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ABSTRACT The hydration properties of the interface between lipid bilayers and bulk water are important for determining
membrane characteristics. Here, the emission properties of a solvent-sensitive fluorescence probe, 6-lauroyl-2-dimethylamino
naphthalene (Laurdan), were evaluated in lipid bilayer systems composed of the sphingolipids D-erythro-N-palmitoyl-sphingo-
sylphosphorylcholine (PSM) and D-erythro-N-palmitoyl-dihydrosphingomyelin (DHPSM). The glycerophospholipids 1-palmitoyl-
2-palmitoyl-sn-glycero-3-phosphocholine and 1-oleoyl-2-oleoyl-sn-glycero-3-phosphocholine were used as controls. The
fluorescence properties of Laurdan in sphingolipid bilayers indicated multiple excited states according to the results obtained
from the emission spectra, fluorescence anisotropy, and the center-of-mass spectra during the decay time. Deconvolution of
the Laurdan emission spectra into four components based on the solvent model enabled us to identify the varieties of hydration
and the configurational states derived from intermolecular hydrogen bonding in sphingolipids. Sphingolipids showed specific,
interfacial hydration properties stemming from their intra- and intermolecular hydrogen bonds. Particularly, the Laurdan in
DHPSM revealed more hydrated properties compared to PSM, even though DHPSM has a higher T, than PSM. Because
DHPSM forms hydrogen bonds with water molecules (in 2NH configurational functional groups), the interfacial region of
the DHPSM bilayer was expected to be in a highly polar environment. The careful analysis of Laurdan emission spectra through
the four-component deconvolution in this study provides important insights for understanding the multiple polarity in the lipid

membrane.

INTRODUCTION

Plasma membrane bilayers play a fundamental role in regu-
lating cellular function by delineating a membrane wall that
divides the intracellular and extracellular spaces. In addi-
tion, each function of the membrane—such as encapsula-
tion, localization of proteins, and molecular permeation
across the membrane—depends on the compositions of their
membrane proteins and lipid species (1). The integration
of external (or internal) biomolecules into the membrane
surface is promoted by several factors; the electrostatic
and hydrophobic interactions between those molecules
and the membranes are usually dominant (2-4). Further-
more, the water molecules at the interface of the lipid mem-
brane can control the activities of biomolecules by
modulating the surface pressure, coordination of hydrogen
bonding, and surface charge state (5-9). Lipid rafts, usually
composed of sphingolipids and cholesterol, have been at-
tracting research attention for many years because of their
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functional interaction with biomolecules (10-14). In the
lipid raft, the membrane interface could be maintained in
a less hydrated state because of the rigid and ordered align-
ments of lipid molecules, which can exclude the water mol-
ecules. Therefore, the membrane polarity in the lipid raft is
thought to play an important role in the integration of mol-
ecules or the control of their activity. However, little is
known regarding the interfacial hydration state of local
raft regions compared to other regions within the same
membrane because the observation methodology of hetero-
genic hydration properties has not been well established.
Sphingolipids are the major lipid species known to be
associated with raft domain stability (15). They form a
strong intermolecular hydrogen bond that facilitates the
segregation with high affinity to cholesterol through the
hydrogen-bonding acceptor (C=0, P=0, 30H, or 2NH)
and donor moieties (30H or 2NH) (14,16). Most sphingo-
lipids have a long, saturated acyl chain, which allows
them to be packed tightly (17). Even with a subtle config-
urational difference of saturated or unsaturated, the physi-
cochemical properties, such as the phase transition
temperature (7},) of sphingolipids in bilayers, can vary.
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For example, D-erythro-N-palmitoyl-sphingosylphosphor-
ylcholine (PSM), having a saturated acyl chain and an un-
saturated long-chain base, shows a T}, of 41.2°C in the its
pure bilayer form (18). D-erythro-N-palmitoyl-dihydros-
phingomyelin (DHPSM), having a saturated long-chain
base, shows a T,, of 47.7°C in its bilayer form (19-21).
The former and later sphingolipids are a predominant spe-
cies in most plasma cell membranes and in human lens cell
membranes, respectively. Recent studies have reported
differences in their hydrogen-bonding properties (19,22).
Dihydrosphingomyelin (dihydro-SM) is assumed to have
higher affinity for cholesterol than unsaturated SM. It
is clear that the molecular environments arranged via
hydrogen bonds are specific; therefore, microscopic proper-
ties, such as membrane polarity or viscosity between the
lipid molecules, should be properly verified.

The fluorescence probe 6-lauroyl-2-dimethylamino naph-
thalene (Laurdan) has been widely used to evaluate mem-
brane hydration states (23-25). The fluorescence emission
of Laurdan is sensitive to the surrounding solvent environ-
ment. In the lipid bilayer, the amphipathic structure of Laur-
dan localizes it at the hydrophobic-hydrophilic interface
region. Thus, the obtained information is relevant to the
microscopic interfacial properties of the lipid bilayer
(25,26). Through excitation, the fluorophore moiety has a
large dipole moment (26,27) and exhibits various emission
characteristics relaxed by the surrounding solvent molecules
(25,28,29). An analytical method for measuring the micro-
scopic polarity of the membrane has been developed by
utilizing the emission properties of Laurdan in the lipid
bilayer (26,30-32); for the two-state assumption of mem-
brane phase state (gel phase or liquid phase), the generalized
polarization (GP) value is widely used (23,29,33). Despite
this versatility, further investigation is required to evaluate
various hydration states at the lipid bilayer interface, as
there are many factors that would affect the heterogeneity
of Laurdan relaxation (e.g., hydrogen bonding, lateral lipid
density, and lateral heterogeneity) (33). One example is the
broad emission spectra of the Laurdan found in the sphingo-
lipid bilayer (20,25,34); however, from where it originates
is unclear, aside from the possibility of intermolecular
hydrogen bonds among sphingolipids.

In this study, we evaluated the interfacial hydration prop-
erties of bilayers prepared from different lipid species to
determine whether the different configurations, including
backbone structure or degree of saturation, affect the inter-
facial hydration properties of the bilayers. Specifically, we
focused on how the hydrogen-bonding properties of PSM
and DHPSM affected the interfacial polarity. The steady-
state measurements of the excitation spectra and emission
spectra and the anisotropy of Laurdan were carefully inves-
tigated along with the time-resolved emission analysis.
Here, we propose the deconvolution of obtained Laurdan
fluorescence emission spectra into four components based
on the emission properties of the solvent system. The differ-
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ences in the microscopic polar environments arranged in
each lipid bilayer were discussed in this study based on
the “solvatochromic model” of Laurdan, in which its local
surroundings are assigned as a solvent system.

MATERIALS AND METHODS
Materials

Phospholipids (1-palmitoyl-2-palmitoyl-sn-glycero-3-phosphocholine
(DPPC), and l-oleoyl-2-oleoyl-sn-glycero-3-phosphocholine (DOPC))
and egg yolk SM were purchased from Avanti Polar Lipids (Alabaster,
AL). PSM was purified from egg yolk SM, as described previously (20).
PSM was hydrogenated to yield DHPSM, as previously reported (17).
The purity of the SMs was confirmed by mass spectrometry. Laurdan
was purchased from Sigma Aldrich (St. Louis, MO). Other chemicals
were obtained from Wako Pure Chemical Industries (Osaka, Japan) and
used without further purification.

Preparation of the lipid bilayer vesicles

Lipids and fluorescence probes were dissolved in methanol. Appropriate
amounts were dispensed into glass tubes, and the solvent was evaporated
under a stream of nitrogen gas. The dry lipid films were hydrated in pure
water at 65°C (60 min) and sonicated in a sonicator bath (Bransonic
2510; Branson Ultrasonics, Danbury, CT), for 5 min at 65°C. Large unila-
mellar vesicles (100 nm in diameter) were prepared by extrusion at 65°C
(35). The lipid concentration was measured using the method reported by
Rouser et al. (36).

Fluorescence measurements of Laurdan in
steady state

All samples were prepared to adjust the final lipid and Laurdan concentra-
tions to 100 and 1 uM, respectively. The concentration of Laurdan was esti-
mated from its absorbance using the molecular extinction coefficient (¢ =
2000 cm™Y) (37). Steady-state fluorescence measurements were performed
with a QuantaMaster (Photon Technologies International, Lawrenceville,
NJ). The temperature of the sample cell was monitored and regulated by
a Peltier system, and data acquisition was controlled using Felix 32 soft-
ware. Emission measurements were performed using excitation light at
360 nm, and the emission spectra of Laurdan were collected from 400 to
540 nm.

Fluorescence anisotropy, r, was calculated from vertically and horizon-
tally polarized emission intensity with the following equations:

r= (ly— GI\/H)/([W +2Glyg) W

G = IHV/IHH (2)

where the orientation of the excitation and emission polarizers were repre-
sented as follows, for example, Iy for the intensity horizontally polarized
excitation and vertically polarized emission, as defined in a previous report
(38). The changes of anisotropy as a function of temperature were contin-
uously measured from 20 to 70°C, and the results were analyzed with the
sigmoidal fitting curves, based on Boltzmann equation. The measurement
was performed using excitation light at 360 nm, and the emission was
measured at 490 nm.

The deconvolution of obtained emission spectra was carried out using
PeakFit software (Systat Software, San Jose, CA). All fitting equations
were utilized with the lognormal amplitude function following a previous
report (31). The equation for the fitting is as follows:
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where qag is the amplitude, a is the center (#0), and a, is the width (>0) of
the fitting curve, respectively. From the fitting acquisition, the integrated
area and its area ratio [%] were obtained; the integrated area was calculated
from the integration of the obtained analytical curve.

Time-resolved fluorescence measurements

Time-resolved fluorescence measurements were all performed using the
FluoTime 200 instrument (PicoQuant, Berlin, Germany). The sample
temperature was controlled by a Peltier system, and data acquisition was
performed with the PicoHarp system. The samples were excited with a
378-nm diode laser, and the emission was measured from 400 to 540 nm
in 10-nm steps (14 acquisitions). The time resolution was 64 ps. A decay
curve was produced after 150 s of acquisition time. Data were analyzed
using FluoFit Pro software. After integration of all decay curves, the
time-resolved emission spectra were extracted every 1.6 ns after excitation
(from 7.168 to 48.768 ns, in 28 spectra), and the center of spectral mass (1)
was calculated according to a previous report as follows (39):

r= Y A,-F,-/Z F, 4)

where F; is the fluorescence emitted at the emission wavelength 2;.

RESULTS
Emission spectra of Laurdan in the steady state

The fluorescence emission spectra of Laurdan were
measured in the bilayers composed of DPPC, DOPC,
PSM, and DHPSM. As shown in Fig. 1, the Laurdan in
the DPPC bilayer (7,,: 41.2°C) showed a sharp peak at
around 440 nm, which was consistent with the reported
Laurdan peak position in the gel phase bilayer (23). The
Laurdan spectrum in the DOPC bilayer showed a broader
and red-shifted peak at ~490 nm, which was derived from
the Laurdan in the liquid-crystalline phase. For the PSM
and DHPSM bilayers, broader peaks were observed
compared with the spectrum in the DPPC bilayer. These
findings are similar to previous results (20), whereas nar-
rower and blue-shifted peaks were observed in this study
because of the lower experimental temperature (at 20°C).
The phase transition temperatures of PSM and DHPSM in
the bilayers were 41.2 and 47.7°C, respectively (18). At
the point that these lipid bilayers have a high T, it is ex-
pected that the membrane properties of PSM and DHPSM
bilayers could be similar and resemble that of the DPPC
bilayer. However, broader peaks at 440 nm in PSM and at
460 nm in DHPSM were observed. Furthermore, the spec-
trum in the DHPSM bilayer was more red-shifted than in
the PSM bilayer and seemed to be considerably similar to
that in the DOPC bilayer. These results suggest that the
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FIGURE 1 Fluorescence emission spectra of Laurdan in DPPC (solid),
DOPC (dash), PSM (dot), and DHPSM (dot 2-dash) bilayers at 20°C.
The excitation wavelength was 360 nm. All spectra were normalized with
the strongest peak intensity. The reproducibility found from the different
compositional binary systems is also shown in Fig. S1.

Laurdan in SM bilayers would be in multiple hydration
states, and it may be highly hydrated in the DHPSM bilayer.
Conventional GP analysis was also attempted (Fig. S2). The
GP values of the SM bilayers below the T, were relatively
low, in the order of DOPC < DHPSM < PSM < DPPC,
which implies that the order of hydrophobicity does not
correspond to the rigidity expected from the Ty,.

Anisotropy of Laurdan

The rotational mobility of the fluorescent molecules in the
bilayers was investigated using steady-state anisotropy
(Fig. 2). The anisotropy values decrease during phase tran-
sition, wherein the rotational mobility or molecular freedom
increase. In the DPPC bilayer, a drastic shift in the anisot-
ropy was observed at T, (= 41°C). Because the DOPC
bilayer is in a fluid and disordered state, there was only a
slight decrease. The PSM and DHPSM bilayers showed
modestly shifted anisotropy values compared to the shift
observed in the DPPC bilayer systems. Further, at tempera-
tures below T, the anisotropy values in SM bilayers were
slightly lower than in the DPPC bilayer. These results indi-
cate that there are some configurational factors in SM bila-
yers, for example, the high saturation of hydration or
hydrogen bonding, and that they restrict Laurdan to having
a modest transition of rotational motion as the temperature
increases.

The anisotropy transition was dependent on the emission
wavelength, and at shorter emission wavelengths, a modest
shift was observed in the results of the DPPC bilayer.
Anisotropy dependencies on the emission wavelength can
be explained by the existence of individual molecular spe-
cies that have different emission properties. For the phase
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FIGURE 2 Anisotropy transitions of Laurdan in

DPPC, DOPC, PSM, and DHPSM bilayers as a
function of temperature. The excitation wavelength
was 360 nm, and the emission wavelength was at

0-3 T T T T T T

Anisotropy [-]

— Em 490 nm

440 nm (dashed line), 465 nm (dotted line), and
490 nm (solid line). Anisotropy was calculated
using Eqgs. | and 2. The sigmoidal fitting curve
was illustrated using the Boltzmann equation. The
reproducibility found from the different composi-
tional binary system is also shown in Fig. S3.

20 40 60 20
Temperature [°C]

transition of DHPSM bilayers, the anisotropies with the
longer emission wavelengths (465 and 490 nm) shifted at
a lower temperature than the one at a shorter emission wave-
length (440 nm), suggesting that Laurdan molecules with
longer wavelength emissions have high mobility or heat
sensitivity. The results shown in Figure S4 indicate the
fluorescence quenching by the radical reagents (5-DOXYL
stearic acid; 2-(3-carboxypropyl)4,4-dimethyl-2-tridecyl-3-
oxazolidinyloxy (lipophilic) and 2,2,6,6-tetramethylpiperi-
dine 1-oxyl (water soluble)) located at the interfacial region.
The significant quenching in the longer wavelength range
was observed in SM bilayers, which implies that the
Laurdan molecules with red emission are locating in the
shallower region of the interface. This also supports
the idea of various locations of Laurdan with corresponding
polarities.

Center of mass of the time-resolved emission
spectra

The center of mass of the time-resolved emission spectrum of
Laurdan was calculated for the DPPC, DOPC, PSM, and
DHPSM bilayers (Fig. 3). In general, slow dipolar relaxation
around the excited state of the probe makes fluorophores emit
earlier with higher energy (shorter wavelength), whereas fast
dipolar relaxation leads to a loss of energy due to environ-

mental relaxation (higher wavelength). For the DPPC bilayer
below T,,, a small shift of the center of mass was observed
with decay time, which confirms the gel phase as reported
previously (30,40). The center of mass in the DOPC bilayer
shifted to a larger emission wavelength and returned to a
shorter wavelength because the dynamic solvent relaxation
in the liquid-crystalline phase resulted in a red-shifted emis-
sion and a short lifetime. With regard to the temperature
effect found in the DOPC bilayer, a progressive red shift
and shorter decay time were observed at high temperature,
indicating that significant solvent relaxation from the sur-
rounding hydrated waters makes the lifetime of Laurdan
shorter. Similar tendencies were also observed in DPPC
bilayers at temperatures above Ty,. A unique feature of
sphingolipids was that the center of mass shifted to a large
wavelength with a shorter decay time. This result is similar
to the property observed in the liquid-crystalline phase,
although the degree of red shifting was modest compared
to that in the DOPC bilayer. This suggests that there are
specific molecular arrangements among sphingolipids that
enable Laurdan to be relaxed. Further, the transition of the
center of mass in the DHPSM bilayer at a low temperature
was more red-shifted compared with those in the PSM bila-
yers, again indicating the highly hydrated property of the
DHPSM bilayer. Considering the biphasic time distributions
of center-of-mass values in DOPC and SM bilayers, there
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FIGURE 3 The center of mass of the time-
resolved spectra of Laurdan for each bilayer at
different temperatures. The excitation wavelength
for the diode laser was 378 nm. The value of the
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center of mass was calculated using Eq. 4. Each
data point was extracted every 7.168 ns. The repro-
ducibility found from the different compositional
binary system is also shown in Fig. S5.

Decay time [ns]

could be at least two populations of fluorophores emitting at
the shorter wavelengths: one with short lifetimes and one
with long lifetimes.

Excitation spectrum of Laurdan

Fig. 4 shows the excitation spectra of Laurdan in each lipid
bilayer for the emission wavelengths 435 and 470 nm.
According to a previous report, the specific intermolecular
interactions between Laurdan and the surrounding mole-
cules can be determined from excitation spectra (25). The
emission wavelength dependencies at 435 and 470 nm
were significant for both SM bilayers. Greater blue-edge
excitation intensity was found in the DOPC bilayer and
SM bilayers. The excitation peaks with shorter wavelength
could indicate energetically unfavorable states of Laurdan
species, for example, one in the fluid membrane wherein
the quantum yield of Laurdan is relatively low (25,40,41).
In addition, the Laurdan in nonpolar (low dielectric
constant (¢)) and aprotic solvent emits rather weak fluores-
cence (42). Therefore, it seems that a portion of the
Laurdan molecules in the DOPC and SM bilayers are ener-
getically unfavorable because of high fluidity or low &. The
excitation spectra for the emission wavelength of 470 nm
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showed a decreased blue-edge intensity, revealing the
different locations of Laurdan molecules depending on
the emission wavelength. This increased red-edge intensity
implies the presence of relaxation. The spectra in the
DHPSM bilayer had relatively larger red-edge intensities
than in the PSM bilayer, suggesting that the intermolecular
interaction between Laurdan and the solvent molecules is
greater in the DHPSM bilayer.

The emission ratio spectra based on the different excita-
tion wavelengths are shown in Fig. S7. When the fluores-
cence molecules are excited with longer wavelengths, the
intensity of the blue-edge emission decreases because the
photo selection occurs for molecules that are already relaxed
and energetically favorable (25). The emission spectra
obtained with red excitation for the DOPC and DHPSM
bilayers showed lower intensities of blue-edge emission at
25°C, indicating that relaxation is taking place. In the
DPPC, PSM, and DHPSM bilayers, spectra with blue exci-
tation (340 nm) showed greater intensity in the blue-edge
emission above T, (60°C), which implies the existence of
energetically unrelaxed molecules after the phase transition.
These results indicate the unique heterogeneity of Laurdan
in the DHPSM bilayer, which can sense both hydrophilic
and hydrophobic environments.
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FIGURE 4 Laurdan excitation spectra of pure
lipid bilayers at emission wavelength (A, = 435,
470 nm) in 20°C. The symbols indicate the type
of lipid bilayer: DPPC (open triangle), DOPC
(closed circle), PSM (open circle), and DHPSM
(closed square). All spectra were normalized with
the strongest peak intensity. The Laurdan excitation

i i

2 i 2

= =

c c

[J} [0}

€ 09r : 1 € 09
kel A ko]

(0] A (0]

N | 1 N

g -

5 08 i 1 5 08f
z ' z

07340 360 380 400 %7340 360
Wavelength [nm]
DISCUSSION

Interpretation of hydration states in PC and SM
bilayers using the fluorescence properties of
Laurdan

Analysis of the Laurdan fluorescence is a useful tool for
characterizing membrane interfaces. However, it is difficult
to interpret its complex molecular environment. In this
study, the fluorescence properties were observed according
to the emission wavelengths; for example, a modest shift
in the anisotropy at a shorter emission wavelength
(Fig. 2), a shorter lifetime at a longer emission wavelength
(Fig. 3), and a larger red-edge intensity of the excitation
spectra at a longer emission wavelength (Fig. 4). In partic-
ular, the properties of Laurdan in PSM and DHPSM bilayers
revealed the complexities for the interpretation, as sug-
gested by the broad and decomposable emission peak
(Fig. 1), the significant quenching in the red-edge emission
(Fig. S4), the unique red shift of the center of mass (Fig. 3),
and the emission dependence on the excitation spectra
(Fig. 4). This complexity is caused by a variety of excited
states and the diversity of the probe’s surroundings (micro-
scopic viscosity, hydration degree, and so on) (29,33).
Because of this complexity, common GP analysis often en-
counters discrepancies in terms of the selection of blue and
red peaks (33). Moreover, deconvolution analysis with the
double component cannot precisely account for the molecu-
lar situation (31).

Here, the multiple deconvolution analysis based on the
solvent system was used to examine the correlation between
the Laurdan emission peaks and the dielectric constants
of the solvents. Because the local dielectric constant (g) of
the bilayer membrane drastically shifted from 10 to 70,
the solvent property in the bilayer should be studied care-
fully (43). The local solvent characteristic could be ex-
plained by separately considering molecular environments
as featured solvent systems, such as nonpolar (e < 5), polar
aprotic, polar protic (low ¢), and polar protic (high ¢€) sys-
tems. The characterization of polar protic solvent can be

i spectra of binary systems (DOPC/PSM, DOPC/
‘.\p 41 DHPSM) are also shown in Fig. S6. The spectral
V\oo differences are found in our experiments compared
;| 1  with previous report are considered to originate
! » from the difference of purity of the lipids (between
380 400 extracted SM and purified SM).

Wavelength [nm]

divided into low and high ¢ to explain the protic effect of
both the water molecules penetrating the hydrophobic
region of the membrane and the abundance of water mole-
cules in the polar region. Based upon this assumption, a
series of solvent mixtures were selected to represent the
molecular environments, such as the hexane-acetone system
(e: 1.89 ~ 20.7) for the effect of the C=O0 group, the hexane-
ethanol (e: 1.89 ~ 24.5) for the protic effect in the hydro-
phobic region, and ethanol-water (e: 24.5 ~ 80.1) for the
water-abundant region.

The deconvolution results of the three solvent mixture
systems are shown in the Supporting Materials and Methods
(see “Deconvolution Analysis and the Solvent Model”). In
the & region corresponding to the membrane interface, the
correlations of the peak positions were observed: less than
440 nm for the nonpolar solvent, 440 ~ 460 nm for the polar
aprotic, 460 ~ 480 nm for the polar protic with low ¢, and
greater than 480 nm for the polar protic with high ¢, respec-
tively. Because the emission range of the Laurdan spectra in
the lipid bilayer is broad enough to cover the entire range, it
is possible to assign these four solvent systems to the mul-
tiple deconvolution curves (as performed in the next
section). A more in-depth explanation of the deconvolu-
tion analysis is provided in the Supporting Materials and
Methods.

Deconvolution of the Laurdan spectra

Fig. 5 shows the peak positions and the area ratios obtained
from the four deconvolution curves with good correlation
coefficient (for details, see Fig. S8). Based on the solvent
models (Fig. S9—S11; Scheme 1 in the Supporting Materials
and Methods), they can be classified into four groups. In the
DPPC, PSM, and DHPSM bilayers, the most blue-shifted
peak at ~420 nm disappeared during the phase transition.
This peak originates from Laurdan existing in the nonpolar
region (i.e., a tightly packed alignment or hydrogen bond
interactions could prevent the solvation into fluoro-
phores). Interestingly, in the loosely packed bilayers (such
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FIGURE 5 (A) Deconvoluted emission spectra
of Laurdan using the lognormal fitting function as
described in Eq. 3. From the four deconvolution
curves, the peak positions of curves and integrated
area ratios toward the whole spectral area were

calculated. The peak position and integrated area
percentage obtained from each bilayer were
pictured in the corresponding color with the decon-
volution spectra. (B, upper) The peak positions of

deconvolution curves as a function of temperature,
in DPPC, DOPC, PSM, and DHPSM bilayers, are
shown. (B, lower) The transition of area ratios of
deconvolution curves as a function of temperature
is shown. To see this figure in color, go online.
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as DOPC), Laurdan also had a peak at 420 nm throughout
the whole temperature range. This result seems contradic-
tory. However, the Laurdan in the DOPC bilayer had a short
lifetime (~2 ns) at an emission of 420 nm (data not shown),
suggesting that the blue-shifted components in DOPC bila-
yers are observable but energetically unfavorable because of
collisional effects. As shown in the results of center of mass
(Fig. 3), DOPC and SM bilayers indicated at least two pop-
ulations of fluorophores emitting at the shorter wavelengths
with short and long lifetimes. In a dynamic solvent environ-
ment, the quantum yield of Laurdan is relatively low, which
means some of the excited Laurdan could be immediately
brought back to the ground state through the nonradiative
pathway (38). Compared with other bilayers, lower anisot-
ropy values at the blue-shifted region (at 440 nm) in
DOPC bilayers were shown, which also suggests a different
fluorescence nature with high molecular motility in DOPC
bilayers (Fig. 2). Low viscosity makes the fluorescence life-
time shorter (41). Therefore, the blue-edge emission in
DOPC bilayer is considered to be significant with short-life-
time components in high mobility; on the other hand, the
blue-edge emission in SM bilayers is expected to be signif-
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icant, with long-lifetime components with high viscosity in
a nonpolar environment in the tightly packed membrane
state. The peak component with the largest emission peak
(at around 500 nm) corresponded to the polar protic solvent
model with the highest ¢ value (Fig. S10). In the solvent sys-
tems, the presence of more than 60% water (over € ~30)
decreased the emission intensity, whereas the blue-edge
excitation increased. This means that Laurdan can acquire
unfavorable energy states in a high polar environment.
Studies using theoretical calculation and an electrostatic
force microscope reported dielectric constants around the
polar region of & ~30 (44,45). Therefore, the environment
with the highest dielectric constants detected by Laurdan
was ~30, and Laurdan could be located in the shallower
polar region of the membrane.

Compared with the deconvolution curve in the DPPC
bilayer, those in the PSM and DHPSM bilayers resulted in
more red-shifted peaks similar to the result in the DOPC
bilayer. In the DPPC bilayer, a shift in the peak position
during the phase transition was observed; however, in the
SM bilayers, the red shifts were minor. These results indi-
cate that the Laurdan molecules in SM bilayers could be



distributed heterogeneously; one could be positioned in a
significantly hydrated polar protic region similar to that in
a DOPC bilayer, and the other could be placed in a less
hydrated nonpolar region than that in a DPPC bilayer. The
existence of the nonpolar components in SM bilayers was
also confirmed by the increase in the blue-edge intensity
of the excitation spectra at an emission of 435 nm (Fig. 4).

Hydrogen-bonding network and interfacial
hydration states in SMs

According to previous studies of PSM and DHPSM bilayers,
DHPSM bilayers have stronger intermolecular hydrogen
networks than PSM, which could be one of the possible
reasons explaining the differences in their physicochemical
properties in the bilayers, as mentioned previously (Ty,, psm;
41.2°C < Ty, papsm; 47.7°C) (46,47). The immiscibility of
the dihydro-stearoyl-SM and DOPC bilayers was attributed
to strong intermolecular hydrogen bonding in dihydro-SM
(48). Therefore, the structure of the DHPSM bilayer is
assumed to be highly ordered and less hydrated than that
of the PSM bilayer. However, our results revealed highly
hydrated properties for the DHPSM bilayer (Figs. 1, 3, 4,
and S7) as well as the predominant existence of nonpolar
components in the PSM bilayer (Figs. 1, 4, 5, and S4), which
appears to be contradictory to the expectations according to
the previous observations (46—48).

Yasuda et al. have suggested that DHPSM has a more
flexible headgroup compared to PSM based on the quantum
chemistry approach (22). They found that the properties of
the 30H group of DHPSM are different than those of
PSM because the trans double bond in PSM could restrict
the rotational motion of the C-C bond when the 30H group
is present. The intramolecular hydrogen bond between the
30H group and phosphate oxygen is stronger in the PSM
than in the DHPSM bilayer, as previously reported (39).
The restriction of the 30H group in PSM influences strong
intramolecular hydrogen bonds, and the flexible 30H group
in DHPSM has more opportunities to form hydrogen bonds
with other functional groups. PSM has a kinked structure
because of the strong intramolecular hydrogen bonds, which
prevents PSM molecules from coming close to each other.
Hence, the 2NH group of DHPSM exhibits stronger inter-
molecular interaction via the lipid-water-lipid link than in
PSM (47). As shown by the 2,2,6,6-tetramethylpiperidine
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1-oxyl quenching experiments (Fig. S4), DHPSM bilayers
had more resistance to quenching compared with the PSM
bilayer. This indicates that the strong intermolecular interac-
tion in the DHPSM bilayer prevents the penetration of large
molecules, such as the quencher molecules.

Thus, it is assumed that DHPSM has enhanced possibil-
ities to form hydrogen bonds, which can stabilize the water
molecules around the interfacial region of the lipid bilayer.
Based on the previous findings, the water exposure of lipids
increases in the following order: PSM < DPPC < DHPSM,
as measured from the fluorescence lifetime values of dansyl-
PE under the collisional quenching effect of D,O (20). This
also explains the highly dielectric environment at the inter-
face of the DHPSM bilayer and the low accessibility of
water into the PSM bilayer.

Plausible model of hydration properties in PC and
SM bilayers

A brief model of the membrane hydration and different pop-
ulations of Laurdan below Ty, is illustrated in Fig. 6. Laur-
dan molecules could be in different solvent environments
according to the emission wavelength. Based on our find-
ings, it is expected that Laurdan with longer emission wave-
lengths is located in a shallower position in the bilayer
membrane. The red-edge emission components in the SM
bilayers indicate a polar protic environment. It seems that
the specific properties of sphingolipids have hydrogen
acceptor and donor impacts on hydration behavior. Espe-
cially, highly hydrated states were observed in the DHPSM
bilayer. The ability of the DHPSM bilayer to retain water
molecules is due to the strong intermolecular hydrogen
bonds via water bridges. The kinked structure of PSM
makes it difficult for intermolecular hydrogen bonds to
form with water molecules compared with DHPSM, which
also explains the greater ratio of nonpolar components in the
PSM bilayer. Generally, the dipole moment of the lipid
headgroup derived from the zwitterionic part of the phos-
phocholine is aligned almost in parallel to the horizontal di-
rection of the bilayer (49-51). It is therefore expected that
the Laurdan in the DPPC bilayer will be located in a deeper
place in the gel phase membrane. However, a blue-edge
excitation spectrum at 435 nm was not found in DPPC
(Fig. 4), suggesting that DPPC molecules could not acquire
the distribution of Laurdan into nonpolar environment as in

Nonpolar

[DHPSM (T<T,) & :Water

FIGURE 6 Hydration and the molecular model
relation between lipid and Laurdan in DPPC,
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Fig. S12. To see this figure in color, go online.
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SM bilayers. In the DOPC bilayers, the blue-edge emission
component could be unfavorable with a short lifetime
because of the surrounding high collisional effect. The
long-lifetime component at the blue-edge emission in
DOPC bilayer is also existence, hence, both short- and
long-lifetime species are illustrated. In SM molecules, the
contribution of long lifetime was significant compared
with short lifetime at the blue-edge emission, and thus, the
long-lifetime species was illustrated as the nonpolar compo-
nent. Their hydrogen bond donor/acceptor groups could
allow the Laurdan to be incorporated into a much deeper
place without solvent waters, resultinh in the deconvolution
peak components of 420 nm (nonpolar environment). Such a
hydrophobic environment in sphingolipids may attribute to
a high affinity for hydrophobic cholesterol molecules.

Though these are plausible models, the unique approach
in this study provides novel insights, to our knowledge,
into the multiple membrane polarity of SM bilayers, which
leads us to a much deeper understanding of intermolecular
lipid interactions and membrane surface hydration.
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