.

In Figure 5, the last frames of the MD production run at different temperatures are
considered, and their thicknesses are compared. For the L. phases at 270K and 280K,
large structures, valleys and peaks are seen at the surface and extend over the whole
membrane. For the solid gel phases (290-305K), systematic patches are seen in these
structures over the whole surface. The plots at 290K confirm the different interaction of
both conformers with the environment; it is clear that Conf-II in a rather broad membrane
has the possibility to be only slightly tilted with respect to the z-axis, while Conf-I in a less
inflated membrane tends to be more parallel to the surface. For Conf-I, both the amino and
carbonyl groups are located deeper in the membrane, while for Conf-II, the amino group
interacts with the high-headgroup-density region, and the carbonyl oxygen is found closer
to the membrane center.

At 298K, the patches break down and individual differences in thickness can be
identified, while above 315K, global patterns at a considerable large scale appear (see
Table S3). These depictions are in agreement with the reported order parameters. This
later analysis proves once more that information about the position and orientation of
Laurdan discloses important characteristics of the membrane phase. We would like to
recall here that all calculations started from the same orientation and position of the probe.
In all phases, the movement of the probe at the respective temperatures is different. Since
we have shown that the probe affects the membrane, the orientation of this asymmetric
probe matters and can help in defining the membrane phase. In addition, three different
transitions are commonly reported between Ly and Lg- phases: sub-transition at 298K,
pretransition at 306K and the main transition at 314K. The P’ ripple phase can be found
between pretransition and main transition, while below the pretransition temperature, a
secondary ripple phase called L 5 was identified. Despite the limited size of the membrane
considered in our computational protocol, and as can be seen in the depictions of Figure 5
and in Figure S16 with the lipid arrangements characteristic to the different ordered phases,
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Conf-1

Conf-II

Figure 5. Two-dimensional thickness plots, showing the ripple of the membrane while increasing
T and going through different phases along the x-y plane (box size considered) when the Laurdan
conformers are present. The last frame of MD is considered as representative. Colors refer to the
z direction (thickness), with blue the lowest (3.0 nm) and red the highest (5-5.4 nm) thickness,
respectively.

3.4. Optical Properties

The obtained fluorescence spectra depicting the summed emission from the S; excited
states of both conformers are reported in Figure 6. When the temperature is raised from
270K to 315K and the fluorescence of Laurdan is investigated regardless of the conforma-
tional differences, a red shift of ~16 nm is obtained. From 290K to 315K or from the Lg’ to
the L phase, this shift amounts to ~11 nm.

In our theoretical results, lower-intensity shoulders in the 375-400 nm window with
a ~15 nm longer wavelength with respect to the maximum of the peak are seen for all
temperatures. These results, albeit blue shifted, are in agreement with experimental flu-
orescence spectra (Figure 6b), in which red-shifted shoulders of ~15-20 nm are reported
for the 288-312K (15-39 °C) temperature range. The experimental data show as well that
the shoulders disappear at 315K (42 °C), for which a larger, symmetric density profile is
indeed found. At the main phase transition between 314K and 315K, the emission changes
abruptly: the experimental spectra report a broad and rather asymmetric profile with a
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maximum at ~450 nm and a longer tail at 314K (41 °C), while at 315K (42 °C), the peak
shifts towards 490 nm.
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Figure 6. (a) Convoluted computed and (b) experimental fluorescence spectra of Laurdan embedded
in DPPC at different temperatures. The vertical bars in (a) denote the positions of the maximal peaks
at the different temperatures.

A deconvolution of Figure 6 for both conformers along with a discussion and an
analysis of the excited state (Table S4) is given in Figures S17 and S18. As can be seen from
a comparison with Figure 6, the main peak of the curve is related to the contribution of
Conf-I, while the reported shoulders in the overall spectrum coincide with the maximum
of the fluorescence curves for Conf-II. It can be seen that the fluctuations for the averaged
emission wavelengths of Conf-I reach ~19 nm, while the range for Conf-II spans ~26 nm.
Moreover, from the comparison between our simulated and experimental fluorescence
spectra, it is clear that differences below 10 nm in fluorescence maxima for both conformers
are very challenging to experimentally unravel, especially for the L phase. As has been
argued previously, the bilayer system at 290K extends the current discussion, as Conf-II
has a fluorescence peak at a wavelength of 345 nm, which is shorter than the wavelengths
obtained at other temperatures (Figure 6). In addition, from computation, we can conclude
that the maximal values for Conf-I exhibit a global red shift from low temperatures to
higher ones, which is related to a softening of the tissue and an increase in the diffusivity of
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the membrane and a protruding effect of water. On the other hand, Conf-II is less affected
by the environmental changes due to the increased temperature. This difference in the
response of the two conformers is highlighted when the ripple phase is considered (at
305K). At this temperature, the fluorescence spectrum of Conf-I is clearly different than
at other temperatures, but for Conf-II, the presence of a ripple phase does not affect the
optical properties. The different impacts of the environment on the two conformers become
relevant when the fluorescence decay time is considered.

To disentangle the conformational effect from the presence of different phases, we
performed additional fluorescence analyses, namely the decay time and the anisotropy
decay. From the fluorescence decay time analysis reported in Figure 7, a clear trend is
present for Conf-I; increasing the temperature, the decay time decreases towards lower
values, going from 6 ns to 4.9 ns. Clearly, for this conformer, the environment has a strong
effect on the optical properties, due to its orientation, position and conformation. On the
other hand, Conf-II shows little variation while increasing the membrane temperature,
with decay time values in the 4.7-5.1 ns range, once more suggesting the weak effect of the
surroundings over the fluorescence properties of this conformer. Once more, an outlier
is present at 29K, with a very high decay time of 7.7 ns. As mentioned earlier, Conf-II in
the DPPC membrane at 290K is oriented almost parallel to the z-axis and located at the
interface between the membrane head and water (Figure 2). We remind the reader here
that this temperature is at the onset of the solid gel phase.
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Figure 7. (a) Fluorescence decay time computed for Laurdan embedded in DPPC at different
temperatures given as normalized histograms for both conformers; (b) fluorescence anisotropy for
Laurdan embedded in DPPC at different temperatures for both conformers.

Experimentally, the lifetimes of Laurdan were obtained for both channels at 440 nm
and 490 nm (see Table 2 and decay curves in Figure 519). Confirming the theoretical data,
for both channels, the lifetime decreases with increasing temperature. We find that the
lifetime values for Conf-I can be used to identify the membrane phase. Summarizing
our results, the crystal phase L. bears the longest lifetime, followed by the gel phase at
290K (17 °C) and finally the liquid disordered one, for which the shortest time is found.
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The rippled phase Py’ observed at around 310K (37 °C) in our computational data has a
slightly longer lifetime than in the gel phase. In the experiments, we did not finetune the
temperature to pinpoint the phase differences for which fingerprints can be obtained from
the computational analysis behind the temperatures of 298K and 305K.

Table 2. Experimentally obtained lifetimes for Laurdan obtained at the channels at 440 nm and
490 nm “.

440 nm Slow Comp. 440 nm Fast Comp. 490 nm
15°C 7.70 £0.23 (73 &= 10)% 5.04 £ 0.58 (27 = 10)%
30°C 731 +£0.12 (82 £ 4)% 3.98 £0.49 (18 = 4)%
39°C 7.15 £ 0.08 (78 £ 2)% 3.28 £0.21 (22 +2)% 6.67 &= 0.03
41°C 7.46 £ 0.17 (43 £ 3)% 3.58 £ 0.14 (57 £ 3)% 5.40 £ 0.02
45°C 768 £1.26 (4 +2)% 2.67 £ 0.05 (96 + 2)% 4.10 £ 0.03
60 °C 3.32+£0.02

? Values given in ns and fractions in integrated intensities.

The same trend already shown is also present in the simulations of the fluorescence
anisotropy decay, which clearly shows the effect of the membrane on Conf-I and its neg-
ligible contribution for Conf-II (see Figure 7b). In detail, for Conf-I, when the membrane
is in its L. state, the anisotropy is kept constant to a value close to 0.38. For 290K and
298K, the obtained value of 0.36 is only marginally lower. At 305K and 310K, it exhibits the
strongest decay curves. Once the transition temperature towards the L phase is reached,
the curves are steep and seem to converge at values around 0.25. We note here the loss
of correlation at higher frame numbers (above #30) for the depicted curve of 315K. The
same analysis for Conf-II shows very different results. Now, much stronger anisotropy
is present (with values between 0.35 and 0.29) up to 315K, well into the L phase. Only
at a higher temperature (320K) is the expected decay in anisotropy observed. This is a
direct consequence of the remarkable broad distribution of the orientational distribution
function of Conf-II (see Figure 2), and it is due to the changing ripples of the membrane at
this temperature (as discussed above).

These results were once more validated by experimentally oriented time-dependent
anisotropy studies (Figure 8), in which the influence of both conformers can be clearly
observed. At 41 °C and in Py, a turn-up in the signal is present, which can only be at-
tributed to the presence of two, or, in principle, more, components. At higher temperatures,
the anisotropy generally decays again, while the slope even increases towards 60 °C. The
monotonous decaying curves at higher temperatures point at a liquid disordered phase, in
which both conformers of Laurdan interchange easily. The slope increases for both channels
as the temperature rises, while the time constant of the probe at 440 nm steadily decreases
from 3.61 ns at 15 °C in the gel phase to 1.39 ns at 41 °C, and at 490 nm from 2.70 ns in the
Pg to 241 nsin the L, phase. In the latter case, at 45 °C and 60 °C, the decay is found to
be complete. The decay time constants and the relative abundance for both conformers are
further reported in Table S5.

The steady-state anisotropy studies showcase the ripple phase Py, too. In Figure 8,
the isolated case for 314K (41 °C) can be clearly distinguished from the closely packed
anisotropy lines in the solid gel phase at 290K (15 °C) or at the ones of Laurdan embedded
in a liquid disordered phase above 315K (42 °C). The steady-state results confirm once more
the possible use of the probe to identify different environments. As we clearly demonstrated
throughout the study, this is largely due to the position and orientation of Conf-I, which
determine its interaction with its surroundings. As we assign the “odd” behavior of the
time-resolved anisotropy at 41 °C/440 nm to two populations with different lifetimes,
we fitted the time-resolved fluorescence with two components (see Table 2). For 440 nm,
it is visible from the decay lines that this is not a purely mono-exponential decay. On
the other hand, 490 nm can only be fitted with a mono-exponential curve. To prove the
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correctness of these results, we verified that the fitted lifetimes allow for the simulation of
the time-resolved anisotropy at 41 °C/440 nm (Figure 520). From these fitting values, it
seems that below the phase transition, ~20% of the fast population persists, whereas the
fast population dominates the system above the phase transition. This is an additional
confirmation of the presence of either conformer of Laurdan in the DPPC membrane at
different temperatures.
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Figure 8. Experimental fluorescence anisotropy data of Lauran embedded in a DPPC membrane. In
(a), the results for the 440 nm channel are used, while in (b), the one for the 490 nm is plotted. In
(c), the experimentally obtained steady-state fluorescence decay curves are given as a function of
emission wavelength. Also, 1 mM laurdan embedded in DMP has been used along with 10 mM Tris
pH 7 and 100 mM NaClL
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4. Conclusions

The positions and orientations of optically excited conformers of Laurdan are investi-
gated in a DPPC membrane at various temperatures. They differ through the orientation of
the carbonyl oxygen, which points either toward the 3-position of the naphthalene core
(Conf-I) or to the a-position (Conf-II). Analogously to the ground state, the conformers do
not interchange in this membrane, for the entire temperature range considered (270-320K).
However, the position of the two conformers in the membrane changes differently with
temperature. Due to a varying interaction with neighboring water molecules in combi-
nation with the different excited state lifetimes of the two conformers, the environment
relaxation times differ, too. However, for Conf-I, the rather intuitive case is observed as the
excited state lifetime is longer than the relaxation of the environment, but for Conf-1II, the en-
vironment is not yet adapted when the probe returns to the ground state. At the transition
from L to the L’ phase at 290K, the differences between the position, orientation and the
properties of the two conformers are the strongest. The difference in simulated decay time
at this temperature between both conformers amounts to 4 ns. The time-dependent experi-
mental fluorescence anisotropy data confirm the presence of two conformers, which behave
differently at different temperatures. Throughout the temperature range, the different
membrane phases can be identified through the lifetime and anisotropy decay curves.

In this work, we assessed the influence of the orientation of Laurdan’s carbonyl group
and its tail on the optical properties and the consequences for fluorescence experiments.
Back in 1997, Parassassi et al. investigated GP profiles of Laurdan for phospholipid vesicles.
The authors concluded that the observed change in the apparent GP value was related
to a change in local orientation and that different orientations selected different environ-
ments [30]: “There must be an intrinsic GP heterogeneity, either at the submicroscopic
level (in this case the regions of different GP may simply correspond to regions of dif-
ferent lipid orientation) or in regions resolvable by the microscope (in which case the
GP domains correspond to real ‘fluidity” domains)”. In the current work, however, we
state the importance of both conformers for the interpretation of such data. We point at
the consequence of conformational differences on the optical properties in a membrane
environment, while, in contrast to what was assumed previously, the lipid orientation over
the different measurements stays the same.

The current work aims to clarify the properties of Laurdan for one specific lipid bilayer,
which were not known before, and paves the way to treat the here-chosen molecular probe
in more complex systems. In view of the wide use of the probe in fluorescence experiments,
we hope that this work on Laurdan will contribute to an increased understanding and a
profound screening of cell membranes and tissues, which are vulnerable to cancerous or
inflammatory transformations.
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parison between the orientations of the tdm with respect to the z-axis; Figure S4: Distribution of the
position of the N- and O-atoms in the headgroup of Laurdan excited in the S; state; Figure S5: Distri-
bution of the DPPC membrane at different temperatures; Figure S6: Distance of the density maxima
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